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On-line measurement and control of Parison dimensions in blow molding 



ABSTRACT 

Extrusion blow molding is utilized in the production of 

plastic hollow containers. The predominant stage in the process 

sequence is the formation of the preform, known as the parison. 

Parison extrusions through an annular die are subJect to varying 

degrees of swell and sag along the length. Different parts also 

require varying amounts of polymer depending on part design. 

This demands variations in the wall thickness along the length of 

the parison. 

Control o£ the thickness pro£ile is necessary to minimize 

resin usage while main ta1ning the required product 

characteristics. Presently, parison thickness distribution is 

controlled by open loop parison programmers. These programmers 

require cumbersome trial and error procedures to ascertain the 

necessary die gap set point profile. Unexpected disturbances 

entering the system are not compensated for. 

This work concerns the design and development of an on-line 

computerized parison thickness pro£ile measurement technique for 

the purpose of implementing closed. loop con:trol of the parison 

thickness profile. A video camera is used ln the measurement. 

The thickness measurement was evaluated by comparing it to 

data from the conventional pinch-off mold technique. The control 

strategy employed is a simple on-line adapt! ve control scheme. 

Programmed set point ·pro£iles, such as constant, linear and 

oscillatory are controlled to within a 5 Y. error. Disturbances of 

the system are compensated by the adaptive controller. 
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RBSUHE 

Le moulage par soufflage est un "" "' procede utilise pour 

!~elaboration de containers en plastique creux. 

predominante du cycle de fabrication est !•extrusion d~une tube, 

appellee " paraison "· L"extrusion de cette paraison au travers 

d"une fil1ere annulaire fait appara1tre des variations de 

gonflement et d"etirement le long de l~extrudat. 

sui vant leurs formes, certaines parties de pieces moulees exigent 

une quantite de polymere plus ou moins importante. Cela impose 

des variations d'epaisseur sur toute la longeur de la tube. 

Le contr31e de l"epaisseur du profil est necessaire si l"on 

0 veut minimiser les depenses en resine tout en respectant les 

caracteristiques dU produit COnfU. Actuellement, les epaisseurs 

de paraison sont controlees par des programmes en boucle ouverte 

qu.t necessitent des essais encombrants et des procedures de 

tatonnement permettant de s•assurer le profil exacte d'ouverture 

de f111ere exigi, les pertur:bations exterieurs qui entrent. dans 

le systeme n"'etant pas compen.sees. 

Ce travail presente la conception et le cleveloppement d•une 

technique de mesure ctu profil d"epaisseur d"une paraison en cours 

cl .. extrusion, clevant de:boucher sur la realisation de son controle 

en :boucle fermee. 

La mesure d~epaisseur est effectuee par comparaison avec des 

mesures o:btenues par la technique conventionnelle de moule 

C " pinch-off "· La strategie de controle employee est celle d/un 

schema de contr81e ad.aptif en · Ugne simple. Les variables 



, , 
preprogrammees, telles les constantes lineaires et oscillatoires, 

"' , sont controlees avec moins de 5 I. d 6erreur. Les perturbations d.u 
.. , I< 

syst.eme sont compensees par un controle adaptif. 

0 
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CHAPTER 1 

IHTRODUCTIOH 

Extrusion blow molding is the process of choice for the 

production of hollow containers such as bottles and drums. 

Container manufacturing by blow molding has lower energy and 

labour costs than competing processes. The trend of utilizing 

blow molding is further demonstrated by the rapid growth and 

diversification of the plastics container industry in recent 

years (1,2). Contemporary developments are leading to the use of 

extrusion blow molding for the production of automobile parts (3) 

because of increased resin savings and greater part assembly 

versatility. 

Extrusion blow molding entails the extrusion of a polymer 

melt through an annular die to produce a hollow cylindrical 

preform called a .. parison "· The parison dimensions are highly 

dependent on the swell and· sag characteristics of the resin and 

the process. The parison is subsequently inflated to take the 

shape of an enclosing mold and the final part is cooled (4). 

The control of thickness distribution in the final product 

is important for obtaining bottles that have the required 

physical characteristics while maintaining the minimum acceptable 

overall weight. The physical characteristics include strength, 

resistance to cracking and the ability to withstand inflation 



during the bottle :formation. Excessive bottle weight results in 

material loss and. an increase in cooling time. The increase in 

cooling time results in an increase in cycle time and. 

consequently decreased. production. 

Control o:f parison length is important so as to minimize 

:flash, which is the excessive molten polymer pinched. l>y the mold., 

yet ensuring proper l>ottle <formation. Parison ~4iameter pro:file 

control ia important as it contributes to the thickness pro-file. 

The product dimensions ·are ultimately dependent on the 

' parison dimensions. There:fore, ·control o:f the :final product 

dimensions is contingent upon- control o:f the parison dimensions 

and particularly parison thickness distribution, as the length 

and diameter profiles are highly dependent on the thickness 

pro'file. General Electric (5) is currently workina on 

commercially available so:ftware :for predictina :final part 

't.hicknesses :from parison thicknesses. Models :for axial expansion 

are probably utilized in this estimation (6). 

'l'lllcK.ne~~ proflle~ are important, as d.i:f:ferent. locations 

along the product lenath require d.i:f:ferent. amounts o'f polymer. 

The handle and. l>od.y o:f a bottle woUld. require more material than 

the neck and. bottom o:f the same l>ot.tle. This pro:file variation 

o£ material along the parison length is usually determined by a 

process known as parison programming. Parison proaramming 

employs a preset varying die gap profile during the extrusion, 

0 to obtain the desired parison thickness pro:file (1). 

current. practice involves open loop parison programming :for 
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controlling the parison profile thicknesses. However, closed 

loop feedback control would be preferable because dimension 

variations, in the form of process noise, enter the system 

through unexpected disturbances, such as material property 

changes, temperature drift, resin feed impurities and uneven flow 

in the hydraulic system. 

Multi variable, closed loop control, based on on-line 

measurement of the parison profile dimensions, and employing the 

die gap profile as the manipulated variable would be most 

desirable. The widest range of control and the fastest response 

of. the parison thickness profile, ar~ obtained by using the die 

gap profile as the manipulated variable. Another possible 

manipulated variable of interest is the ram· velocity profile 

during extrusion. 

Closed loop control requires the employment. of a dimension 

measurement technique that supplies the necessary feedback signal 

to the controller. A review and critique of the dimension 

measurement alternatives studied is given in Appendix 2. The 

alternative chosen for this study is an image processsing 

apparatus that yields parison length and diameter profiles. The 

technique involves an estimation procedure for obtaining parison 

thickness profiles. 
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1.1 OBJECTIVES 

The objectives o£ the present work are outlined below. 

1. To design, construct and operate an image processing 

apparatus £or non-contact measurement o£ the evolution o£ parison 

length versus time and diameter pro£ile versus time and to employ 

these measurements in order to estimate parison thickness 

pro£iles as a £unction o£ time. 

2. To obtain deterministic and stochastic models of the 

parison thickness pro£ile by employing the die gap profile as the 

manipulated variable and to U.$e these results of dynamic studies 

to develop a sui table strategy and model for closed loop control 

o£ parison thickness profiles. 

3. To construct a closed loop feedback system for controlling 

parison thickness pro£1les :by manipulating the die gap pro£ile 

during the extrusion. 

4. To implement the above control system and to test its 

response to selected programmed set point profiles and to 

selected imposed disturbances. 
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CHAPTER 2 

TECHHICAL BACXGROUHD 

This chapter will review relevant technical information 

regarding three different topics. Initially, the blow molding 

process and its constituent stages will be described. This will 

be followed by a study of extrudate die swell and sag behaviour. 

Finally, some general techniques for extrudate dimension 

measurement and control will be discussed. 

2.1. EXTRUSIOH BLOW MOLDIHG 

2.1.1 . PROCESS DESCRIPTIOH 

Extrusion blow molding processes are based on either 

continuous or intermittent modes of extruder operation (1). 

The continuous process employs a screw pump that conveys and 

melts the -feed resin. This operation is generally used £or high 

volume and small part production. Continuous extrusion utilizes 

multiple die heads, molds and/or clamping units. The continuous 

process is also employed for heat sensitive resins, such as PVC, 

as it is necessary to limit residence time within the barrel in 

order to avoid resin degradation. 

Intermittent operation is generally used for quality control 

tests and large parts, where part removal must be done manually. 
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The general process is depicted in Figure 2.1. The accumulator 

or screw retracts to allow the required amount of resin into the 

barrel. The screw then acts as a ram, and forces the melt out 

through an annular die to form the parison. The machine employed 

in this study operates on the intermittent principle. 

The extrusion blow molding process consists of four stages. 

1. Plastication 

2. Parison Formation 

3. Clamping and Inflation 

4:. Cooling 

Typical times required £or the various stages are given in Table 

2.1. Plastication, in-flation. exhaust and cooling are conducted 

simultaneously. 

seconds. 

The total cycle time is approximately thirty 

A comprehensive study o£ the constant extrusion gap blow 

molding process was per-formed by Kalyon (6). A general review of 

the process and its assorted. stages was reported. by Ryan (2). 

2.1.1.1 PROCESS V ARIATIOHS There are several variations on 

extrusion blow molding, 

process requirements. 

generally utilized for 

depending on the speci£ic product or 

The injection blow mol<11ng process is 

high volume small size products, where 

is critical (2). This process gives exact 

<1istribution along the parison. However, 

precision neck 'finish 

control of thickness 

higher capital costs are generally involved with injection blow 

molding. 
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TABLE 2.1 

TYPICAL EXTRUSION BLOW HOLDING TIMING SEQUENCE 

PROCESS 

PARISON FORMATION 

CLAMPING 

PARISON INFLATION 

TIME (SEC) 

1 • 5 

1' 0 

2.0 

BLOW PRESSURE APPLICATION 10 

EXHAUST 

PLASTICATION 

COOLING 

3.0 

5.0 

20 

8 
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Mol ten resin is injected around a blowing mandrel by 

employing an injection molding machine. The mandrel and parison 

are subsequently rotated and positioned in the blowing section of 

the process, where they are placed inside a m old with the desired 

cavity shape. Inflation, cooling and ejection follow. 

The stretch-blow molding process is generally utilized for 

products that require superior barrier and impact properties. 

The par is on is mechanically stretched in the axial direction by a 

rod, to increase the degree of axial orientation. This process 

is generally used for manufacturing polyethylene terephthalate 

(PET) softdrink bottles (2,6). 

Coextrusion is used for the production of mul tilayer 

containers. Elaborate die designs are required for the 

multilayer parison extrusion. 
i 

An instance of a multilayer 

extrusion could be an inner layer for barrier protection, the 

middle layer as an adhesive and a low cost outer layer with good 

mechanical strength (2,6). 

Peters and Rothman (7) discuss the blow· molding of irregular 

shaped parts with multiple parting lines. These parts have a 

reverse fold or inward wall projection. The mold1ng of these 

parts is accomplished by locating a moveable m old section, mid way 

between the m old halves. The parison flows around this part 

during inflation, thus producing the inward fold. 

0 
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2.1.1.2 

with 

BLOW HOLDING RESINS Blow 

polyolefins (1,2,6). High 

molc11ng 

density 

10 

is most. commonly used. 

polyet.hylene (HDPE) is 

the most frequently used. resin in extrusion blow mold.ing because 

of its high melt strength, combination of physical properties and. 

relatively low cost. Polyet.hylene terephthalate (PET) is 

utilized. in the pr~d.uction of softd.rink bottles because of its 

high resistance to gas permeation. Other materials are employed. 

depending on the specific application. Polypropylene, for 

example, is employed. for hot. fill applications while polyamide 

and. polyvinyl chloride for chemical resistance 

polyet.hylene for low cost. products (1,2,6). 

and. low d.ensi t.y 

Coext.rusion of 

several layers of different materials allows for flexiblity in 

achieving various property requirements. 

2.1.2 PLASTICATION 

The screw or ram retracts during plasticat.ion to accumulate 

an amount of resin, specified by the shot size, in the barrel. 

The retraction and rotation of the screw, in conjunction with the 

heaters placed on the barrel, mix and melt the resin pellets, to 

obtain a homogeneous melt (Figure 2.2). 

The solids conveying zone encompasses the feed. hopper and. 

the barrel portion where only solid pellets remain. Solid and. 

mol ten resin coexist in the melting zone of the barrel, while 

only molten resin should. be found in the metering zone (1,2,6). 
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2.1.3 PARISON FORMATION 

The mol ten polymer is £orced vertically through an annular 

die by the application o£ hydraulic pressure to the ram (Figure 

2.3). The velocity o£ the extrusion is controlled by the 

appropriate injection valve. Extrusion through the die results 

in the 'formation o£ a hollow cylindrical tube o£ su££icient 

length and wall thickness to allow £or its capture and pinch-o££ 

by the mold. The parison diameter and thickness are 

signi£icantly greater 

extrudate swell, and 

than 

tend 

at 

to 

the 

vary 

die exit, 

along the 

as a result o£ 

length of the 

parison. The die head assembly consists of a stationary outer 

bushing and a vertically moveable inner mandrel. The die gap is 

determined by the distance between the mandrel and the bushing. 

The mol ten polymer is extruded through the die gap. The parison 

thickness is dependent on the die gap and, to a lesser degree, 

the other machine variables (1,2,6). 

2.1.4 CLAMPING AND INFLATION 

The parison is captured by two moveable mold halves mounted 

to a clamp assembly (Figure 2.4). The assembly consists of 

platens and an actuating hydraulic cylinder mechanism. A pin 

directs pressurized air into the parison, so as to inflate it to 

take the shape of the mol d. The melt is consequently forced to 

deform and make contact with the mold. 
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The air pressure is maintained to ensure proper bottle £ormation. 

The air is then exhausted. 

The pin can be located on the m old such that the air 

pressure is applied £rom underneath the parison, or it can 

puncture the parison as a needle £rom the side. Other £luids 

aside £rom air, such as carbon dioxide and nitrogen, have been 

used for in£lation. These £luids decrease the cooling time 

considerably but increase operating costs (1,2,6). 

Preblow, employing a stream o£ air projected up into the 

parison while extruding, can be utilized to provide support £or 

the parison, increase melt strength and consequently limit 

sagging and necking (8). 

2.1.5 COOLIRG 

The part is cooled and solidi£ied in the final chosen shape 

(Figure 2.5). The longest segment of the cycle time is the 

cooling stage. Polymers 

they cool down slowly. 

productivity. There£ore, 

are poor heat cond uctorsi there£ore, 

Reducing the cooling time increases 

high heat t.rans£er ra t.es bet. ween t.he 

m old . and t.he polymer are desirable. This can be realized by 

using metal molds wit.h high thermal conductivity, increasing t.he 

cooling ra t.e in t.he mold and increasing t.he air pressure to 

achieve good part-mold con tact. Usually, the molds are cooled 

with a refrigeration system. The design o£ the cooling channels 

in t.he mold should be opt.1m1zed. in order t.o obtain the most 
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efficient cooling (1,2,6). 

Once the part is sufficiently rigid, the mold opens and a 

knockout system frees the finished product from the machine. The 

cycle is then rep ea 'led. 

2.1.6 FIHISHIHG STEPS 

Part ejection can either be forward or downward between the 

mold halves. A stripping plate, moved by pneumatics, is 

generally used for part removal. The container is hit such that 

the chances of damage are small. Small parts can be removed by 

air jets. Very large parts are generally removed manually. 

Once ejected, the containers fall onto a conveyor belt that 

moves them to a finishing station. The parts are then trimmed 

for flash removal. The trimming can be done manually or 

automatically. 

Since polyethylene is non-polar, the surface of the 

container must be activated be£ore decorating. Direct £lame or 

heat £rom a chemical source oxidizes the surface and makes it 

receptive to bonding by inks and adhesives (2). 

Smoluk (9) and Strojinc (10) have reviewed recent advances 

in blow molding a u tom a 'lion. A u tom a 'lion systems for part removal, 

leak detection, trimming, adhesive labelling and bottle conveying 

have been developed. Robotic arms are utilized for moving the 

part from station to station. Unblown parisons are detected and 

removed from the conveying line. 
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2.1.7 PARISOH PROGRAMMING 

Control of parison dimensions is important to control the 

weight and thickness distribution of the finished product. 

Extrusion blow molding machines are generally equipped with 

parison programmers. Currently, commercial parison programmers 

employ open loop thickness profile control as well as closed loop 

metal temperature and pressure controls at selected barrel and 

die head locations. 

Parison programming is currently based on open loop control; 

Le., no corrective feedback signal is employed. Finding an 

acceptable set point profile requires expensive and time 

consuming trial and error procedures to obtain the desired 

parison material distribution. The profile can be generated by 

either employing a constant die gap with a varying flow rate or 

by varying the <He gap with a constant flow rate (1,2,6). 

The die gap is varied during extrusion by varying the 

position of the mandrel relative to the bushing. The mandrel 

position is detected by a transducer and is v9-ried with a 

hydraulic system and servovalve. The distance of mandrel travel 

and the speed of the movement, enacted by the action of the 

servovalve, are calculated by the programmer. 
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2.1.7.1 PROGRAM POIHTS Each parison profile is set by a series 

of program points that define the die gap for speci:fied ram 

positions during the extrusion. The points correspond to equally 

sized zones of the total stroke. As the extrusion stroke 

advances, the gap changes according to the value set for that 

corresponding zone of the· stroke. 

Interpolation is employed for transition from point to 

point. An increase in the number of profile points results in a 

decrease in the amount of polymer needed. 

2.1.7.2 RECEHT DEVELOPMEHTS Two industrial establishmen-ts are 

at the forefront of parison programming developments. Hunkar 

Laboratories (11) have released an open loop parison programmer 

that contains a 34 point interpolation profile. Hunkar also 

furnishes a type of parison length control. The length is 

measured with a photocell arrangement. The manipulated variable 

is the shot size. A servoval ve system is incorporated into the 

accumulator to enact the shot size manipulation. 

Barber-Colman (12) produces the MACO VI parison pr.ogrammer. 

This unit has a 49 point interpolation program :for profiling. 

Moog (13) also supplies traditional parison programmers. 

