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1 ABSTRACT 

, 

Extrudate distortion is a problem that often limits production rates in certain 

commercial processes such as film blowing and it has been suggested that slip in the die land 

plays an i,nportant role in this phenomena. It has been hypothesized that during slip flow 

in a die neither the wall shear stress nor the slip veJocity is constant along the Jength of the 

die. For this reason, a sHt die r!leometer was developed to monitor direetly the shear stress 

distribution of a molten polyethylene by means oftwo shear stress transducers mounted at 

difTerent axial locations along the length ofthe sHt. Previous transduc,crs used at McGill do 

not perform weil at high pressures. Therefore, a new disk-bar shear stress transducer wa~ 

designed for use at high pressure. However, experimental evaJuation of the slit die 

rhcometer suggests that the large pressure gradient present in the sHt affects the operation 

ofthis transducer. ft is hypothesized that the pressure gradient across the active face of the 

shear stress transducer and the disk element impose a torque opposite to that of the applied 

shear stress on the active face. This pressure gradient eiTeet was unanticipated because no 

shear stress transducer has ever been used in a pressure driven flow. Before the research on 

wall slip can proceed a new shear stress transducer that is unafTected byeither high pressure 

or large pre....,sure gradients must he developed. Possible ways of meeting this need are 

proposcd 



RÉSUMÉ 

La distortion d'un échantillon extrudé est un problème qUI \tOlite souvcnt les taux 

d~ production dans certains procédés commerciaux comme le soufl1age de IiIm. Cet 

inconvénient semble essentiellement dû au phénomène de glis..'iCment Jans la filière En dlèt. 

on suppose que, pendant J'écoulement d'un polymère dans une filière, 11111.1 \.:ontramte de 

cisaillement, ni la vitesse de glissement n'est constante sur toute la longueur de la lilIère 

C'est pourquoi, un rhéomètre pour filière à fente a été développé. Lc contrôle S'CflL'Cluc 

grâce à deux capteurs de contrainte de cisaillement montés à dlfTérenls endroit..; le long de 

!'axe de la fente. Les capteurs utilisés auparavant à rUniversllé McGIII nc ~onl pa~ 

performants aux pressions élevées ce qui entrame rullh~alton d'un nouveau (apteur a 

disque-barre, résistant à haute pression. Cependant. l'évaluatIOn ex~nmentale Ju 

rhéomètre semble indiquer que l'ampleur du gradient de pression Jan~ la 1t:f11e altere le" 

performances de ce capteur. On suppose que le gradient de pres:-'Ion le long de la I:lœ active 

du capteur et d'l disque crée un couple de torsion opposé à œhll