2.1.7.3 OVALIZATIOH Ovalization entails controlled changes in 

the die gap size and shape, by horizontal movement o:f selected 

bushing sectors in conjunction with vertical movement of the 

mandrel. 
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uneven product 

the utilization o£ 

radial parison programming with 'flexible dies. A dynamic 

'flexible die ring is de£ormed to a pro£ile set by a Programmable 

Wall Distribution System. Servovalves and position transducers 

attached to the die ring a££ect ovalization. 

The pro£1le obtained is controlled :by the prede£ormation 

o£ the die ring. Ovalized tooling allows £or three dimensional 

parison programming and there£ore can promote uni£orm product 

thickness, as well as other more complex three dimensional 

pro£iles. 

2.2 EXTRUDATE DIE SWELL AHD SAG 

2.2.1 ORIGINS OF SWELL 

Molten polymer extruded through an annular die or capillary 

has an extruda te cross sectional area appreciably larger than the 

area of the d.ie exit. The swell can :be characterized in 

dif£erent ways as discussed in Section 2.2.3. 

A portion of the swell can be attributed to the 

rearrangement from the parabolic velocity profile in the die to 

the plug £low profile outside the die (15,16). The remainder o£ 

the swell is viscoelastic swell, attributable to the tendency of 

polymeric melts to recover back when external £orces, such as 

flow in a constrained die, are removed. The ability to recoil is 
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a direct result o£ the viscoelasticity and 'fading memory o£ 

polymer melts. 

Cotten (17,18) has observed that viscoelastic swell consists 

o£ two 

results 

and a 

components: an instantaneous, very 

'from the solid-like elastic recoil o£ 

much slower relaxation, that results 

fast recovery that 

the quasi-network. 

£rom the gradual 

disorientation of the molecular chains that were aligned in the 

direction of £low. Cotten suggests that both these mechanisms 

originate from the extensional deformation imposed by the die 

entrance. This view is in disagreement with the general belie£ 

that the swell is also ·related to the shear deformation. 

Shear stresses ea use the 

in the £low direction. Such 

higher energy state and less 

orientation o£ molecular segments 

orientation is associated with a 

random con-figuration. When the 

shearing disappears at the exit, the external force disappears 

and the molecular chains tend to return to a more random, lower 

energy state. A unit o£ volume o£ oriented melt within the die 

becomes shorter in length and larger in cross sectional area upon 

exit from the die.. The result is called extruda te swell (19). 

2.2.2 PARAMETERS AFFECTING SWELL 

2.2.2.1 EFFECT OF SHEAR RATE The degree of swell increases with 

an increase in the amount of deformation (20,21,22). Higher 

shear rates result in more orientation of the molecular chains 

and subsequently higher swell. The de-formations that occur in 
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the die are due to both extensional and shear effects (23). The 

extensional deformation is caused by the elongation and 

stretching that occurs in the converging and diverging parts of 

the die, respectively. Shear deformation is the result of the 

radial velocity gradients between the mandrel and the bushing. 

Swell is dependent on the time allowed for recovery and 

consequently the distance beyond the die exit (6). The polymer 

continues to swell, a'fter the initial instantaneous swell, until 

an ultimate long time (equilibrium) value is reached. It is 

important to note that in extrusion blow molding, whereas shear 

rate increases with incr,eased extrusion velocity, recovery time 

is decreased under the same condi t.ions. The swelling of the 

parison is terminated at the point of mold closing. Therefore, 

higher swells associated wl·th higher shear rates are at least 

partly offset by the shorter recovery times. 

2.2.2.2 EFFECT OF TEMPERATURE 

literature regarding the effect of 

Several studies (24-28) have found 

Discrepancies 

temperature 

that swell 

exist in the 

on die swell. 

decreases, as 

temperature rises. With respect to extrusion blow molding, as 

the temperature rises, the viscosity decreases, the elastic 

strain related to the flow resistance decreases and consequently 

the swell decreases. 

However, some studies (29,30) report. that swell increases 

with a temperature increase. A temperature increase results in a 

decrease in extrusion time, as there is less resistance to flow, 
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and subsequently an increase in ram velocity and shear rate. 

Therefore, an increase in swell is expected. It is therefore 

anticipated that the effects of temperature are specific to the 

resin, process and equipment being utilized. 

2.2.2.3 EFFECT OF LEHGTH TO DIAMETER RATIOS Swelling decreases 

as the length to diameter ratio of the die increases, approaching 

a constant value at large L/D ratios, such that the e:ffect of the 

extensional deformation is minimized (21). The extensional 

elastic strain associated with the die entrance begins to decay 

in the flow channel until a steady equilibrium value, 

corresponding to the shear deformation, remains. 

=2.:.::2;.;..:.2:..:.•....:.4_=E.:..F.::.F..;:;E:o.::C~T=--...::O::.:F:...._....::D:.:I:.:E=--_.C::;.;O:.:H::::.F::...:.IG;:;;.U=R:.:.;A:..:T:..:I:..:O;.;.;H Par isons flowing through 

converging dies swell 

through diverging 

considerably more than those that flow 

dies (31). Swell increases slightly with 

increasing converging angle and decreasing diverging angle. 

2.2.2.5 EFFECT OF FILLERS The addition of fillers reduces the 

amount o£ extrudate swell (18). It is possible that the fillers 

cause the molecular chains to retain their orientation upon 

exiting from the die, thereby inhibiting swell. 

2.2.2.6 EFFECT OF MOLECULAR STRUCTURE It is generally accepted 

that the higher molecular weights and broader molecular weight 

distributions are associated with higher swells (32). However, 
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the converse has also been reported (33,34:). This is probably 

attributable to the slower recovery rates that might occur at 

higher molecular weights. 

2.2.3 SWELL DEFIHITIOHS 

Several swell parameters can be defined, depending on the 

specific case under consideration. 

Capillary swell, Be, is defined as 

( 2 . 1 ) 

where DE is the extruda te diameter and De is the capillary exit 

d.i;,ameter. 

In the case of extrusion blow mold.ing, annular flow is 

involved (Figure 2.6), and different definitions are required. 

The diameter swell, B1, is defined. as, 

Bt : Dp I D0 ( 2 . 2 ) 

where Dp is the parison outer diameter and Do is the outer 

diameter at the exit of the die. The thickness swell, B2, is 

defined as 

( 2 . 3 ) 
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where hi is the parison thickness and h 0 is the die gap. 

The weight swell, B3, is defined for an axial segment of the 

parison as: 

4 W(i) 
( 2 • 4) 

where W(!) is the weight of segment 1, p is the melt density, D0 

is the outer die diameter, Di is the inner die diameter and L(i) 

is the length of the segment. Assuming constant melt density and 

validity of the slit approximation (D(i) » h(i)), the three 

swell parameters are then related :by 

( 2 . 5 ) 

Kalyon (6) has shown experimentally that this approximation is 

valid, for typical blow molding conditions, yielding a maximum 

error of 2 Y.. 

The weight distribution, W(i), can be obtained by employing 

a pinch-off mold developed :by Sheptak and Beyer (35). This mold 

consists of several blades placed one inch apart (Figure 2.6). 

The blades divide the parison into pillow-shaped segments and 

hold them until the parison freezes. The segments are then cut 

apart arid weighed, so as to obtain the weight distribution. The 

outer diameter distribution along the parison leng"t;.h can :be 

estimated from pinch-off mold experiments :by the equation 

Dp = ( 2. 6 ) 
TF 
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where w is the width of the segment and Ps is the solid extrudate 

density. However, Kalyon (6), has shown that this method yields 

inaccurate values of parison diameter. His results also indicate 

that an optical determination of outer parison diameter is more 

accurate. This conclusion is in agreement with the results of 

the present study, as will be shown later.· 

2.2.4: EXTRUDATE SWELL PREDICTION 

2.2.4:.1 DIE SWELL RELATED TO RECOVERABLE STRAIN The models 

utilized for die swell prediction generally employ the 

observa 'lion that die swell is directly rela 'led to the recoverable 

strain, SR. The recoverable strain is defined · as 

( 2 . 7 ) 

where '"f is the ap.plied shear stress and J E is the steady state 

shear compliance. This equation is applicable only to the linear 

viscoelastic range of low shear rates and is not reliable at 

higher shear rates. The recoverable strain, SR• can also be 

obtained at low shear rates from 

( 2. 8 ) 

where H1 is the £irst normal stress di£ference. 

Several models have been developed re la 'ling the caplllary 
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strain, SR. Vlachopolous, et al. 

Garcia-Rejon(38) and Kaly6n(6) 

reviewed and studied these models. Experimental results show 

that the proposed relationships are use-ful to some extent as a 

first approximation. These models assume the swell to be 

instantaneous, whereas in actuality it is time dependent. The 

models also assume linear viscoelastic behaviour, which is not 

necessarily valid, since practical applications are always 

outside this linear range. 

2.2.5 SAG 

A parison suspended in air tends to sag due to its own 

weight. The degree o'f sag is directly related to the extensional 

stress growth function, r +• and the parison suspension time. Sag 

becomes a maJor problem in the production o£ large parts and in 

slow extrusions (39). 

Sag tends to increase with· an increase in temperature, a 

decrease in extrusion speed, an increase in parison length and a 

decrease in the resin melt viscosity. An increase in temperature 

corresponds to a decrease in melt ex tensional viscosity. A 

decrease in extrusion speed and an increase in parison length 

result in an increase in extrusion time and consequently an 

increase in the parison suspension time. However, in this study, 

resins of high melt strength were employed and the suspension 

time was less than two seconds. There'fore, the effect o£ sag is 
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negligible (38). Appendix 3 ). 

2.2.6 PARISOH BEHAVIOUR 

Sheptak and Beyer 

behaviour by utilizing 

(35) were the first to study parison 

a pinch-off mold (Figure 2.6). Their 

primary findings were that the parison weight distributions were 

dependent on both swell and sag. Several subsequent studies (40-

45) also employed a pinch-off mold. in attempting to discover the 

combined effects of swell and sag on the parison weight 

distributions. 

Ajroldi (45) considered that, in intermittent blow molding, 

the polymer melt 

relaxation in the 

in 

die 

the first extruded segment 

whereas the following segments 

undergoes 

begin to 

relax after leaving the die. Ajroldi also discussed the dynamics 

of the parison by considering elastic recovery under a tensile 

stress. The total strain was . assumed to consist of the 

recoverable strain and the creep strain. 

components were treated as Hencky strains. 

The individual 

Cogswell (46) proposed a re la t1onsh1P correlating weight 

swell to capillary swell by the following equation. 

Bt(t)B2(t) : 0.242 + 0.727 (Bc)2 ( 2 . 9 ) 

This equation must be used with caution since capillary data are 

generally obtained from completely annealed samples and the 
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weight swells were obtained. at short times a£ter the extrusion, 

so as to coincide with the mold. closing. Cogswell et al.(47) 

also suggested. a mathematical model o£ the parison formation 

stage by incorporating simultaneously the impacts of swell and. 

sag. The results were found. to be in reasonable agreement with 

the Umi ted. ex per imen tal d. a ta available. 

Garcia-Rejon(38) employed. an annular d.ie in conjunction with 

a capillary rheometer and. two isothermal chambers to study the 

combined. effects of swell and. sag. The 'findings indicated. that 

for high density polyethylene resins, the e£fect of sag was 

distinguishable only a£ter the parisons were suspended £or eight 

minutes. The individual transient diameter and thickness swells 

were £it to the equation. 

Bs = Bsoo - CBsoo - Bg0 )exp(t/6s) (2.10) 

The subscript S takes on a value of one £or diameter swell and a 

value of two £or thicKness swell. The subscript, oo, represents 

the equilibrium long time swell value. Time is designated by t 

and &s is a characteristic relaxation time. A simple model for 

estimating parison length as a function of time was developed 

based on these studies. 

Kalyon et al.(48) and Kamal et al.(49) extended the work of 

Ajroldi by showing that parison behaviour can be predicted, 

provided that the transient diameter, B1(t), and thickness B2(t) 

swells are determined under conditions where sag is minimized. 
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This was achieved by extruding the polymer into an oil bath of 

the same temperature and density as the melt. The parison cross 

sectional areas were determined by employing weight distribution 

and creep compliance data. Kalyon and Kamal (50) and Dutta and 

Ryan (51) carried out extensive investigations of the parison 

formation stage by employing both photographic and pinch-off 

mold techniques. 

Ryan (Z) has 

simulation of the 

reviewed work regarding the numerical 

parison formation. An accurate complete 

mathematical simulation of the parison formation stage is yet 

unavailable due to the complex nature of the phenomena involved, 

including free surface and transient aspects. 

Z.3 EXTRUDATE DIMENSION MEASUREMENT AHD CONTROL 

Measurement of extrudate dimensions has generally involved 

some form of optical and/or pinch-off technique. X:alyon and 

X:amal (50) used a combination of high speed photography and a 

pinch-off mold to measure parison dimensions. Garcia-Rejon (38) 

and. Orbey (31) measured annular die extrud.ate dimensions. in an 

oil bath, as functions of time by employing a photographic 

technique. Basu and Ra u wendaal (5Z) and Huang and Campbell (53) 

employed a video camera arrangement for measuring total parison 

length and diameter profiles during extrusion of an annular 

extrudate from a melt indexer. The above techniques could not be 

used directly for closed. loop control of ·parison dimensions as 
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they lack. the necessary feedback. signal. 

Several attempts (19,54-60) have been made to 

line capillary extruda te swell by utilizing a Ugh t 

measure on

source, such 

as a laser beam, in conjunction with a photodiode array. Dennis

Germusk.a, Taylor and Wright (60) enacted thickness control on an 

extrudate of low density polyethylene by manipulating the screw 

speed, die heater setting and take-up rate. A masterbatch was 

added to the extrudate in order to produce a black extrudate with 

well defined edges. The extrudate was cooled in a bath before 

thicKness measurement with the laser-photodiode arrangement. 

Stevenson (61,62) measured and controlled profile extruda te 

dimensions by manipulating screw speed and die temperature. A 

pneumatic type system was used for measurement: of the extrudate 

profile dimensions. Nuclear (63) and Infra-Red gauges (64), 

operating on the absorption principle, 

measuring film and bottle thicknesses, 

systems are inapplicable for the case 

profile measurement because of problems 

appropriate location of the sensors. 

have been used for 

respect! vely. These 

of parison thickness 

associated with the 

Ultrasonic gauges (65), in conjunction with a liquid 

couplant, have been used for on-line pipe thicKness measurement. 

The principle of operation is that of signal reflection. 

Buchscheidt et al. (66) utilized a series of ultrasonic gauges, 

with special measuring heads placed flush inside a mold, for blow 

molded part thicKness measurement. The two major problems 

associated with ultrasonic gauges are the need for liquid 
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coupling between the part and the instrument and sensor damage at 

the high temperatures. Buchscheidt and coworkers claim that 

these problems are surmounted by the use of special measuring 

heads. However, the principle o£ operation and experimental data 

were not reported. Moreover, these authors did not comment on 

the ability of the sensor to measure thicknesses of curved 

sections. This is a key requirement in employing ultrasound for 

bottle thickness measurement. 

A more detailed review of relevant dimension measurement 

techniques is given in Appendix 2. 
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CHAPTER 3 

EXPBRIHERTAL 

This chapter summarizes the important properties of the blow 

mold.ing resins employed.. in this stud.y and. outlines the 

experimental techniques employed. to obtain these data. Also, it 

provides a. description of the ~xperimental apparatus comprising 

the image processing system, the blow mold.ing machine itself and. 

the computer interface with the blow mold.ing machine. 

·a.t MATERIALS 

Two high density polyethylene (HDPE) resins, designated here 

as Resins A and. B, were employed. in this work. ~rhey were 

supplied. by Hovacor Chemicals. Both resins exhibit high swell. 

Resin B swells at. a relatively greater rate and. to a greater 

degree than Resin A. 

3.L1 MATERIAL PROPERTIES 

The solid and. melt d.ensit.ies and melt indices of the resins 

are presented. in Table 3.1. The melt densities at 200 oc and. t 

atmosphere were obtained by using the Instron capillary Rheometer 

Hod.el 3211 (67). The number, weight and. z average "~·molecular 

weights and. the polydispersity, represented. by the ratio of the 

weight average to the number average molecular weights, are also 



PROPERTY 

SOLID DENSITY (Kg;m3) 

MELT DENSITY (Kg;m3) 

MELT INDEX (Kg/10 min) 

MOLECULAR WEIGHT 

NUMBER AVERAGE (MH) 

WEIGHT AVERAGE (Mw) 

Z AVERAGE (Mz) 

POLYDISPERSITY (Mw/MH) 

TABLE 3.1 

RESIN PROPERTIES 

RESIR A 

957 

760 

0.0003 

34100 

527000 

3090000 

15.5 

RESIR B 

956 

760 

0.0005 

30700 

468000 

3157000 

15.3 

35 
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The molecular weich t data were obtained 

by gel permeation chromatography (GPC). All o£ the above data 

were supplied by Hovacor Chemicals. 

3.1.2 RHEOLOGICAL PROPERTIES 

The· rheolocical data £or Resins A and B were obtained with 

three separate rheometers. The Instron Capillary Rheometer Model 

3211 (67) was employed at high shear rates. The Rheometries 

System .q. Mechanical Spectrometer (68) was used at low shear rates 

and in the dynamic mode. The Rheometries RER 9000 Extensional 

Rheometer (69) was utilized £or elongational measurements. 

The capillary rheometer results were obtained at 200°C or 

225°C, depending on the speci-fic test. The shear rheometer data. 

were obtained at 20ooc, and the extensional rheometer data were 

obtained at 15ooc. Oil £lashing prevented use of higher 

temperatures with the extensional rheometer. 

Capillary flow rheometry involves extrusion o£ a polymer 

melt through a capillary die while monitoring the -forces applied 

to the melt. Force transducer s-ensitivity considerations 

determine the lower shear rate ranee, whereas the onset of melt 

fracture establishes the higher shear rate limit. 

When the Mechanical Spectrometer is used, the polymers are 

kept under a nitrogen atmosphere, in order to a void oxida ti ve 

decradation o£ the melts and maintain stability at aoooc. Edge 

e££ects, stemminc -from flow instabilities at the edces, limit 
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operation at high shear rates (54). The cone and plate geometry 

was utilized 'for all the Mechanical Spectrometer measurements. 

The cone angle was 0.04 radians and the plate diameter was 50 mm. 

The extensional measurements involve 'fastening a cylindrical 

polymer sample, and de'forming it in a vertical upward direction. 

The 'force applied to the sample is then measured. Detailed 

procedures 'for operation~· ··the·' capillary, cone and plate and 

extensional ·rheometers are described elsewhere (54, 67-69). 

3.1.2.1 VISCOSI'l'Y -SHB.A.R RATB RBLATIOHSHIP 

The viscosity versus shear rate data at 200°C, 'for the two 

resins are presented in Figure 3.1 (poise=O.t Pa-s). The high 

shear rate data were obtained with the capillary rheometer. The 

data we~t.reat.ed. to take account o£ the Bagley and Rabinowitsch 

corrections (54). The low shear rate data . were obtained. with the 

Mechanical Spectpomet.er. 

The two resins tend to behave di'f'ferent.ly 1n the low shear 

rate range. Resin A has a higher low shear rate limiting 

viscosity than Resin B. The higher viscosity for Resin A in the 

low shear rate range contributes to lower sag £or Resin A. The 

uniaxial elonga t1ortal-. _ viscosity is three times the shear 

viscosity in · the linear viscoelastic range (54). 

The extensional rheometer, operating at a strain rate o£ 0.1 

sec-1, wa:s utilized to obtain elongational viscosity data £or the 
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two resins (Figure 3.2). 
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The higher elongat.ional viscosity for 

Resin .A contributes to lower sag. 

The resins behave similarly in the high shear rate range, of 

Figure 3.1, with Resin .A having only a slightly greater viscosity 

than Resin B. The higher viscosi ties for Resin A indica t.e higher 

extrusion pressures for a specified extrusion rate. 

The effect. of temperature on the viscosity-shear rate 

behaviour of Resins .A and B is shown in Figures 3.3 and 3.4, 

respectively. The sensitivity of the curve to temperature is 

roughly equal for both resins. The effect of temperature becomes 

small at. the high shear rates. These data were obtained 

exclusively with the capillary rheometer, at temperatures of 

2oooc and 225oc. 

3.1.2.2 TIHB .ARD STR.AIR SWBBP 

Time sweeps were performed with the Mechanical Spectrometer 

at. 200 oc and. 0.05 rad./sec, t.o ascertain t.he thermal st.abilit.y o:f 

t.he resins for a su'f'ficient. period o£ time (dyne=io-5 H). Time 

sweeps 'for Resins .A and B are presented in Figure 3.5. The rate 

o£ oscillatory de-formation was 0.05 rad/sec, and the total sweep 

time was 90 minutes. The storage, a~, and loss, G"', moduli :were 

calculated as a function of time. Ho degradation was indicated 

for the 90 minute time period. 

Strain sweeps were also per-formed wi t.h the Mechanical 

Spect.rometer at. 200°C and a rate o£ 10 rad/sec, in order t.o 
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determine the onset of non-linear viscoelastic behaviour 

(Figure 3.6). The storage and loss moduli are monitored as a 

function of increasing percent strain. Non-linear viscoelastici ty 

is indicated when the storage and loss moduli are n9 longer 

independent of the amplitude of the deformation. This occurs at 

about 20 percent strain. 

3.1.2.3 STORAGE AND LOSS MODULI 

Mechanical spectrometer frequency swe~ps at 2oooc yield 

information regarding the variation of storage and loss moduli 

with frequency. The storage modulus is indicative of the 

elasticity of the resin, while the loss modulus is indicative of 

the viscous component. Resin A (Figure 3.7) tends to have higher 

storage and loss moduli than Resin B (Figure 3.8). The. 

difference is more pronounced in the low frequency x:-ange. 

3.1.2.4 FIRST HORMAL STRESS DIFFERENCE 

The dependence o£ -first normal stress di££erence on 

shear rate, at 200 oc £or Resins A and B, is shown in Figure 3.9. 

These data were also obtained with the Mechanical Spectrometer 

(54). 

The values for Resin A are greater than for Resin B. It is 

widely accepted that first normal stress difference is a measure 

o£ elasticity. Based on the swell theories mentioned in Chapter 
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2, Resin A is expected to swell to a greater extent than Resin B. 

However, it is important to recall that these models are valid 

only in the -low .. shear rate range or linear viscoelasticity. The 

models are not likely to apply in the high shear rate range 

associated with extrusion blow mold.ing. Bdge . e££ects preclude 

measurements at high shear rate <lata with the cone and plate 

rheom~ter. 

3.1.2.5 STRBSS · RBLAXATIOR 

Stress relaxation entails the application o£ a constant 

de-formation rate until tiroe zero, whereupon the <le-formation is 

!"emmYecL The stress is then monitored £or a su££icient period o£ 

time, untll a steady stress is attained (54). 

The stress relaxation behaviour o£ Resins A and B after 

shear de£ormation, applied. by the Mechanical Spectrometer, at a 

rate o£ .106 sec-t, J.s shown . in Figure 3.10. The stress 

relaxation to an ext.ensional d.eformat.ion, applied by the 

Rheometries Extensional Rheometer, at a rate o£ 0.1 sec-1, is 

presented. in Figure _,.,.3-.tt.· 

Resin B relaxes at a relatively £aster rate than Resin A for 

both d.e£ormat1on types. There£ore; it would. be expected. that 

Resin B should. swell at a £aster·. rate than Resin A. Both modes 

or relaxation are considered, since the de-formations associated 

with the extrusion o£ a polymer melt through an annular die are 

likely to consist o£ both shear and extensional components. The 
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dominant contribution to the deformation is likely to be the 

shear componen.t, because of the high shear rates involved 

(assuming long L/D ratios). 

3.1.2.6 STRAIH RECOVERY 

The strain recovery experiment involves the application of a 

constant stress by means of closed loop control on torque. The 

stress is suddenly removed, and the recoverable strain is 

monitored until a steady value is reached (54). 

The strain recovery to a shear deformation, applied by the 

Mechanical Spectrometer, is shown in Figure 3.12. An 

instantaneous recoverable strain, shown by the intercept at time 

zero, is inherent in the shear experiment. The strain recovery 

after extensional deformation is presented in Figure 3.13. The 

initial deformation stress for both types was 5xto"* Pascals. 

The recoverable strains obtained from the extens~onal 

rheometer are comparable for Resins A and B, with the values £or 

Resin A being slightly greater than for Resin B. However, the 

recoverable strain obtained with the shear rheometer is 

significantly greater for Resin B than for Resin A. It is 
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expected that Resin B would swell at a relatively greater rate 

than Re:sin A. 

32 BLOW HOLDIRG ARRARGBHBRT 

On-line parison pro£ile dime-nsion measurements are essential 

to provide the necessary :feedback signals for closed loop 

control. The apparatus, designe-d· and constructed. in this work., 

measured and yielded estimates O:f profile~ 4iaeUions- after the 

extrusion. Iil the process mode, . t.he data acquisition system is 

employed in conjunction with· a v:i<s.e-o camera-frame grabber system 

(Figure 3.14). 

Light :from a hilh .· wattage · light source illuminates the 

parison. A black background is -necessary t.o ensure sufficient 

contrast betwe-en the parison and. its surroundings. The video 

camera captures the imaee of the parison. 

The £rame cra:t>:ber :board. <1181tJ.zes the analoc s.tcnal output 

:from the camera an<1 bUf:fers it:, ' to allow ~ . .::analyst-a by the 

computer. A synchronization sienal :from the :frame grabber 

d.etermins the instant of picture taking. The board also 

transmits a signal to an external monitor so that the scene can 

be viewed and processed. 

The blow molding machine was instrumented to yield 

continuoua·:::;JD~~surements of ram ·velocity (V r)• ram position (Xr)• 

gap size (h0 ) and melt pressure· (Ph) during extrusion. These 

parameters were monitored. with the analog-to-digital (A-D) 

section o:f the data acquisition SYstem. Instants durinsr the 
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extrusion, for triggering parison photographing, were selected by 

monitoring the ram travel, and hence the quantity of extrudate. 

The digital-to-analog (D-A) section of the board was employed to 

input various gap profiles during the extrusion. 

A compatible (IBM-XT) personal computer was employed for 

data acquisition and video image processing. The computer was 

also used to calculate the dimension profiles, based on the 

techniques outlined in Chapter 4, and to achieve the desired 

control, as outlined in Chapter 5. 

3.2.1 VIDEO IMAGE PROCESSING 

3.2.1.1 PIXEL OPERATION Incident energy on crystalline sllicon 

causes electrons to. move to a higher energy state, whereby the 

crystals become more conductive. Positively charged electron

hole pairs are left behind by this electron elevation. Solid 

state image scanners operate on the principle of generation of 

charge carrier patterns in illuminated silicon crystals (19,70). 

The light intensity incident on the silicon · crystal is 

obtained by measuring the concentration of electron-hole pairs. 

This is most easily achieved by measuring the current which 

passes between the electrodes from an externally applied electric 

field. 

The field of view is discretized into a two dimensional 

array of light sensitive picture elements or pixels. Each 

individual pixel outputs an analog signal directly proportional 
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to the incident light intensity. Charge output reaches 

saturation at a certain light intensity (Figure 3.15). The slope 

of the initial line is the sensitivity of the photodiode. 

3.2.1.2 VIDEO CAMERA The image of the parison is focussed 

onto a matrix array of 384 (H) x 491 (V) pixels. The individual 

pixel cell size is 0.023 mm (0.000023 m) (H) x 0.0134 mm 

(0.0000134 m) (V). The array of pixels is located in a Charged 

Coupled Device (CCD) camera (Figure 3.16). CCD cameras offer 

several advantages over traditional Vidicon cameras. These 

include greater accuracy, broader spectral range, smaller size, 

lower power requirements and solid state ·ruggedness (19). The 

CCD camera shifts the charge pat tern from point to point across 

the silicon surface, bet we en depletion regions of positive hole 

pairs, until it reaches the .output terminal (71). 

The~ CCD image scan operates in a line by line, .left to right 

and top to bottom sequence. Interlacing, which entails shifting 

between even and odd lines £or consecutive image scans, is used 

to obtain a less apparent 'flicker o£ a continuous image. 

Interlacing allows an image updating rate of 66 Hz. 

The camera utilized in this work was a Sony XC-38 CCD Video 

Camera Module (72). The camera lens was a. biconvex 16mm 

(0.016m) focal length type. An Infra-Red filter, supplied with 

the camera, was mounted to block the ·IR radiation emitted by the 

hot parison. 
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Figure 3.15: Typical Pixel Output Versus Incident Light 

Intensity. 
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A Sony XC-38 Genlock. unit is employed to interface the 

camera serial analog output RS-170 video signal to the horizontal 

and vertical synchronization signals. The RS-170 video format 

constitutes the timing and voltage level requirements for 

standard commercial video signals. Horizontal syncs are utilized 

to reset the scan to the next horizon tal pixel line. Longer 

duration vertical syncs are employed to reset the scan to the 

next image (73). These synchronization pulses are necessary to 

allow the monitor and camera to identify where the sequence is in 

frame data. 

3.2.1.3 ILLUMINATION SCENE Obstructions in the field of view 

prevented direct photographing of the complete parison. 

Therefore, a mirror was placed at an angle beneath the parison, 

in order to_ obtain an unobstructed view of the whole parison 

(Figure 3.17). This mirror arrangement required elaborate 

optical calculations to determine parison dimensions, as 

discussed in Chapter 4. 

Two 250 watt light bulbs were placed behind the parison . so 

that the field of view was flooded with light. This is known as 

rear illumination (73). A black. background, obtained with a 

black. matte finish cardboard, was necessary to enhance the 

contrast between the parison and the surroundings. High contrast 

is essential for 21;dequate image resolution (74-). 
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Figure 3.17: Placement of the Mirror at an Angle Beneath the 

Parison. 
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Edge detection of a column or row of pixels and the 

application of the corresponding expansion factors, determined by 

scenic calibration, yield an accurate estimate of parison length 

or diameter, respectively. Edge detection involves 

identification, by software, of the pixel, along the row or 

column, at which the light intensity increases or decreases 

sharply (72,74)-. Edge detection involves scanning a series of 

pixels to determine which pixels exceed a certain output. An 

edge is obtained when ten consecutive pixels exceed the 

threshold. Two edges, along a row or pixel, are necessary for 

adequate edge detection. 

3.2.1.4 FRAME GRABBER BOARD The frame grabber module was used 

as an interface and storage buffer from the CCD video camera to 

the host computer. The image stored in the frame memory could be 

accessed by the microcomputer for image processing and anaysis. 

The HATROX PIP 1024 (75), was employed in 

standard RS-170 video signals 

this 

at a 

work.. 

rate of 

The 

33 system accepts 

frames;second. The video image is stored in a 512 x 512 x 8 bit 

frame memory, located on the module itself. The board outputs a 

RS-170 video signal for image display on an external monitor. 

The module also provides the necessary horizontal and vertical 

syncs. 

The board digitizes the input series of analog signals, to 

eight bits of accuracy. This provides a digitization range of 

256 possible grey levels. A value of zero corresponds to a 



0 

0 

64 

totally black level and a value of 255 corresponds to a saturated 

white level. Intermediate levels represent varying degrees of 

grey. This process is known as quantization. Individual pixels 

can be randomly accessed in one microsecond. This corresponds to 

0.25 seconds for the entire frame. 

3.2.1.5 MONITOR The monitor used in this work is the Video 100 

Monochrome Monitor. Its input is compatible with the RS-170 

video signal. Markings on the monitor were used for field of 

view alignment and reproducibility. 

3.2.2 BLOW HOLDING MACHINE 

The extrusion blow molding machine used in this study was 

located at the Novacor Technical Centre in Calgary, Canada. The 

Impco Holding Machine B13, could be run in both the manual and 

automatic mode (76). 

The clamping mechanism o£ the machine, consisting o£ platens 

and hydraulic oil pipes, blocked the view o£ the parison. 

Therefore, the mirror arrangement, mentioned in the previous 

section was required. The hydra u11c pipe was covered in black, 

since it was a shiny metallic silver colour. It was not possible 

to operate the video arrangement simultaneously with a clamping 

mold, such as a pinch-off mold, as the closing clamping mechanism 

would interfere with the black metallic hydraulic pipe cover. 
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3.2.2.1 DIE TOOLIHG The die tooling utillzed in this study is 

shown in Figure -3.1&._ "The tooling· is of the converging type with 

a mandrel converging angle of 63~5 o with the vertical. The die 

gap is a direct function of the .vertical position of the moveable 

mandrel. A depth gage on the mandrel is employed to relate the 

values o£ absolute rap to the 'mandrel· vertical position and 

subsequently to the corresponding voltage sirnal. The die outer 

diameter .is constant at 3.32 cm · -f().0332 m), whereas the die inner 

:.~r is dependent on the value of the die gap. 

0 3.2.2..2 HOOG PARISOR PROGRAHHBR The extrusion :blow molding 

machine 1S equipped with a Moog Parison Programmer (13). The 

programmer J.s equipped with a 20 point gap interpolation set 

point profile. A typical set point profile, ranging 'from the top 

to the :bottom - o£ the parison is shown in Figure 3.19. This 

device operates --as an open loop controller. It. is normally 

diSconnected. when t.he apparatus developed in this work was 1n 

operation. 

It is possU>le to manually control the shot size and the die 

gap 'from the control panel. A description o£ the automatic 

control of the gap set point pro'file, is a vaila:ble 'from the 

manual o£ operation (13). 

3.2.2.3 PIHCH-QFF HOLD A pinch-o'ff mold similar to that 

- employed by Sheptak and Beyer (35) was designed and constructed 
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Figure 3.19: Typical Interpolated Thickness Set Point Profile for 

an Open Loop Parison Programmer. 
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for this study. The pinch-off mold was utilized for obtaining 

parison weight d.istri:butions. The aluminum mold has eighteen 

teeth and. consequently seventeen pillow shaped segments. The 

pillows are one inch (.0254 m) long each. The final cooled part 

1s a series of connected pillows representing the parison weight 

d.ist~n. The parts are cut at the teeth locations and 

sUbsequently weighed.. Cooling l1i1es in the mold hasten part 

cooling. ~ 

: '3.2.3 COIIPU'l'BR IJITBRF ACIBG . 

· 3.2.3.1 CLOC~ A· high resolution counter was required for the 

apparatus, because of the short extrusion times involved. The 

time of day clock on the multifunction :board utilized has a 

·~uuon of one ten-thousandth of a second. The computer clock 

1S accesse<1 by reading four input ports. 

3.2.3.2· "'l'RARSDUCBRS 

3.2.3.2.1 PRBSSURB TRABSDUCBR ARD HBLT THERMOCOUPLE The die 

head pressure and melt temperature were monitored with a Dynisco 

TPT463E Pressure-Temperature Gage (77). The transducer is 

inserted. in t.he <1ie head·· J.tself, with the sensing diaphragm being 

flush with the inner surface. T,he maximum allowable pressure is 

10000 psi (68948 kPa). The d.esired melt temperature is obtained 

by adJusting the zone heater settings. 
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The ram extrusion velocity was 

112-001 Linear Velocity Transducer 

on the principle of inducing a 

voltage by moving a magnet through a coil of wire, according to 

Faraday's and Lenz" Laws. The transducer is physically fixed to 

the moving ram, so as to move with it. 

3.2.3.2.3 RAM POSITION TRANSDUCER A position transducer, 

supplied with the Moog Parison Programmer (13), is fixed to the 

ram. Ram position during the extrusion was monitored to 

determ1ne the quantity of melt extruded during the extrusion. 

3.2.3.2.4 GAP POSITION TRANSDUCER Another position 

transducer, also supplied with the Moog Parison Programmer, is 

fixed to the mandrel. Mandrel position was monitored so as to 

Know the exact value of the gap at any time during the extrusion. 

The gap has upper and lower 11mi ts. The gap cannot exceed 1.75 

mm (0.00175 m), otherwise parison adhesion to the bushing occurs. 

A gap lower than 0.70 mm (0.00070) is undesirable due to the 

resultant high head pressures, that can damage the pressure 

transducer. 

3.2.3.3 GAP POSITIONING SERVOVALVE The Moog A076-103 

servovalve (13) was utilized to control the flow of oil that 

subsequently controls the mandrel position and die gap. A 

negative current to the servovalve moves the mandrel downwards, 
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thus narrowing the gap, whereas a positive current moves the 

mandrel upwards, thus enlarging the gap. The servovalve 

functions in conjunction with the gap position transducer, to 

exactly set the gap. 

3.2.3.4 DIGITAL-ANALOG DATA ACQUISITION BOARD The computer 

operates in the digital mode, whereas, the process requires 

analog signals. Therefore, conversions from analog to digital 

and digital to analog were essential for interfacing between the 

computer and the process. 

A digital-analog data acquisition board was employed for 

this communication. The board chosen was the Data Translation 

DT2801 model (79). The module operates at a sampling rate of 

13.7 kHz. This board is selected because of its relatively high 

sampling rate. The input gain is set at one for all the ports. 

The input voltages to the board must be in the 0-5 volt range. 

·The A/D resolution is 12 bit. The D/A section of the board can 

output positive and negative signals depending on the 

requirement. 

3.2.3.4.1 TRANSDUCER-BOARD INTERF ACIHG The inter:face of the 

computer data acquisition system to the extrusion blow molding 

machine was designed as part of this work. The analog to digital 

inter£ ace is presented in Figure A4.1 The digital to analog 

inter:face is shown in Figure A4.2. 

Signals representing the ram position and velocity, gap 
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position and 

subs~quently 

head pressure enter 

individually converted so 

the 

that 

inter£ace and 

the input to 

are 

the 

computer is in the 0-5 V range. A series o£ voltage dividers, 

inverters and ampli-fication circuits are utilized to obtain this 

goal. A bu££er, between the gap position transducer and the 

computer, is employed to limit the ef£ect o£ high transducer 

impedance. A bias circuit is installed to set the zero level of 

the circuit by eliminating the inherent currents. 

The machine, data acquisition board and op-amp power supply 

grounds must be connected at one point, to eliminate external 

ground 

return 

loops 

signal 

from the system. In 

is connected through 

addition, each transducer 

a 10 kohm resistor to the 

system ground, such that system noise is minimized. 

The servoamp driver is required to exactry control the gap. 

The gap is maintained by means of closed loop control of the 

mandrel position, employing the servovalve output as the 

manipulated output. A hardware PID controller in the servovalve 

driver is used for this purpose. The 

overcome the effect of servoamp coil 

Zener diodes are employed in order 

oversignal conditions. 

driver is essential to 

resistance variations. 

to · limit inadvertent 
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CHAPTER 4 

THICKNESS PROFILE ESTIMATION 

It is necessary to develop an estimation procedure for the 

thickness profile. as a direct measurement is not available with 

the sensor chosen. The proposed estimation procedure consists of 

two parts. The first part entails the development of a 

relationship between the length and diameter and the number of 

illuminated pixels, illuminated in the corresponding axis 

direction. The second part involves using swell relationships to 

estimate the thickness profile from measurement of melt flow rate 

during the extrusion, in conjunction with the diameter and length 

measurements. 

4.1 SCENIC CALIBRATION 

Length and diameter calculations were performed by employing 

expansion· factors that were determined by calibration ~ith white 

cylindrical standards of specified diameter and length. This 

involves obtaining a general expression relating the measured 

dimension, P, to the number of illuminated pixels deemed to be 

above threshold, N, by edge detection. Simplifying assumptions 

are made in the derivation .of this expression, as the final 

expression is a semi-empirical fit. 

Edge detection in the y direction must involve a scan for 
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the minimum top edge detected pixel and correspondingly, for the 

maximum bottom edge detected pixel. This is essential, in order 

to overcome the effect of any parison curling to the left or 

right. 

The optical arrangement, with the mirror placed at angle 

beneath the parison, is shown in Figure 4.1. The mirror angle of 

tilt with the vertical is e and the angle of reflection off the 

mirror is -· P' is the parison dimension on the mirror and I is 

the image parison dimension before converging onto the matrix 

array by passing through a lens. Markings are placed on the 

viewing monitor to ensure that the field of view and the mirror 

angle o£ tilt are reproducible. 

4.1.1 MIRROR TRAHSFORMA TIOH 

The axis, be it length or diameter, must be transmitted £rom 

the die, to the mirror. The parison dimension, P, must be 

related to the re£lection o£ the parison dimension on the mirror, 

P'. Subscripts. x and y correspond to the horizontal and vertical 

directions, respectively. Ho subscript relates to the general 

case. This terminology will be used £or various parameters 

throughout the chapter. 

The distance from the field o£ view, at the die, to the 

field o£ view, on the mirror, is depicted as R' (Figure 4.2). 

0 The value o£ R' varies, depending on the specific location o£ the 
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Figure 4.2: Specific Triangle from Overall Optical Configuration. 
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light ray generation in the cue field of view. 

According to the law of reflection (80), the angle of 

incidence equals the angle of reflection (Figure 4.3}. The angle 

of tilt of the mirror, with the vertical, 9, is set at soo. The 

angle of reflection, f6, and, consequently, the value R', should 

be functions of the position o£ the light source at the die field 

of view. 

It is shown below that the angle of reflection, along the 

field of view, in the diameter and length directions, remains 

relatively constant. The vertical distance between the camera 

and t.he die, straight down, V' (1.2 m), is much greater than both 

the distance, w• (0.2 m) defined in Figure 4.2, and the length of 

the parison, L. The reflection angle, f6, is gi v.en by 

tan (9 + f6) = { 4 . 1 ) 

Therefore, the value o£ 91, will remain relatively constant 

over typical parison lengths o£ 30 cm (0.3 m). _A good estimate 

for 96, is tso. This assumption is valid. to within ao, for the 

worst case o£ the length axis and a 40 cm (0.40 m) separation 

between light ray sources. 

The conclusion that all light rays from the field of view 

are parallel, in the specific x or y axis, stems from the 

assumption of constant reflection angle. This assumption of 
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parallel 11gh t rays allows for the formation of the expanded 

triangle in Figure 4.4.a. The vertical distance between the two 

parallel lines is constant. The triangle has sides P, P' and 

pu, The value of P represents the axis dimension at the die, 

and the ,value P' represents the transformed axis dimension at the 

mirror. 

The expanded triangle can be subdivided. into two right angle 

triangles as shown in Figure 4.4.b. The axis dimension, P, is 

broken up into the individual triangle. sides Pt and. P2 such that 

( 4. 2) 

Simple trigonometry yields, 

P2 = P'cose ( 4 • 3) 

s = P'sine (4.4) 

s =------- (4.5) 
tan(e + If) 

Substitution of Equation (4.5) into Equation (4.4) yields 

P1 = P'sin8tan(8 + If) (4.6) 
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Figure 4.4a: Mirror Transformation of Field of View. 
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Figure 4.4b: Expansion of Shaded Triangle 
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Substitution of Equation (4.6) and (4.3) into (4.2) yields 

P = P'[sin9tan(9 + fi'J) + cos9] ( 4. 7) 

4.1.2 CAMERA FIELD OF VIEW 

It is necessary now to transform the field of view of the 

mirror to the camera field of view (Figure 4.5a). The light rays 

maintain their parallel nature, as they are reflected off the 

mirror at equal reflection angles, fi'J, The image of the specific 

axis, is represented by I. The parison dimension in die area 

will be related to the image parison dimension. The enlargement 

of the shaded triangle results in Figure 4.5b. The image axis 

dimension, I, can be separated into two components, such that, 

I = It + 12 ( 4. 8) 

Simple. trigonometry yields: 

Ia = P'cose {4.9) 

It = P'sin9tan(9 - fi'J) (4.10) 
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Figure 4.5a: camera Transformation o£ Field of View. 
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Figure 4.5b: Expansion of Shaded Triangle. 



0 

0 

82 

There£ore, substitution o£ Equations (4.10) and (4.9) into (4.8) 

yields 

I : P'[sin8tan(8 - j!S) + COS8] (4.11) 

Substitution o£ Equation (4.11) into Equation (4.7) yields 

sin8tan(8 + fJ) + cos8 
P=Il (4.12) 

sin8tan(8 - j!S) + cos8 

Since the values o£ 8 and fJ are constant.. and speci£ied by 

the optical arranaement, Equation (4.12) may be rewritten as 

'follows. 

P : (I)(F) (4.13) 

where F is a trigonometric constant with a value o£ approximately 

3.6, £or 8 : 6oo and fJ : 18o. 

4.1.3 ARRAY TRAHSFORHATIOH 

The camera -field o£ view must now be transmitted to the 

matrix array o£ ·the CCD camera. Two situations arise, 

correspondina to the 1nd1 vidual x and y axes. 
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The re sol u t.ion of the array is defined as (73) 

I 
R = 

H 

where H represents the number of illuminated pixels. 

83 

(4-.14) 

The resolution is relatively constant. for the case of 

diameter, as the parison tends t.o be cent.ered in the field of 

'9'iew, along this axis. However, the resolution tends to vary 

along the parison length, as (i) it. is not. cent.ered in the image 

field of view, and (ii) the final parison length is greater than 

the parison diameter, thus more likely to exhibit. deviations in 

the reflection an_gle. 

A typical lens demagnification of an image is shown in 

Figure 4.6. The distance from the obJect to the lens is Oc• 

whereas the distance from the camera image to the lens is ic· 

The camera i.mace heieht and the object height are 1 and I, 

respectively. The lens :focal length is :f. It is known that, 

for a thin converging lens (80), 

1 

:f 
= 

1 1 
(4.15) 

ic 
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Figure 4.6: Lens Demagnification 
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The demagni f ica tion of the lens, M is 

Oc I 
M : ---: (4.16) 

ic i 

Substitution and rearrangement yields 

M : - 1 • (4.17) 
f f 

It is known that for solid state image scanners (78), 

R I p 
M : :- (4.18) 

E RE FRE 

where E is the pixel element spacing in the corresponding axis 

direction. Substitution into Equation (4.18) yields a value of 

17 for M. This confirms the assumption of Equation (4.17). 

Therefore, substitution of Equation (4.18) 

rearrangement yields 

I = 
REOc 

f 

into (4.17) and 

(4.19) 
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The two axis directions will now be considered. separately. 

4.1.3.1 CASE 1: LBHGTH It is necessary to relate the parison 

length, L, to t.he number o£ illuminated. pixels in the 

corresponding axis direction. The transformation from the image 

to the camera is depicted. in Figure 4. 'T, for the case of the y 

axis. It can be assumed. that the image length is completely in 

the top half of the 'field. of view o£ the camera. The complete 

length direction field. of view, at the d.ie, is (0.60 m}. 

Typical parison lengths are generally less than 0.30 m. It can 

be seen from Figure 4.7, that Ocy varies with Iy such that 

PL20) 

where Ay represents the distance from the camera to the parison 

image. Substitution · of Equation (4.20) into (4.19) and squaring 

both sides yields, 

(4.21) 

Combining common power terms of Iy• results in a quadratic type 

equation. 

0 : [(EyRy/f)2 - 1]Iy2 - [2'l'y(EyRy/f)2]ty 

+ (EyRy/f)Z(Ay2 + Ty2) (4.22) 
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Figure 4.7: Array Transformation of Field of View: Length 
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For t.his speci£ic solid. st.at.e scanner 

(EH/£)2 « 1 (4.23) 

There£ore 

Solving 'for t.he quad.rat.ic yields 

ly : -Ty(~yHy/£)2 

+ [Ty2(EyHy/f)4 + (EyRy/f)2(Ay2 + Ty2))1/2 (4.25) 

It. can be in£errec1, 'from Equation (4.23) t.hat. 

(4.26) 

Therefore 

Subst.it.ut.ion of Equation (4.13) int.o Equation (4.27) yields 
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which is of the form, 

(4.29) 

Equation ( 4.29) is employed to determine the scan locations 

for diameter. The coefficients of Equation (4.29) . are obtained 

by employina white cylindrical standards in conjunction with a 

trial and error procedure that involves drawina lines , with 

software, on the monitor, at different pixel scan locations, X. 

This procedure determines the exact pixel location of the bottom 

of the cylinder. 

Equation (4.29) cannot be used to measure absolute parison 

lenaths, as the interior of the parison near .the bottom causes 

the illumination of more pi:xels than the number correspondina to 

the true parison lenath. This • droop effect •, is directly 

related to the diameter at the bottom of the parison (Fiaure 

4.8). This diameter is obtained by scannina for the maximum 

diameter in the bottom area of . the parison. Dmax· 

The extra lenath illuminated in the mirror field of view is 

L1 b· The extra lenath in the die field of view is Lb. A similar 

triaonometric approach to that performed on the absolute lenath 

yields the following. 

(4.30) 

D2 = L1 bcosetan(90 - e - ;) (4.31) 
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Dmax : U])[sin9 + cos9tan(90 - 9 - 9f)) 

Substitution o-f Equation (4.7) into (4.32) yields 

sin9tan(9 + $If) + cose 

cosetan(90 - e - 9f) + sine 

Introducing a constant trigonometric -factor, F~, such that 

sin9tan(9 + 9f) + cos9 
F~ : 

cosetan(90 - 9 - 9f) + sine 

yields 

91 

PL32) 

(4.34) 

(4.35) 

Substitution o-f Equation (4.28) into Equation (4.35) yields 

The assumption o-f linear resolution over Lb is acceptable 

since, Lb is much smaller than the parison lentth, L, and. Lb is 

closer to the center o-f the camera -field. of view, thus avoiding 

the non-constant resolution over the length. 
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There£ore, 

(4.37) 

The total number o£ illuminated pixels is depicted by Ht and 

the actual number o£ pixels correspond1ne to the leneth is 

represented by Hy· 

There£ ore, 

(4.38) 

Substitution o£ Equations (4.38) and (4.37) into Equation (4.28), 

yields an equation of the form 

where 

(4.40) 
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(4.41) 

(4.42) 

EyF(Ay2 + Ty2)1!2 

d.t : - - (4.43) 
f 

(4.44) 

ft = 0 (4.45) 

The last coefficient is recnu.red., since a multiple 

rearession routine is used. to obtain the best fit to Equation 

(4.39). Data are fit to this equation anel the results are 

presented. in Chapter 5. The terms DHt anel n2 tend. to be 

1nsianif1cant_ in comparison with the other terms. This is 

expected. since 

(A2 + ~)1!2 » T (4.46) 
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Therefore the final form of the equation for lencth prec:Uction 

:from the number of illuminated pixels is 

(4.4'1) 

·where the subscript 2 implies that the constants are different 

from those in Equation (5.39). 

The factor t3 is necessary in order to account for curl at 

the bottom of the parison. Parison curl is caused by the 

unsteady flow at the beginning of extrusion since the polymer 

melt in the die is allowed. to relax for the period :between 

cycles. Curlinc causes deviations from the cyUnd.rical 

approximation in the first extruded. secment. Thickness 

measurements are therefore unreliable in the first extruded 

segment. 

The factor t3 depends on the resin, injection rate and gap 

and is cenerally in the rance 0.95-t.o. The factors were 

obtained :by using Equation (4.4'1) and. equatinc lengths measured 

with the pinch-off mold. to camera lengths measured with a one 

second delay after extrusion. 

4.1.3.2 CASB 2: DIAHBTBR The same procedure can now :be applied 

to the diameter axis direction. It is reasonable to assume that 

the camera :bisects the parison, in the case of diameter 

visualization (Ficure 4.9). The resolution is linear alone the 

diameter. which is centered in the field of view. 
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Figure 4.9: Array Trans-formation o£ Field o£ View: Diameter 
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Generally, t.he diamet.er of t.he pariaon is significantly smaller 

t.han t.he parison length. In t.he case of t.he t.op triangle. 

(4.48) 

Substituting Equation (4.19) into Equation (4.48) and rearranging 

yields 

0 = ( - 1)Ixr + 

It. has been established that 

( 

Therefore 

HE 

f 
)2 « t 

Similarly for the bottom triancle, 

(4.49) 

(4.50) 

(4.51) 

(4.52) 



0 

0 

Addition of Equations (4.51) and (4.52) and subsequent 

substitution into Equation (4.13) yields 

BzAz:F 
D : ( )Hx 

f 
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(4.53) 

The value of Ax is directly dependent on the pixel diameter scan 

location, X, which is determined from Equation (4.29). 

(4.29) 

(4.54) 

Axo is a constant and represents the centerune distance from the 

camera to the !mace of the parison. Expansion of the terms and 

completion of the square of Equation (4.54) results in an 

equa t.ion of t.he 'form 

(4.55) 

Substitution o£ Equation (4.55) into (4.53) yields 

(4.56) 

The constants in Equations (4.29), (4.47) and (4.56) are 

estimated by 'fittinc too data points. usinc a multiple regression 
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routine, as shown in Chapter 5. The correlat10ft coefficient in 

each case is very close to unity. The purpose of the above 

procedure is to determine a form of the desired. expression, so 

that the coefficients can be estimated. by the appropriate 

equation fit. 

4.2 THICI:BBSS PROFILB BSTIHATIOB 

How that the parison diameter profiles and. total lengths can 

be estimated, the subsequent step involves the estimation of t.ke 

thickness profile. Monitoring the ram travel· during extrusion 

allows the parison to be divided. into equiweight segments, 

(assuming constant density) of weight W(i). The segment nearest 

to the die corresponds to i=t, and . downstream segments along the 

parison lenath correspond. to higher values of i. If the segments 

are assumed. to be cylind.rical, then the weilht of each segment is 

Civen by 

W(i) : wpL(i)h(i)[D(i) - h(i)] (4.57) 

where p is the melt density, h the segment thickness, L the 

segment length and D the segment outer diameter. 
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If 

D(i) » h(i) (4.58) 

then 

W(i) = vpL(i)h(i)D(i) ( 4 . 5 9 ) 

Assuminc that the diameter and thickness swell vary 

exponentially with time and neglecting sag yields (38) 

Bs = B5oo - (Bs.. - Bs0 )exp(t/,s) . < 4 • 6 o ) 

where Bs .. refers to equilibrium swell at lone time and 6s is a 

characteristic swell time. The subscript s refers to diameter 

when s = 1 and thickness when s = 2. For short extrusion times. 

much less than the characteristic time, one obtains 

(4.61) 
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The d.iamet.er and. thickness swell along t.he lengt.h of. the parison 

were d.efined. in Chapt.er 2 as follows: 

&1 (1) : D(1)/D0 ( 2 . 2 ) 

( 2. 3 ) 

Subst.it.ut.ion of Bquat.ions (2.2). (2.3) and (4.61) int.o (4.59) and 

rearranging yield.s 

where 

W(1 )exp[ -t(i )/E( i)) 
L(i) : -----------

WPB12(i)hoU)Do 

'ti2 
E(i) =. ----

(&t + l2) 

(4.62) 

(4.63) 

and the individual segment. suspension times are t.(i). The out.er 

die d.iamet.er is constant t.hrouehout the extrusion. 
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A similar analysis can be performed. for equilength segments 

( element 1 instead. of i) yield.ing 

W(l) = wph 0 (l)L(l)D 0 B12(l)exp[t(l)/E(l)) (4.65) 

Rote that both equiweieht length secments and. the equileneth 

weight secments vary exponentially with time d.urinc the 

extrusion. 

A set of constant gap extrusions, performed. at (five) 

d.ifferent d.ie gaps, gives values for E and. Bt2 at each of these 
I 

gaps. This set of extrusions is referred. to as a gap scan. The 

total parison length is measured. at the end. of extrusion , LE• 

and. with a one second delay after the end. of extrusion, Ln· 

Neglecting the effect of sac, the leneth varies exponentially 

with time accord.ine to 

(4.66) 

Cotten (17,18), as ind.icated. in Chapter 2, observed. that 

swell consisted. of instantaneous and. much slower relaxation 

components. It is reasonable, therefore. to assume that the rate 

of relaxation of the total parison, ET• is the same as the rate 

of relaxation of the ind.ivid.ual segments, E(1), as a first 

approximation. This assumption is valid. only 1 f the 

contribution of relaxation of the top segment to the total 

parison length is small. Values of E are thus obtained. from 
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Equation (4.66). 

The above approximation is not valid for the segment neareat 

to the die, as this is the recion of the instantaneous 

relaxation. The majority of the relaxation occurs in this 

segment. However, since this area is normally pinched by the 

m old, the e:xcl us ion o£ this secment from the analysis does not 

interfere with the accuracy, in relation to the ultimate coal of 

bottle dimension pro-file control. Additionally, parison 

diameter measurements in the" first seement are not dependable 

because of the high variation of diameter with scan location in 

this area o£ the parison. 

The value o£ s12 is obtained 'from the equation 

Z W(i )e:xp[ -t(i)/E) 

B12 = (4.67) 

Values 'for B12 and E are obtained by linear interpolation, for 

8ap values different from those in the cap scan, When a step in 

the 1ap occurs, the values for B12• E and ho of the transition 

gap , V(i), are a time weighted avera1e o£ the values, Vt and. V2, 

at the two gap values 1D the step. Therefore, 

V2*[t(i) 0.05) + (V1 + V 2)*(0.05)/2 
V(i) = (4.68) 

t(i) 

where V(i) represents the trad.i tional value of the parameter o£ 

interest (Bt2• E or h 0 ) during the step. The time 'for the step 
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is 0.05 seconds in all cases, independent of the step magnitude, 

direction or initial gap value. 

Bow, the length of the individual segments can :be obtained 

_by-~ utiliz.trig Equation (4.62). A noise factor, a, is utilized to 

account for variations that occur from experiment to experiment. 

System noise entering the -process is more likely to affect the 

entire parison rather than the individual segments. A dri-ft 

entering the process will remain ·£or the entire extrusion, as the 

time of extrusion is relatively short in comparison to the cycle 

time. The factor a is defined as 'follows 

a = (4.69) 
}; L(i) 

where LE is measured during the· speci-fic extrusion. The factor 

a, which is usually in the range 0.95 to 1.05, is required to 

speei.:fy t.he exact. diameter scan locatJ.ons during a given 

extrusion. When a deviates from the aboVe range, the gap scan iS 

.repeated to o:btain B12 and E at each of the 'five aaps. The 

length segments are adjusted accorcunc to 

L(i) : (a)•[L(i)) (4.70) 

The diameter profile, D(i), at the identified scan locations 

is now availa:ble. Substituting Equations (4.70) and (4.62) into 

(4.57) yields 
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aexp[-t.(i)/E(i)] 
(----------)h(i)[D(i) - h(i)] - 1 = 0 (4.71) 

Solving t.he quadrat.ic, 'for h(i), provides an est.imat.e o'f t.he 

desired parison t.hickness pro-file. 
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CHAPTER t5 

RESULTS ARD DISCUSSIOR 

This chapter consists o£ two parts. The -first part deals 

with machine characteristics and parison dimension pro-file 

measurements. It seeks to obtain an understanding o£ the 

response o£ the blow molding machine to changes in operating 

variables. This part also demonstrates the validity and 

accuracy o£ the parison thickness profile estimation technique. 

The second part deals with dynamics and on-line control of 

parison thickness pro-files. It includes a treatment of the 

dynamic responses o£ the thickness pro-file and evaluates the 

proposed control strategy. 

So-ftware was written for the various segments o£ the work. 

Fortran was the language o£ choice because of its speed, 

simplicity and compatibility to the vision, data acquisition and 

clock software available. The soft ware for the indi vi d. ual 

experimental sets is not presented, but is available upon 

request.. 

Generally, t.he experiments were run at the -following median 

conditions: 

Helt Temperature: 2oooc 
Shot Size Setting: 4 
Injection Valve Setting: 1.25 
Gap: 1.25 mm 

Variation on these values are reported as they occur. 
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5.1 HACHIBB CHARAC1.'AISTICS AHD PARISOB DIHBHSIOH HBASURBHBITS 

t5.t.t LBHGTH AHD DIAHBTBR VS HUHBBR OP' ILLUHIHA'l'BD PIXBLS 

White acrylic cylinders were employed £or scenic 

calibration. The standard dimensions were chosen in order to 

correspond. to typical parison 41mens1ons e1ur1n1 extrusion. The 

cylinders were 40, 30, 20, 10 and. 5 cm. in length. The diameters 

of the cylinder-a were 5.08, 7.62 and. 10.16 cm. 

The standards, simulating parisons, were placed with the 

diameter centered. over the mandrel and flush with the bushing. 

The cylinders were suspended from this position, supported with 

copper wire, and were illuminated with the 250 W light sources. 

This procedure was employed with the blow molding machine in the 

off mod.e. 

It was essential to reprod.uce the field. of view at all 

times. The mirror angle of tilt was reproduced with markings on 

the floor and on the mirror vertical support on the blow molding 

machine. The anele Qf reflection was reprod.uced. with markings 

on the viewine monitor, representing the center of the mandrel 

and the outer boundary of the field of view. A black cardboard 

border was placed. on the field. of view of the mirror to coincide 

with the monitor markings. The field. of view alienment utilized. 

the continuous mode of imaging, in software referred to as COHT. 

The number of ·illuminated pixels, in the two d.irections 

(length and diameter) and at any specified scan location was 
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The number 

of illuminated. pixels returned. by the EDGE routine must be zero, 

when no standard. is placed. in the field of view. This is 

attained. by employing a black matte background. 

The coefficients for Equation (4.29) (Table 5.1) were fit by 

a trial and. error procedure. The procedure consisted. of drawing 

lines at various vertical locations on the monitor, until the 

line coincided. with the bottom of the cylinder. The bottom of 

the cylinder was identified. by the point where the droop effect 

commences. The diameter scan locations were obtained. -.from 

Equation (4.5&). Equations (4.47) and (4.56) were subsequently 

fit, using the EDGE routine. More than one hundred. data points 

were fit to each of the three equations. The .:factor, p, is unity 

for the stanclarcls, as they do not curl inwards, in the way 

parisons clo. The fit coefficients and the correlation 

coefficients, for each of the three equations, are presented. in 

Table 5.1. The specific dimensions are in units of centimet.era. 

5.1.2 HACHIHB VARIABLBS 

5.t.2.t SlHPLB HACHIRB RBLA 'l'IOHSHIPS 

At the outset., it is desirable that the simple process 

variables, such as shot. weicht., hydraulic pressure, melt flowrate 
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TABLB &.t 

SCBRIC CALIBRATIOR COBPPICIBift'S 

(Units 1n Cent.1met.ers) 

BQUATIOR (4.29) L (cm) : a0Ry2 + boHy + c0 

ao = o.ooo371 

bo = o.374 

eo = -0.902 

r2 = 0.9877 

a2 = -0.000428 

b2 : 0.411 

c2 = -3.60 

d2 = -5.06 

r2 :: 0.9941 

a3 :: 0.00000420 

b3 :: -0.00168 

c3 :: 0.2408 

d3 = 0.2215 

r2 : 0.9785 

108 
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velocity, be relateel to elementary machine operator 

These machine settings are subsequently employeel as 

the inelepenelent variables. 

5.t.2.t.t SHOT WBIOHT VS SHO'r. RUHBBR The relation between the 

total shot weight anel the shot number is shown in Figure 5.1. 

The shot number is a simple numeric setting on the parison 

programmer. 

expecteel. 

The relationship is essentially linear, as 

5.t.2.t.2 HYDRAULIC PRBSSURB. VS VALVE SB'l'TIHO Figure 5.2 

illustrates the relationship between the hydraulic pressure and 

the injection valve setting. The gap was set at 1.25 mm £or this 

experimental set, as the hydraulic pressure tends to vary with 

gap. The hydraulic pressure was reael with an analog gauge. 

5.1.2.1.3 HBLT FRACTIOH VS PRACTIOH OP S'rROEB The development 

o£ parison weight during extrusion was measured by employing a 

pinch-o££ mold in .conjunction wit·h step applications every 

sixteenth o£ a stroke. The steps were applied as part o£ the 

SAHP program, which is used £or data acquisition as described in 

Section 5.1.2.2. The transition segment is obtained by the 

linear interpolation of the weights of the adjacent segments, to 

yield an estimate o£ a weight value for that step location. 



0 

iS 
'-

~ 
E 
h 
0 

~ 

200 

190-

180-

170-

160-

150-

140-

130-

120- ~ 
, 10-

100 ! r I 

2 3 
J 

0 
Cl 

I 

4 

SHOT NUMBER 

I 

0 
0 

r 
5 

I 

Fieure 5.1: Shot. Weilht Versus Shot Humber at. 2oooc, Injection 
Valve Set.ting 1.25 and 1.25 mm Gap. 

0 

6 

..... ..... 
0 



0 0 

2 ~-------------------------------------------------------------. 

t.9 -

~ 
fl) 

& 
1.8 -t 0 

§~ 1.7 ....J 

~6 
~~ 

1.6 -1 0 

(.)~ 
~'- 1.5 ~ :::l 

~ 
~ .... 

1.4 -t 0 ~ 

1.3-

1.2 I I I I I 
0.5 0.7 0.9 1.1 1.3 t.5 1.7 1.9 

VALVE SETTING 

Fi.rure 5.2: Hydraulic Pressure Versus Inject.ion Valve Set.t.inl at. 
2oooc, 1.25 mm Gap and Shot. Humber 4. ..... ..... .... 



0 
112 

The relationship of parison weight versus fraction of stroke 

is shown in Fieure 5.3. As expected, the relationship is linear 

with the intercept corresponding to the onset of extrusion. The 

delay is caused by compression of the polymer melt, by the ram, 

prior to the melt attaining enoueh pressure to flow out through 

the annular die. The flow begins in the second sixteenth of a 

stroke. However, as this segment tends to exhibit unsteady ~low 

characteristics, it is neglected in the control studies. 

5.1.2.1.4 RAM VELOCITY VS HACHIHB VARIABLBS Figure 5.4 

illustrates the relationship between the averaee ram velocity and 

gap. The ram velocity increases with increasing annular gap, at 

constant injection valve setting. This is expected, since the 

resistance to flow decrease• with inerea.si~l annular .lap, to an 

ultimate steady value. Resin B tends to flow easier than Resi!l 

A, since it exhibits lower viscosi ties, as shown in Figure 3.1. 

The relationship between ram velocity and injection valve 

setting is shown in Figure 5.5. The ram velocity increases with 

increasi.ng injection valve setting. This is expected., since more 

hydraulic pressure is being applied to the ram. 

Figure 5.6 shows the ram velocity versus melt temperature 

relationship. The ram velocity increases slightly with 

increasing melt temperature. This is expected, as the viscosity 

for polymer melts tends to decrease with increasing temperature. 



0 0 

180 

170-

180 """:'· 

150 .·. ~ 
140 

130 0 8 

b; 
120 0 

-.....; tto 
D 8 D 

~ tOO § D 

~ ~ D 

~ 
90 

h 
80 8 

~ 70 8 
~ 80 ~ 

a 
50 0 

40 8 0 
0 

30 i 0 

20 0 
0 

tO-

0 I I I I I I I I I I I I I I I I I I 

0 2 4 8 8 10 t2 14 t6 18 

FRACTION OF STROKE 

Figure 5.3: Parison Weight Versus Fraction of Stroke at 200oc, 

1.25 Die Gap, Shot Humber 4 and Inject. ton Valve Setting 1.25. 
...... 

mm 
..... 
w 



0 

(i 

~ 
~ 
Cj 
'-

f:; 
(J 
c 
~ 
~ 

~ 
~ 

0 

14 ~----------------------------------------------------------------. 

13 -

12-
:f 

t 
c + 

tt 

A 
10 * . c 

9l + 9 

8 -1 c 

7-

6 I 
0.6 0.8 1 1.2 1.4 1.6 

GAP (MAl) 
0 RESIN .A + RESIN B 

Figure 6.4: Average Ram VelocitY Versus Die Gap at 2oooc, Shot 
Humber 4 and. Injection Valve Set.tinC 1.26. 

t.B 

..... ...... 

.p: 



() 

t;' 
~ 
~ u 
'--

~ 
t3 
0 

~ 
~ 
~ 

15 

14-

13-

I + 
12-

c tt~ + 
tO-

I c 
9 -

8 -

+ 
7- 13 

6 -

5-

4 I I I I I I . I I I I I I I I I I I 
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 

INJEC1'10N VALI-'E SE1'TING 
0 RA'SJN A + RESIN B 

Ficure 6.5: Averace Ram Velocity Versus Injection Valve settinC 
at 2000C, Shot Humber 4 and 1.25 mm Die G~p. 

2 

.... .... 
()1 

0 



() 

f5 

14 -

13-

c:;- 12-

~ 

~ 11-

~ 
'- to -
~ 
(J 9-c 
"4 

~ 8-
~ 
~ 7-

6-

5-

4 

180 

I 

+ 

0 

T 

190 

T 

+ 

c 

T 

20() 
I 

MELT TEMPERATURE (Dif,'(;REI!: C) 
0 Rk'S/N A + RESIN El 

+ 

0 

I 

210 

Figure 15.6: Averace Ram Velocity Versus Helt Temperature at. Shot. 
Humber 4, Injection Valve Set.t.inc 1.25 and 1.25 mm Die Gap. 

I 

0 

220 

,_.. .... 
Ol 



0 

0 

117 

S.t.e.t.t5 HBAD PRBSSURB VBBSUS HACHIIB YARIABLBS Figure 5.7 

shows the relationship between the- average head. pressure and. gap. 

The head. pressure decreases with increasing gap, as anticipated.. 

Resin A exhibits slightly higher flow pressures than Resin B, for 

the same extrusion gap~ 

The head pressure increases with increasing valve set tine, 

as illustrated in Ficure 5.8. The increasinc valve setting 

results in an increasing hydraulic pressure to the ram, and 

consequently increasing pressures throuchout the flow field. 

Head pressure versus melt temperature is shown in Figure 

5.9. The effect of temperature on head pressure appears to be 

insignificant1 in the ranee of melt temperatures considered. in 

this work. 

t5.t.2.2 HACHIRB V ABIABLBS BX'l'RUSIOR DYRAHICS 

The response of the machine variables during extrusion was 

monitored. with the help o£ .the so-ftware SAHP. This proaram 

applies arbitrarily selected. steps in the cap during the 

extrusion, and. monitors transducer output.. 

S.t.2.2.t GAP VS TIHB The absolute value of the gap is 

calibrated with a depth cace, attached to the mandrel. Figure 

5.10 illustr.ates the variation of cap versus time durinr a 

constant cap extrusion. It can be seen that the servoamp driver 

provides eood control over the eap, throuehout the extrusion. 
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Figures 5.11 and 5.12 refer to 8ap steps downwards and 

upwards, respectively, during the extrusion. The gap step takes 

0.05 seconds, regardless of the step magnitude, direction or 

initial gap. The gaps reach the new steady state within three 

readings. Therefore, the most practical relation attainable for 

the variation of gap with time, during the transition, is a 

linear relationship. 

The minimum discernible change for a gap, was 0.03 mm. This 

change was necessary for the fine adjustments required in 

control, yet it was not sufficient for inducing a visible change 

in the thickness measurement, in the dynamic step tests. 

5.1.2.2.2 HBAD PRBSSURB VS TIHB 

time, for a constant gap extrusion, 

The pressure increases steadily to 

unsteady, initial onset of extrusion. 

The head pressure versus 

is shown in Fieure 5.13. 

a constant value in the 

The head pressure versus 

time response to cap steps down and. up in the extrusion, is 

illustrated in Figures 5.14 and 5.15, respectively. There is no 

significant delay in the process response to a 1ap step. 

5.1.2.2.3 RAM VBLOCITY VS TIHB The ram velocity versus time, 

for a constant 1ap extrusion, is illustrated in Figure 5.i6. The 

velocity decreases to the steady extrusion value, as the 

resistance to extrusion builds up in· the onset flow region. The 

ram velocity versus time response to a eap step down and up in 
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the extrusion, is shown in Fiaures 5.1'7 and 5.18 respectively. 

5.1.3 PARISOR LBRGTH ARD ·DIAHift'BR PROFILES ·• 

5.1.3.1 PARISOR LBRGTH · VS FRACTIOJf· OF STROI'.:B 

Preliminary experiments were conducted to determine if the 

parison length versus time, .. during the extrusion, can be ut111zed 

in the thickness estimation. According to Equation (4:.62), there 

is an exponential relationship .. between parison length and 

'fraction o'f stroke. 

W (i)exp[ -t(i) 1 E( i )) 
L(i) = (4.62) 

Figure 5.19 illustrates the relationship between pari.son 

length ancl £raction o£ stroke. 

utiliZing the .so-ftware LEH. Extrusion was carried out at the 

median values of gap .1.25 mm, melt temperature o'f 2oooc and 

injection valve setting o'f 125. Parison photographs were taken 

at. equispaced 'fractions o'f stroke, over several extrusions. Four 

images (maximum storage capacity) were procured from each 

extrusion. 

-The length could not.·~. obtained with any dependable degree 

of accuracy, during the early fractions o"f stroke, since the 

resolution of the measurement was o"f the .same order o"f magnitude 

as the length itsel£. Additionauv. in t.h1~ 1Pnat.h "'~n"""' !;l 

.··. 
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0 
large fraction of the length measured. corresponds to the d.roop 

effect. 

The d.ata were £it to both a simple linear and. exponential 

relationship. The correlation coefficient of fit for the linear 

relationship was 0.977, whereas for the exponential relationship 

it was 0.887 (Figure 5.19). Therefore, the d.ata · appeared. to 

follow the linear form better than the exponential form. 

On the basis of the above, it can be concluded. that the 

leneth resolution of the camera, within the time scale o£ the 

experiment, is not sufficient for detecting the exponential 

relaxation of the parison length, and. subsequently the swell, as 

it is· extruded.. The exponential relationship would. be dominant 

in the beeinning o£ the extrusion, but again the length 

resolution is not suitable for accurate measurement during this 

period.. Therefore, intermediate parison leneths cannot be 
, 

utilized. for thickness estimation. The estimation technique 

outlined. in Chapter 4, utilizing the complete parison, must be 

employed. 

It is also possible to conclude that sag is negligible 

during the extrusion, since the correlation d.oes not deviate 

greatly from linearity. 

0 
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5.1.3.2 CHARAC'l'li:RISTIC SWELL TIHB VS PARISOR LRIIOTH 

The thickness estimation technique presented in Chapter 4 

assumes that the characteristic swell time (1/swell rate) o'f the 

complete parison, ET, equals the characteristic swell time o'f the 

individual segments, E. This approximation is not valid 'for the 

last extruded segment, since the rate o'f relaxation o'f this· 

sec=ment is abnormally high. The other segments, however, underc=o 

secondary relaxation which is signi-ficantly slower than that 

occurine at or near the die exit. 

The characteristic swell time for various lengths of parison 

·could be obtained by measuring the total lengths of the parison 

at the end o'f extrusion and a'fter a one second. delay, 'for various 

shot' ai.Ze extrusions. The value for the speci-fic characteristic 

swell time was obtained with Equation (4.66). 

Ln : L:&:f!XP(-1/E) (4.66) 

The parameter, e, is expected. to decrease with parison 

lenc=th, as the rela:x:a tion of the last extruded segment becomes 

more predominant. The validity of the assumption that the swell 

rate of the complete parison is equal to the swell !"ate o'f the 

individual segments would be supported if the swell rate d.id not 

vary signi-ficantly with parison leneth. Figure 5.20 shows the 

relationship between the characteristic swell time and parison 

length at extrusion end. 
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The extrusions were run at the median parameters settin1s. The 

characteristic swell time data were obtained by the software 

SWELL. The parameter E, does not vary sicnific:ant.ly over the 

parison length range of 20-40 cm. However for parison lengths 

below 20 cm., reproducibilty of the measurement technique is not 

dependable. This is expected, because of the loss of length 

resolution in the low length ranee. 

Therefore, with the data available, it is possible to assume 

that the swell rate for the whole parison approaches the swell 

rates for the individual segments, except for the secment closest 

to the die. 

5.1.3.3 DIAMETER PROFILBS 

Figures 5.21, 6.22 and 5.23 illustrate the parison diameter 

profiles at extrusion gaps of 0.76, 1.26 and 1.7!5 mm. 

respectively. 

soft ware DYH. 

number one, 

Equi weight diameter data were obtained with the 

The top of the parison corresponds to segment 

which is the last extruded secment. The first 

extruded seement corresponds to seement number 'fifteen which is 

the bottom o£ the parison. Resin B has a larger diameter swell 

than Resin A. The diameter profiles do not vary sicnificantly 

with die aap. Therefore, the diameter pro-files could not be 

~mployed as the controlled variables. 
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5.t.4 VIDBO CAHBRA-PIHCH OFF HOLD COHPARISOH 

5.1.4.1 DIAHBTBR PROFILBS 

Sheptak and Beyer (35) suggest the use of a pinch-off mold 

to estimate the distribution of outer parison diameters with the 

help of Equation (2.6). 

Dp= ( 2. 6) 

• 
However, this equation is valid only for parisons thinner than 

half the distance between, the two sides of the pillowed segment, 

in a closed pinch-off mold. The parison tends to spread out, in 

the case of thicker parisons, under the action of the closing 

mold, yielding overestimates o£ diameter. This tendency is 

illustrated in Figure 5.24. Bquilength diameter data were 

obtained with the so-ftware PIHCH. The diameter scan locations 

for the Video camera coincided with the hal£way point. of each· 

pinch segment. 

5.1.4.2 THICE:RBSS PROFILES 

The thickness pro£1les obtained from the on-line video 

camera estimation technique must be compared to an established 

measurement technique. This was essent.ial in order to ensure 

that the on-line estimation routine was correct. The comparison 
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is mad.e, in this section, by displaying results at various 

extrusion gaps, with a step d.own· and up hal£way through the 

extrusion, at various melt temperatures, __ inJection- valve settings 

and shot numbers. 

The pinch-of£ mold was employed in combination with the 

diameter profile obtained. £rom the video camera and. the so-ftware 

PIHCH, to · estimate the paris<?n thickness profile. It is 

necessary to make the comparison at equispaced diameter scan 

locations, in order to o:~:?tain correspondence with the pinch-off 

mold segments. 

The equilength on-line thicknesses were obtained with 

Equation (4.65), in conjunction with a _gap -scan and the software 

SWELL. for the determination of the swell factors, B12 and E. and 

the software PIHCH, £or the outer diameter pro-files. 

W(l) : wph 0 (l)L(l)D 0 Bt2(l)exp[t(l)/E(l)] (4.65) 

Several replicates were performed for both the pinch o£f 

mold and the on-line ~q. The means of these replicates 

are presented. The individual seiments were allowed. to relax £or 

the one second mold close time, in addition to the indiVidual 

segment suspension time. The individual suspension times were 

obtained by interpolation based.: on the weight d.istribution, 

0 obtained. from the pinch-of£ mold. 

. . 
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6.1.4.2.1 BP'FBC'l' OF GAP ' \ The. comparison of the two thickness 

measurement techniques, for botb;c resins, is presented in Figures 

5.25, 5.26, 5.27, 5.28 and 5.29 for constant extrusion gaps of 

0.75, 1.0, 1.25, 1.5 and 1.75 mm, respectively. The agreement is 

very good for all the gaps. The agreement tends to deviate 

sliahUy, for Resin B, at the highest aap of 1.75 mm, because of 

the increasing invalidity ·of Equation (4.58). 

D(i) )) h(i) (4.58) 

As expected, the thickness ... ,;,,:--:tncreases w1 tll increasing gap. 

The thickness decreases along the length of the profile reaching 

a steady value. This result is ln contradiction with the 

previous belief (31,38) that thicKness tends to increase along 

the length of the parison. These results were verified with a 

micrometer and visual observation, by measurin8 tlle thickness at 

the top and the bottom of tlle pari.son. ACain, the t..h.1.ck.nesa at 

the top was ere a ter than the thicKness at the .bot tom o£ the 

. ,....par:iSon •. -. _. -.--:--

The results can be explained :by obaervinc tlla t the diameter 

swells at a much greater initial rate than the thicKness. The 

swelling of the diameter tends to stretch the parison outward in .... 

the radial direction, thus decreasing the thicKness. However, it 

0 is important to realize that, this result is specific to the 

resin chosen. X:alyon (6) observed similar results. 
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5.1.4.2.2 RFFBCT OF GAP S\'BP Figures 5.30 and 5.31 illustrate 

the e-ffect on the thickness pro£Ue of steps down and up, 

respectively, in the gap, halfway throueh the extrusion. The 

transition to the new thickness is quick., requiring only one 

transition segment. This is an important point, as will be shown 

later in this work. 

5.1.4.2.3 BFFBCT OP' HBL\' TBHPBRATURB The ef£ect o£ melt 

temperature on the thickness pro£1le o£ Resin A is illustrated in 

Figures 5.32. The effect of melt temperature seems negligible 

£or this range o£ the dependent variable. The agreement o£ the 

pinch-of£ mold with the on-line· measurement is shown in Figures 

5.33 and 5.34 £or melt temperatures of 190 and 210°C, 

respectively. 

5.1.4.2.4 BFFECT OF SHOT RUHBBR The ef£ect o£ shot size on 

t.he thickness pro'file o£ Resin A is illustrated. in Figures 5.35. 

Increased shot numbers result in· an increase in the number o£ 

pinch segments, as expected. The agreement of the pinch-o-ff mold 

wit.h t.he on-line measurement. is shown in Figures 5.36 and 5.37 

£or shot numbers of 3 and 5 respectively. 

5.1.4.2.5 BFFBCT OF IRJBCTIOR VALVE SBT'l'IHG The e-ffect of 

injection valve setting on the thickness pro£11e of Resin A is 

shown in Figure 5.38. There seems to be little ef£ect o£ the 
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injection rate on the thickness profile. It is important to 

realize that the decrease in injection rate ea uses two balancine 

effects to occur. The decreased· shear rate, and subsequently 

swell, is offset by the increase in swell c1 ue to the increased 

extrusion time. 

It is also important to realize that the swell obtained from 

a blow molding machine is not equivalent to the swell obtained 

from a laboratory isothermal oil bath experiment. The swelling 

in blow molding is limited by the parison extrusion time and the 

mold close time. 

The agreement between the pinch-o'ff mold and the on-line 

measurement is shown in Figures 5.39 and 5.40 for injection valve 

settings of 0.75 and 1.75 respectively. 
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5.2 DYRAHICS ARD OR-LIRE COHTROL OF PARISOR THICI:RESS PROFILim 

5.2.1 DYBAMIC RESPOHSES 

A process model is necessary for developing a control 

system. Processes can be simulated by solving the appropriate 

transport equations with initial and boundary conditions. The 

differential equations associatinc the variables and parameters 

are then usually solved with considerable computing effort. 

These models are not suitable for on-line real time applications. 

Empirical models utilizing the transfer function approach are 

more appropriate. 

G(t) = Y"(t) I X"(t) 

G(t) is the process transfer function, Y"(t) 

response and X"(t) is the input variable. 

( 5 . 1 ) 

is the output 

The transfer ·'funct.ion scheme o'f closed loop parison 

thickness profile control is shown in Figure 5.41. The various 

transfer functions and variables are identified in Table 5.2. A 

practical scheme for the direct measurement of parison thickness 

profiles was not found and therefore, an inferential scheme was a 

logical alternative (81). The parison thickness profile can be 

estimated, as shown in Chapter 4 1 from the parison diameter 

profile, parison leneth versus time measurements and the melt 

flowrate durine extrusion. 
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TABLB 5.2 

TRAIISJPBR FURCTIOR ROHBBCLATURB 

DBPIBITIOR 

Controller Transfer Function 

Process Transfer Function 

Measurement Transfer Function 

Estimation Model Transfer Function 

Controller Adjustment Transfer Function 

Noise Transfer Function 

Parison Profile P<ri.nt Location 

Cycle Location 

Pro~trammed Set Point 

Measured Thickness Profile 

Die Gap Profile 

Error Profile 

Diameter Profile 

Length Versus Time Measurements 

Flow rate 

White Boise 
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The t.rans£er £unction, G4, is the estimator model. The direct 

measurement is represented by G3 and the process by G2. The 

controller t.rans£er £unction is represented by <U. 

5.2.1.1 IB-CYCLB VBRSUS CTCLB '1'0 CTCLB COH'l'ROL 

It. is important. to de£ine the time scale, £or the speci£1c 

case o£ parison thickness pro£1le control, in which the control 

is to be enacted. The dynamic studies necessary £or the control 

model development. are per£ormed in the corresponding time £rame. 

In-cycle control incorporates absolute time during the parison 

extrusion as the time scale. It can be discrete or continuous. 

Cycle-to-cycle control incorporates the cycle number as the 

correspondina discrete time scale. The relative advantaaes and 

disadvantaaes o£ the in-cycle and cycle-to-cycle control should 

be examined.. 

5.2.1.1.1 IB-CYCLB COHTROL 

In-cycle control involves corrective adJustments to the die 

aap durin& one extrusion cycle. Thus, it is necessary to obtain 

a su££icient. number o£ data points o£ the controlled variable o£ 

interest in order to properly characterize the response. 

Typically, to obtain an adequate in-cycle stochastic model, a 

minimum o£ 32 changes in the manipulated. variable must be enacted 

during the cycle. 
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during the cycle. 

It was ascertained, 'for the ·blow molding machine used in 

this study (Section 5.1.2.2.1), · that- a ;;_change ·-in the gap requires 

0.05 seconds, 'for any magnitude and direction o£ change. 

Consequently, 'for a typical one· second extrusion cycle, the 

number of possible gap transitions is limited to twenty. This 

limi t.a tion means that an ·in-cycle stochastic response 

determination would. not be -accurate. 

A deterministic model would. also reqUire a minimum o£ three 

data gap transition, 'for proper 

characterization. The number o:t transition thickness profile 

points is ·directly dependent on the number o£ gap values 

available during the transition. The number O'f gaps available, 

in the transition region, is limited. t.o the initial gap, the 

final gap and. one transition v~lue, by a timing restriction 

associated with the data acqu.Uition section o£ the system. 

These values are only usf;:fu.l..::.:::..:feti a crude estimate o£ a 'first. 

order deterministic response. The speed o£ the computer and the 

camera resolution are the causes .o£ this limitation, as thickness 

measurements cannot. be obtained during t.he extrusion, with 

reasonable accuracy. A limitation associated with in-cycle 

control is that once a segment has been extruded, any error in 

the thickness of. that. segment cannot be corrected in that cycle. 

' For the above reasons, in-cycle control is deemed not 

'feasible, 'for the .,_case ·-o£ closed ·loop . parison thickness pro£1le 

control, at least. in relation t.o the blow molding machine and 
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5.2.1.1.2 CYCLB-TO-CYCLB CORTROL 

Cycle-to-cycle control has the chanees in the manipulate<1 

variables enacte<1 between parison extrusions. This is the 

control of choice, because of the limitations associate<1 with in

cycle control. 

5.2.1.2 THICI:RBSS PROFILB BBHAVIOR TO GAP STBPS DURIRG BXTRUSIOR 

In-cycle disturbances, in the form of a step in the aap 

d.uring the extrusion, are essential £o:r t.he determination of the 

interaction response o£ the thickness pro£1le. Cycle-to-cycle 

<1isturbances were examine<1 as part o£ the st.ochast1c stucty of 

Section 5.2.1.3. From this point onwards in the work, the 

thickness profile was measure<1 at the end of extrusion, instead 

of at the point o£ mol<1 closina, as the en<1 o£ extrusion is more 

universally acceptable. 

The top, -first seament or last extruded segment and the 

bottom, last seement or first extru<1e<1 segment., were nealected in 

further aspects of this work. Both secments are eenerally 

pinched by the mold closing process. The dimensions of the first 

secment cannot. be measured actequat.ely. The last seament 

exhibite<1 an irregular shape proctuce<1 cturina the early staaes of 

extrusion. 

The diameter scan location is now at the halfway point of 

each indivictual equiweight seament. The software SWELL was 
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each individual equiweight segment. The software SWELL was 

employed to o:btain the swell factors, B12 and E. The soft ware 

DYH was utilized for the thickness profile estimation. Steps in 

the gap were input during the .extrusion, with emphasis :being 

placed on determining the effect ·of step magnitude, direction and 

location during the extrusion, as 'well as initial gap. 

5.2.1.2.1 CORSTART GAP BXTRUSIORS The re~onse of the thickness 

profile to constant gap extrusions at gaps of 0.75, 1.0, 1.25, 

1.5 and 1.75 mm, for Resins A and B, is presented in Figures 5.42 

and 5.43, respect! vely. The thicKness decreases to a steady 

value, along the length of the par.i.son. Res.i.n- B exhi:bits -higher 

thicknesses than Resin A. 

5.2.1.2.2 FIRAL AJID IJIITIAL GAP The effect of step magnitude 

and direction, 1s illustrated in, Figures 5.44 and 5.45. The 

initial cap is .i.Z5 mm. Five %1nal saps were studied. The 

effect of initial gap is shown in Figures 5.46 and 5.47. The 

final gap is 1.25 mm. Five initial gaps were considered. The 
-

response to a gap_step chance was instantaneous, requiring only 

one transition segment, to achieve the ultimate level. 

5.2.1.2.3 STBP -LOCATIO& The e£fect o£ step location during the 
' I 

0 extrusion is shown in Figures 5.48 and 5.49, for a step 
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location of 4 sixteenths of a stroke, and Figures 5.50 and 5.51, 

'for a step location o-f 12 sixteenths of a stroke. A step 

location o-f 8 siXteenths of a stroke is shown in Figures 5.44 and 

5.45. 

The gain tends to increase with increasing delay in the step 

application d.urina the stroke, for a step up in the eap. The 

reverse is true 'for a step down ·in the gap. This is expected 

because of the inherent. decrease in the thickness along the 

length of the parison, fo.r a constant aap extrusion. 

e 5.2.1.3 S'.l'OC:HAS'riC · RBSPOJISBS. 

Measurements o-f process · variables contain random 

disturbances or noise, which cannot be characterized solely by 

deterministic modelling. This noiSe can have a prominent e-ffect 

on the output variable. StochaSt.ic identification techniques 

can supply both a noise and a proeess model for the system under 

study. 'rhe output o-f the transfer function. G6(i,J), represents 

the correlation o-f the white noise inP'lt..._...ntt.), (P'icure 5.41). A 

random white noise process would · be represented by a value of 

unity 'for G6(i,J) (82). 

In the present work, PC Hat.lab software was used in an 

interactive iterative 'fashion to determine statistically adequate 

models based on examination of the cross correlation and. 

autocorrelation functions. · This procedure is discussed. in d.etail 

elsewhere (82,83). 

. \ 



•t) e 

8 ~----------------------------------------------------------

_, 

7-

6-
I + 

~ 
~ 5-1 

~ 
+ 

~ 4-l + 
~ 
~ 

m m ~ 'f. 9 ~ m If' 0 0 3.- m 
'• 

0 D 

2 -1 D 

t -1 I 

o 2 4 a - 8 to 12 t4 

EXTRl!SION SEGMENT 
D STEP 1.25-0.75 + STEP 1,25-1.75 

·- Figure 6.6or •· Par1son Thickness Profile -Response, for Resin A, t.o 
Step Location of 12/16 n:f a stroke. 

IB 

..... 
-4 
0> 

0 



~ e 

8 
. t 

7-
.. 

6-
t 

~ 
~ 5-

~ 
~ 4- fB Gl 0 0 0 0 0 ~ 0 0 0 0 ~· t + + + + + + + + ~ 

I 3- 0 I a 
0 

I 
2-

t -1 I 
0 2 4 6 8 tO t2 t4 

EXTRUSION SEGJ.lENT 
0 STEP t.2s:.....o. 75 + STEP t.25-t.75 

Figure 6.5t: Parison Thickness Pro-file Response, for ·Resin B, to 
Step J .. ocation of t2/16 of a Stroke. 

t6 

.... 
....;J 
'{) 

('J 



c 
180 

&.2.1.3.1 CYCLB-TO CYCLE RESPORSB 

A system identification routine was carried. out in order to 

determine if the process noise, cycle-to-cycle, is white, 

autocorrelated or cross-correlated. The stochastic study was 

conducted by applying a pseudo-random binary sequence (PRBS) 

disturbance to the eap, in a series of cycle-to-cycle constant 

tap extrusions. The sequence generated by a shift register of 

length, "2n - t", in the software PSEUDO is shown in Figure 5.52. 

The measured. output to this PRBS disturbance is the 

thickness of the mi<l<lle segment of the parison in every cycle. 

This thickness is measured. with the software DYH. The response 

is presented in Figure 5.53. 

5.2.1.3.2 ROISB HODBL DBTBRHIRATIOR 

The <lata were fit to the followine Box-Jenk1ns models. 

H(q) 
h(t) = h 0 (t-ak) + n(t) 

U(q) 

H(q) 
h(t) = h 0 (t-ak) + 

U(q) 

C(q) 
--n(t) 
J(q) 

( 5 . 2 ) 

( 5 • 3 ) 
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where H(q) and. U(q) are the process transfer functions ancl C(q) 

and J(q) are the noise transfer functions, with q representing 

the time series backwarcl operator. The cycle response clelay is 

represented by a, k d.epicts the lac and. n(t) is the white ranclom 

noise. 

The quality of the moclela is tested for statistical adequacy 

by determining if the resicluals are within specified limits. 

Figure !5.54 represents the noise autocorrelation for a zero ord.er 

moving average model of Equation (5.2). Figure !5.5!5 shows the 

cross correlation of the resicluals with the input, for Equation 

(!5.2). The model of Equation (!5.2) is statistically aclequate, 

because the autocorrelation is not significant after lac 1 and 

the cross correlation is within interval limits. 

Figures !5.56 ancl 5.57 show the residual autocorrelation ancl 

cross correlation, respectively, for a first order moving average 

moclel of Equation (5.3). There is no sicn1ficant advantace, for 

a first orcler model over a zero order model, in clecreasing the 

values of the correlations within the limits. The same 

conclusion holds for higher order ancl <li'fferent 'form models. 

The ratio C(q)/J(q) is 'found. to be " 1 + o.072q "• where q 

represents the backwarcl operator. The first orcler term, 0.072 

(standarcl deviation = 0.0167), is close to zero, an cl it is much 

less than the zero order term, 1. This &lain ind.1cates that the 

system is of zero ord.er, or white rand.om noise. 
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&.2.1.3.3 DBTERHIHISTIC RESPOHSB 

The ratio o'f the process trans'fer functions, H(q) and. U(q), 

can be used. to resolve the form of the cycle-to-cycle 

deterministic response to a step chance. H(q)/U(q) has a 

constant value of 2.73 (standard <leviation = 0.0004), in the case 

of both Equations (5.2) and (5.3), The value of the delay, a, is 

zero. The 'fact that the trans'fer function has a constant value 

confirms that the cycle-to-cycle response to .an input disturbance 

is completely accomplished within the cycle time. The response 

can therefore be considered proportional, requirinc only one 

tuninc parameter. cain. 

5.2.2 OR-LIHB· CORTROL 

5.2.2.1 COK'l'ROL SCHBHB 

Control of parison thickness pro£1les, is ·a special case o£ 

multivariable control. A multivariable process entails several 

inputs and outputs to the system. Each indivictual thickness 

value alona the lenath of the profile represents a controllable 

variable, h(i,J), in a cycle-to-cycle loop (Pieure 5.41). The 

subscripts i and J correspond to the parison seament alone the 

lencth and the cycle number, respect! vely. The correspondinc 

manipulated. gap profile is represented by h 0 (1,j). The 

programmed set point, represent1na the thickness set point alone 
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the length of the parison, is designated by hsp(1,J). The 

1nd1 vidual transfer functions are represented by Gk(i,J), where k 

is the specific block 1n the control loop. 

Interact! ve cross transfer functions, portraying the effect 

of a gap change on the thicknesses, alone the par1son length, 

different from that corresponding 8ap's thickness, were found to 

be minimal (Section 5.2.1.2). The result of this absence of 

coupling was that each individual output has only one 

corresponding input, gain and command signal associated with it. 

The control strategy chosen is a cycle-to-cycle adapt! ve 

control scheme, 1n which the 1ndi vidual process gains, together 

with the profile, are updated and monitored for each extrusion. 

The controller is adjusted in transfer block G5(1,J) (Figure 

5.41). These gains, m(1,J), are given by 

h(i,J) h(i,J-1) 
m(i,J) = ( 5. 4) 

h 0 (1,J-1) 

The initial estimates for h(i,O) and h 0 (1,0) are obtained, 

as a first estimate, from a thickness distribution of a constant 

gap extrusion. The value of the aain, m(i,J), takes on a value 

of three, should Equation 5.4 yield an indeterminate result. 

The error profile is obtained, for each individual 1, 

according to 

e<i,J) = hsp(1) - h(i,J) ( 5 . 5 ) 
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The command. signal 'for the next extrusion is then calculated. 

according to 

h 0 (i,J+1) : ho{i,J) + m(i.J)e(i,J) ( 5. 6) 

The cycle number is subsequently upd.ated. to J+t, and. the 

'followinl extrusion takes place. 

This scheme is chosen, 'for control over many cycles, in 

ord.er to account 'for slow process d.ri'fts. The ad.aptive stratecy, 

which measures the tunine parameters on-line, corrects these 

d.ri'fts. 

A better control stratecy would. have been to determine the 

cains as 'functions o'f the process parameters, ~uch as macni tud.e, 

d.irection. location o'f the step alone the pro'f1le, · melt 
-

temperature, shot size, injection rate and. resin. This is a 

deterministic approach as opposed. to the on-line d.etermination 

which is the case in this work. This approach was not utilized. 

because o'f time and. machine limitations. However, a simulation 

employing this approach, is presented. in Appendix 5. 

The extrusion blow mold.inl machine was operated. in the 

intermittent, cycle-to-cycle mod.e 'for the on-line control 

experiments o'f this work. This was necessary, in order to 

simulate actual process cond.i tions. The process itsel-f was 

monitored and controlled with the so-ftware COHTROL. The 

algorithm 'for COHTROL is presented in Fieure 5.58. 
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Figure 5.58: Algorlthm for the Software CONTROL. 
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The percent error, monitored. cycle-to-cycle, is d.efined. as 

E abs[h(i) hspU)) 
-------------X 100 ( 5. 7 ) 

Ehsp(i) 

with summation o-ver i. It ind.icates the quality of the control 

action. The swell factors were obtained. with the software SWELL. 

Durina the course of the process, whenever the factor, a, 

a : LE I E L(i) (4.68) 

d.eviated. outsid.e the specified. limits, the cap scan, was repeated. 

to d.etermine new swell factors. This occured. infrequently d.urinl 

the course of the work. 

S.2.2.2 CORTROL WITH PROGRAHMBD SB'1' POIR'l'S 

The results of control experiments 'for various procrammed. 

set points are now d.iscussed.. In the ficures that follow, the 

solid. lines represent the set point profiles, whereas the symbols 

represent ind.ivid.ual replicate experimental profiles. The first 

thickness profile employed. in the on-line cain calculations was 

based. on the constant gap <lata of Section 5.2.1.2.1. In the 

first part of the followinc d.iscussion, all experiments were 

carriecl out with Resin A. 



0 

C. 

5.2.2.2.1 THIC:l:RISS RISPQRSE '1'0 SE'l' PQIR'l' CHARGE 

193 

The 

control action response of the thickness of setments 4, 8 and 12, 

representing the top, middle and. bottom of the parison, is shown 

in Fitures 5.59, 5.60 and. 5.61 respectively. The initial gap 

profile, of the first cycle, was that obtained with the constant 

tap of 1.25 mm. It was subsequently adjusted, in order to 

minimize the error. The control action was instantaneous, in 

that the set point is attained after the first or second cycle. 

5.2.2.2.2 CORS'l'ART 'l'HICERBSS AHD STBP SB'l' POINTS Results 

obtained with constant thickness set point profiles of 2, 3 and 4 

mm are shown in Figures 5.62, 5.63 and 5.64, respectively. The 

results for set points of 3 and 4 mm show tood control action. 

'l'he set point of 2 ·mm, exhibits an offset. '!'his offset was 

ea used by the Umi ts placed on 

less than 0.70 mm or greater 

discussed in Section 3.2.3.2.4. 

the tap. 

than 1.75 

A aap less 

The gap could not be 

mm, for · the reasons 

than o. 70 mm would 

be required to eliminate the offset with the 2 mm set point. 

However, it is important to note that this u.autation was not a 

function of the parison protrammer employed. Fiture 5.65 and 

5.66 show typical <lie gap profiles during extrusion for the 

programmed set point profiles of 2 an<l 3 mm, respect! vely. 'l'he 

<lie gap goes to the lower l1m1t for the set point profile of 2 

mm. 

Figures 5.67 an<l 5.68 relate to set points with a step up 

an<l <town, of magn1tu<1e 1 mm, respectively. Fieure 5.69 shows a 
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typical die gap pro'file during extrusion 'for the step up pro'file. 

There is a di'f'ficulty ~t the e-nd o'f extrusion, or top o'f the 

parison, with these programmed set point pro-files, since -the- ::gap 

was· changed drastically. The programmer-servoamp combination 

could not produce the control action required once the step has 

been applied. The o'f'fset is caused by a gap overshoot resulting 

'from the inertia o'f the machine in the 1ap Change. 

Control at t.b.e start ·o'f extrusion was not adequate -for the 

step up, because o£ t.he 1ap .limit situation. However, the 

control at the s:t.art •. ,,...o.£- extrusion: iS adequate for the -step down, 

C as the required gap pro'file 'for ct'he set point pro'file was within 

0 

the equipment limits. 

Other ranges o'f set points 11'ere evaluated but the results 

obtained were similar, 'for this magnitude o'f step change. 

Figures 5.70 and 5.71 illustrate t.he e'f'fect o£ decreasing the 

step magnitude. The control action is much better, as the step 

magnituc:te was re<luced. su£fic1ently (e.g. to 0.4 mm), to allow the 

programmer to 'follow the set point pro:file. 

52.2.2.3 LIIIBAR ARD S'.l'AIRCASB SB'l' P0Dr.r VARIATIORS /j This 

group o£ programmed set points is controlled. very well, w1 th the 

control scheme employed. Figures- 5.72 and. 5.73 illustrate the 

control over linear d.eclining set point pro-files, of slopes 0.1 

and 0.2, respectively. Figure 5.74. illustrates the control o'f a 

linear .... ...J.ncreasing set point profile. Control o'f par1sons with 

higher order polynomial set point· pro'files was not su££iciently 
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different from the action with a linear set point profile, to 

warrant an independent evaluation. 

Ficures 5.'15 and. 5.'16 refer to staircase increasinc and. 

d.eclininc set point profiles, respectively. Ficures 5.'17 and. 

5.'1& illustrate constant-d.ecl1ninc set point profiles with a 

halfway and. late transition, respectively. Figures 5.79 and. 5.&0 

deal with declining-constant set point profiles with halfway and. 

early transitions, respectively. These set point. profiles are 

typical for parisons utilized. in bottle formation. The linear 

portion 1s employed. to simulate bottle neck and. handle formation 

in reaular and. upside down inflation. 

5.2.2.2.4 IRVBRTBD V ARD V-SHAPBD SB'l' POIRTS As mentioned in 

Chapter 2, there is a trend. towards the blow mold1ng of 

complicated. shapes. such as automobile parts. 

it is desirable to evaluate the feasibility 

For this reason, 

of re prod ucina 

complicated set. point profiles, such as inverted. V and. V-shapes, 

as well as oscillatory set point profiles. 

F1eure 5.&1 illustrates the control action on an inverted v

shaped. profile. The reverse programmed. set point profile, v

shaped., is shown in Fiaure 5.&2. The control scheme had. 

difficulty in at.taintna adequate control with the inverted. V 

shaped profile, because of the gap limits. The thickness at the 

peak required. a gap greater than the upper limit. This tended. to 

set the entire eap profile into a continuous cycle-to-cycle 

oscillation, with no apparent. damping. The v-shaped set. point 
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profile was controlled. wen. Again, it is important to realize 

that controllability of the set point is <lependent on the upper 

an et lower limi t.s of the gaps. 

5.2.2.2.5 OSCILLLATORY SB'l' POIRTS Figures 5.83 and 5.84 

illustrate the control action on four and eight point. set point 

profiles, respectively. The four point profile was controlled. 

well, whereas <lifficulties arose in the control of the eight 

point profile. Apparently, the h1Ch frequency and rapid. changes 

from an established. thickness cannot be hand.led. by the control 

scheme. Hed.ium an<l high 'frequency oscillation set point. 

profiles are evaluated. in Figures 5.85 and. 5.86, respect.i vely. 

The control was a<lequate for the medium frequen~y case. The hiih 

frequency set. point. profile was not controlled. well, as the 

number of up and clown changes in the gap was too great. to be 

hand.led. by the control scheme. 

5.2.2.3 RBSIR B 

Resin B was tested. with selected. profiles. The selected. 

profiles were: step up, linear d.eclininc, d.eclining-constant, 

inverted. V-shape and medium frequency oscillatinc, as shown in 

Figures 5.87-91, respectively. As is the case with Resin A, 

control of the sharp step up and. inverted. V-shape set point 

profiles was not adequate. Control of the linear clown, linear 

down-steady and medium frequency oscillating set points was goocl. 
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5.2.2.4 CYCLB TO CYCLB · CORTROL 

The percent error was monitored over a ·1ar1e number O'f 

cycles. The results are pres'en ted in Figure· 5.92. The 

programmed set point evaluated was the linear d.eclinina form. 

System noise, in t.he-:form ;..of,~-an-increased percent error, appears 

in the process, at times during··_ the cycle-to-cycle monitoring . 

.,he noise is rectified. instantaneously in the subsequent. cycle. · · · · 

At cycle 48, the parison broke ¥fore the ima1e was capt. ured. 

This disturbance is also corrected qUickly by t.he algorithm. 

5.2.2.5 DISTURBAHCB CORRBC'l'IOH 

Large disturbances were introduced into the system suddenly 

at. a specified cycle number. It · was felt that if the contr.ol 

system could handle such sudden' disturbances, then the more 

typical .Bradual disturbances would also be handled. It was not 

possible to introduce specified ~Jradual disturbances, as they 

could not. be differentiated from ·inherent system noiSe. 

The set point profile studied' in this section was the linear 

declining type. The percent. error was monitored until the 

disturbance was CO}:'recte<lt~.c..-.·'.rhe.') individual disturbances were 

. introduced at cycle number 4. 
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5.2.2.5.1 THICEHBSS RBSPOHSB TO DISTURBAHCB Figures 5.93, 

5.94 and. 5.95 show the thickness response of the segments 4, 8 

and. 12 respectively, to an input d.isturbance of -to0 c. In all 

three cases, the response was of the d.amped. oscillation type, 

reaching stead.y state, three cycles into the 41sturbance. This 

behaviour is associated. with the movement of the process to a 

d.ifferent operating point of gain settings. 

5.2.2.5.2 PARISOH BRBAE Figure 5.96 shows the percent error 

response to the break in the parison 41scusse4 in the previous 

cycle-to-cycle control section. The d.isturbance was corrected. 

instantaneously. 

5.2.2.5.3 TIDfPBRATURB Fieures 5.97 and. 5.9& illustrate the 

response to d.isturbances of -tooc and. +tooc, respect! vely. In 

both cases, 1 t took several cycles to brine the percent error 

within acceptable 11m1 ts. 

5.2.2.5.4 IRJBCTIOR RATB Figures 5.99 and. 5.100 illustrate the 

response to 41sturbances of -0.25 and. +0.25 in injection valve 

set tine. respect! vely. In the case of a d.ecrease in injection 

rate, tbe 41sturbance was rect1£1e4 within a 'few cycles. In the 

case of an increase in injection rate, the disturbance was not 

large enough to be visualized. in the percent error. There seems 

to be an error increase at cycle T. However, t.his is 
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probably attributable to system noise rather than to the 

inJection rate increase. 

5.2.2.5.5 RBSIR A 20 1. blend of LLDPE and RESIN A was 

introduced into the system at cycle number 4. The LLDPE had a 

melt index of 1.0 C/10 min and a density of 918 X:g/m3. The 

response to the disturbance is shown in Figure 5.101. A number 

o£ cycles were required to recti£Y the disturbance. in this case. 

An oscUlatory percent error response 'followed by eventual 

damping a£ter 10 cycles, was observed. 
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CHAPTIR 0 

COHCLUSIORS 

O.t CORTRIBU'l'IOR TO J:HOWLBDGB 

An on-line computerized non-contact. parison thickness 

profile estimation technique has been developed and. verified. in 

conjunction with parison formation in extrusion blow mold.ine. 

Control of various programmed parison thickness profile set 

points, as well the correction of unexpected. d.ist.urbances 

entering the process, was achieved. The proposed closed loop 

control scheme provides Silnificant improvement.. over the present 

commercially available open loop parison proarammers. 

O.t.t SUHHARY OP' P'IHDIHGS 

The parison thickness profile measurement. utilized a video 

image processing scheme. interfaced with a <lata acquisition 

system. The method. incorporated. relationships d.escribinl the 

relaxation of the polymer as well as optical relationships 

d.escribing the field. of view. The thickness profiles estimated. 

by this technique compared well with thickness prof Ue da t.a 

obtained from the established. pinch-off mold. technique. 

The response of the process to step changes in the 1ap was 

instantaneous, requir1ne only one or two transition segments. 
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The cycle-to-cycle system noise could be characterized by white 

noise. 

The proposed measurement and control system was employed to 
/'-

control various -forms of set point parison thickness profiles, 

such as constant, linear and oscillatory. Problems were 

encountered in controlline profiles with a hilh frequency changes 

in the thickness alone the extrusion, and w1 th profiles requirine 

gaps above or below the upper and lower gap limits, respectively. 

However, these were problems inherent with the blow moldine 

machine and were not caused by the control strateey. 

The proposed scheme was successful in obtaining control in 

the presence o£ unexpected disturbances entering the process, by 

utilizing an on-line adaptive control techniqu". 

6.2 RBCOHHBHDATIORS 

Several aspects can be inveatitrated to further improve the 

thickness estimation approach. 

The thickness resolution o£ the estimation scheme is t0.05 

mm. This limits the measurement of very thin parisons. Very 

thick parisons cause the assumption o£ Equation (4.58) to become 

invalid, thereby af-fecting the · accuracy of the estimation 

technique. The resolutions o£ parison lencth and diameter 

measurements with the video camera are t0.3 cm and !0.1 cm, 

reapecti vel y. These levels of resolution directly affect the 
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thickness resolution. The relatively low resolution for length 

prevents the measurement of 

resolution, a-ttainable with a 

spacing, results in improved 

short parisons. Higher pixel 

larger array and. lower pixel 

length, diameter and thickness 

resolution. This would permit the measurement of short parison 

leneths and. improve thickness measurement.. 

The total number of thickness measurements alone the len1th 

of the pariaon is limited by the total number of possible gap 

chances durinc an extrusion. The servovalve responds at a rate 

of 20 times in a one second extrusion. This limits the number of 

controllable thickness segments to 20. A faster servovalve would. 

allow for improved thickness control alon1 the parison leneth and. 

a smaller transition segment to the new laP.. This ea uses an 

increase in the number of parison proerammine points. 

In-cycle control was not considered as the extrusion is 

after the fact, that is, once a seement has been extruded., its 

thickness cannot be controlled by implementing changes in the 

extrusion process alone. However, some form o£ in-cycle control 

would be achievable if smaller seements are employed. in 

conjunction with better vicleo camera resolution and faster data 

processing facility. 

The first and. last segments alonc the length of the parison 

are ignored in this work, as their estimation is considered 

undependable. The relaxation assumptions of Chapter 4 and the 

hilh diameter erac:tient prevent an accurate thickness measurement 

in the first seement. The last seement comprises the unsteac:ty 
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onset of extrusion flow, yield.inr an incomplete secment with 

unknown relaxation characteristics. However, both these setments 

are subsequently pinched by the IDold in a typical blow mold.inr 

process. 

Lone pariaon suspension tilDes and. resina with low melt 

strength introduce sirni'ficant sac into the system, lead.ing to 

the loss o£ dependability o£ the models developed. in Chapter 4. 

Lone suspension times also produce large temperature arad.ients in 

the parison. A thickness estimation model that would. account 

for the ef'fect of sag would. be useful in the case of lone parison 

extrusion times and. resins with low melt strength. 

Segments with variable thickness alone the perimeter were 

not considered.. A model that accounts for this ovalizecl toolinr 

would. be of use in complex shape parisons, such as those employed. 

in the production of automobile parts. 

An inner control loop, controlling the total parison lenrth 

by manipula tine the shot size, would. also be use'ful. The 

addition of a servovalve and. modification o£ the hyd.raulic and. 

electrical circuitry o£ the blow mold.inl machine would be 

required. :for thia purpose. 
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T Relating to the top of Figure l!-.9 
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y Length-y axis 
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APPBRDIX t 

SOP'TWARB 

So£tware has been written £or the followine aspects o£ this 

work: 

1. Field. o£ View Alienment - CORT 

2. Parison Length Versus Time Durinl the Extrusion - LEII 

3. Data Acquisition - SAHP 

4. Camera Pinch-off Hold. Thickness Comparison - PIRCH 

6. Swell Factor Determination (E,Bt2) - SWBLL 

6. Thickness Dynamic Responses to a Step Durinl Extrusion - DYH 

7. PRBS Sequence Generation - PSEUDO 

&. Control Experiments - COHTROL 

9. Simulation - SIHUL 

The software for the experimental sets is not presented, £or sake 

o£ brevity, but it is available £rom the author upon request. 

All proerams are written in FORTRAR. FORTRAH was chosen because 

of its speed, simplicity and compatiblity with the vision, data 

acquisition and clock software systems. 
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APPBBDIX 2; 

'l'HICDIJISS HBASUR-88'1' AL'l'BRBA'l'IVBS 

There are three basic requirements for the thickness 

measurement technique need.ed. in this system. 

(t) The measurement must be on-line and. non-contact and. must 

supply the necessary feedback signal at a rate ad.equate for 

enacting closed. loop control on the process. 

(2) The sensor chosen must be easily ad.aptable to the extrusion 

blow mold.inl process, without interfering with .the cycle. 

(3) The sensor chosen must be a fford.able. 

Several sensors for d.imension measurement are available. 

They can be d.ivid.ed. into various cate1ories, depend.ing on the 

mode of operation. 

A.2.t OPJ.'ICAL 'l'BCHRIQUIJ 

A.2.t.t PHO'.l'QGRAPHIC JIBTHODS Photographic techniques for 

parison dimension measurement employ a 35 mm camera equipped. with 

a motor drive mounted on a tripod.. Photographs are taken at 

predetermined. time intervals to obtain the parison dimensions as 

a function of time. The negatives of the pictures are analysed. 

with a microscope to obtain the measurement. A ruler is placed. 
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next to the die, so that the dimensions can be obtained as a 

function of distance from the die. A parison retains its 

transparency, if it is extruded into an oil bath of the same 

temperature. The parison thickness can be measured in this way 

(31). This method is not applicable for this work, as the 

measurement is not on-line and. no £eec:lback signal is available. 

A.2.t.2 SHADOW CASTIRG Diameter and. lencth measurements can be 

obtained by the shadow castinC technique. An illumination source 

is projected onto the parison and. the shac:low cast is demagni-fied 

onto a linear photodiode array. Another alternative would be to 

illuminate the parison and maintain a matte black background, as 

was e-f-fected in this work. This alternative is preferable since 

it is not necessary to incorporate collimated liCh t. E.d.ge 

detecting, counting the number o£ pixels and multiplying by the 

corresponding expansion -factor allows for length · and diameter 

measurements. The measurement allows a feedback, since the 

sensor is inter-faced to a computer (19). 

Thickness measurements cannot be made directly with this 

method since molten polyethylene is opaque in air, preventing the 

inner surface from beine visible. Indirect thickness measurement 

utilizing this mode is employed in this work. 

A.2.t.3 LASBR RBFRACTIOR PAft&RBS Ding and Garmine (84) employ 

laser beam de-flection, caused by a thin film, to simultaneously 

determine the re-fractive index and thickness o£ the film. 
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Aluminum and. silicon oxide 'films_,.,n silicon subst.rat.e 'films were 

utilized.. The measurable thickness ranee was less than 0.0025 

mm. 

The presence of an object interrupts the path of a laser 

beam. The amount of the d.e'flection is measured. and detected with 

a linear photodiode array. The d.eeree of the interference is 

related to the thickness and the re'fracti ve index of the 

material. 

This method is not applicable t.o polymer melts, because the 

parison is t.oo thick, signal attenuation or scattering will 

occur, and. polymers tend. to have a varying re'fractive index 

dependent on the direction and stress applied.. 

A.2.2 ABSORBAHCB 'l'BCHRIQUBS 

A.2.2.1 BUCLBAR BAC~SCA ftBR Sneller (63) proposes using a beta 

backscatt.er eaee 'for 'film thickness measurement. Gamma and/or 

beta rays are emmited by a sensor and travel to a polymer 'film. 

The amount o'f radiation scattered. back to the sensor is a 

'function o'f the polymer thickness. 

The sensor must. be positioned in very close proximity to the 

melt. There'fore, it is essential to know the exact location o'f 

parison extrusion. This is inconceivable, as a result of parison 

sway and. swell 'from one point to the next. The gages would have 

to be removed during the cycle so as to not inter'fere with mold 

closing. This would entail elaborate changes to the hydraulic 
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system of the blow molding machine. 

The speed of response is not fast enouah for processing and 

closed loop control purposes. Cost is also a problem with this 

alternative as the list price of the tages is approximately 

$50000. An element of hazard .also exists because of the exposure 

to nuclear radiation. 

A.2.2.2 IRPRA-RBD ABSORBARCB Tormola (64) discusses the 

measurement o£ bottle thicknesses by employing infra-red gaees. 

As in£ra-red passes through an object, it is absorbed as a 

function of layer thickness and material properties. The infra

red radiation output by the bot parison will tend to swamp the 

gage, making measurement impossible. The aace '(JOUld also have to 

be positioned in close proximity· to the parison making removal 

during the cycle a necessity. 

A.2.2.3 CAPACI'J'ARCR 'l'BCHRIQUBS The change in capacitance 

induced by the presence o£ an object between two chareed plates 

can be used to determine the object's thickness (Rlectromatic 

components). The overall dielectric constant is composed o£ a 

intermediate value between that for air and molten polymer. The 

value o£ the plate separation should be o£ the same order o£ 

macnitude as the value o£ the measured thickness. This value of 

plate separation is too narrow £or use in parison £ormation. The 

positioning of the pari son would. have to be known a priori so as 

to locate the chareed plates accordingly. 
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A.2.8 SIGKAL RBFLBC'l'IOH 

Signal reflection determination of thickness involves 

simultaneous measurement of parison inner and outer diameter. 

Therefore, sensors would have to :be placed on the parison 

interior and exterior. 

A.2.3.t ULTRASORIC 'tBCHRIQUBS Ultrasonic techniques (66) 

measure material thicknesses :by evaluating the time required for 

a sonic wave, that is sent through a medium, to :be reflected. at. 

the air interface and. return to the sensor. A piezoelectric 

transducer is used as the sensor :by electronically switching the 

two functions. A liquid couplant in conjunct~on with a flush 

contact. :between the sensor and the surface is required for 

measurement.. The reason for this is that. sound waves tend. to 

attenuate greatly in any air gap. Attenuation in air, ]Wevents 

utilizing this alternative as a measurement technique. 

4.2.8.2 RADAR Radar (Automation Concepts) involves sending a 

signal, at the speed of light, to an object. The signal reflects 

and returns to the sensor. However the time required -for this 

reflection is too min1scule in the appUca tion ·o£ par ison 

formation to :be detected :by present technology. 

A.2.S.S BDDY CURRBRTS An electroma1netic field 1enerated :by an 

oscillator circuit. exists in the area o-f the object to :be 
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detected. (Omron Electronics). An eddy current is set up in the 

object, upon entering of the object into the electromagnetic 

field. This current is related to the distance from the sensor 

to the object. However, eddy currents are limited .t.o conductors. 

Therefore, they are not applicable for polymer melts. 

A.2.3.4 PRBUHA'l'IC This method involves sending a pneumatic jet 

onto the parison and measurinl the recoil deflection of the jet 

(61,62). This device would have to be removed during the blow 

moldinl cycle. Also, there is not enoueh space inside the 

pariaon for determininl the inner diameter. 

A.2.4 IRDIRBCT 'l'BCHRIQUBS 

A.2.4.t 'l'HICI:RBSS HBASURI!HBR'l' PROH DIAHB'l'BR HBASURBHBR'l' Orbey 

(31) c:lemonst.rated that thickness swell could be related to 

diameter swell by 

(A2.1) 

where 1: and c are empirical constants. However, this technique is 

hilhly empirical and dependent on the resin. Pinch-off mold 

calibrations would have to be performed at various shear rates, 

temperatures and die gaps. 'l'he logarithmic type relationship 

also limits the accuracy of the measurement. 
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-4.2.4.2 FLOW HBTBR PUHP The thickness prof'1le of' a parison can 

:t>e d.etermined. indirectly :by the use of' a f'low metering pump. 

This pump £its d.irectly into the die o£ the blow mold.ing machine. 

The pump measures exact volumes of' polymer melt flowine throueh 

in specific time intervals. 

Further information on the operation of such pumps is 

un:a vailable. However the technique likely employs parison lencth 

and. diameter measurements to obtain a value for thickness. 
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APPERDIX 3 

V AJ .. IDATIOR" OF BBGLIGIBLB SAG · 

Garcia-Rejon (38) developed. a model for preclictinr the 

effect o:f sag on an ert.rudecl paruon. The assumption o:f constant 

arowth extensional viscosity yields the :following relationship 

:for the 1encth increase aa a result o:f sag, durinc the extrusion 

and. the mold close time. 

Ls : LE ( ------- - 1 J 
r+ - PILsts 

{A.3.1) 

The assumption o:f constant erowt.h ext.ensional viscosity is 

acceptable since only an indication o:f the e££ect. o:f sac is beinC 

soucht. Growth extenaional viscosity values are obtained. from a 

Rheomet.rica RER 9000 e:Jtt.ena1.onal Rheometer (74). The total 

lentt.h of the parison ia represented by Ls, the length increase 

d.ue to sar by Ls. the rrowt.h extensional v:taccsity by r+. the 

melt density by t and. the suspension time by ts. 

The e:ffect. of the sac would. then be determined from the 

deviation o:f Ls :from L8 • Substitution into the equation yielcls a 
"-.._, 

value of less than a 2 Y. effect. o:f sac, for a typical one second. 

extrusion o:f Resin A, with a lenet,b. of 30 cm at extrusion end.. 
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APPUDIX 4 

'l'RAHSDUCBR-DA'l'A ACQUISI'IIOR BOARD Ill'l'BRJPACIBG DIAGRAMS 

The inter-face o'f the computer .d.at.a acquisition system to the 

extrusion ~low mold.int machine was d.esitned. as part. of this worK, 

as mentioned. in Chapter 3. 

presented. in Figure A4.1. 

shown in Figure A4.2. 

The analoe to <111i tal interface is 

The d.ilital to analog interface is 
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APPBRPIX 5 

COHTROL SIHULATIOK 

A better alternative than the control scheme chosen in 

Section 5.2.2.1 would have been to determine the aain as a 

function of the process. parameters. These process parameters 

include magnitude, direction and location of step along the 

profile, melt temperature, shot size and injection valve settina. 

A simulation, employina this approach, is described in this 

chapter. 

The control simulation was performed in the software SIHUL., 

The thickness profile, for a simulation based. on Resin A, was 

estimated by employing the following equations. The thickness 

was obtained, for segment locations i = 2 to 6, from 

(A5.1) 

The thickness for segments 7 to 14 was obtained from 

(A5.2) 

where the factors Pt• Pa and P3 .are unity for an extrusion at a 

melt temperature of 200°0 and an injection valve setting 1.25 and 

empirically fit for other conditions. These two equations are 

obtained by fitting the experimental data of Section 5.2.1.2.1. 
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The relationship ))et.ween eain and. t.he process parameters was 

o))t.ained. ))y £1tt.1nl t.he d.at.a of Sect.ion 5.2.1.2. Several forms 

of t.he final equation were proposed.. The equation wit.h t.he ))est 

fit., determined. ))y the hilhest. correlation coefficient (0.9&), 

was found. to ))e 

m(i) = 1.081v - 0.50i + o.025i2 + 8.48mae(i) 

- l.OTivmag(i) - 024Tim&e(i) (A 5. 3) 

where the eains are m(i,j), t.he injection valve setting is iv and 

t.he magni t. ude o£ t.he st.ep chan1e, mae(i), is 

mal(i) : h 0 (i) - h 0 (i+1) (A5.4) 

The melt. t.emperat.ure and. shot size were found. t.o have litt.le 

effect. on t.he aain. 

The cont.rol t.hen -follows the form d.escri))ed in Chapt.er 5, 

with t.he ezcept.ion t.hat. t.he gains were o))t.ained. from Equation 

A5.3. 

A5.t PROGRAMMED SBT POIH'J.'S 

Five proarammed. set point profiles were evaluated in t.he 

simulation. These includ.ed three that. were stud.ied. previously in 

t.he work; a constant thickness set point. pro£ile in Figure A5.1, 

a linear declining set point. profile in Fieure A5.2 and an 
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oscillating set point pro£ile in Fitture A5.3. Two new set points 

were also considered.; an inverted.-V staircase set point profile 

in Ficure A5.4 and. a wave set point profile in Figure A5.5. The 

set point profiles are represented. by the solid. lines and the 

simulation results are d.epicted. by the d.ata points. 

The control is excellent and stable £or all these cases. 

This is not unexpected as a simulation is d.i'fferent from actual 

processing cond1 tions. The percent error was red. uced to 

acceptable limits within three cycles. 

A5.2 DISTURBAIICB CORRBCTIOR-

Two inputted. d.isturbances were consid.ered.; a melt 

temperature drop o'f to0 c (Ficure A5.6) and. an injection valve 

setting d.rop of 0.50 (Ftcure A5.'T). The d.isturbances were 

inputted at cycle number 4. The percent error is red.uced. to 

acceptable limits within two cycles. 

The £actors Pit p2 and Pa in Bquations A5.t and A5 • .2 chanced 
. 

accord.inttlY £or each o£ these cases, ·and. were determined from 

constant aap extrusion data in Section 5.1.4.2. In the case o£ 

the 'first d.isturbance, (-t0°C), Pt = 1.05, P2 = O.'TO and. Pa = 

0.98. The second. d.isturbance (-0.50 injection valve settinl) 

values are P1 = 1.18, P2 = 0.'19 and Pa = 1.06. 
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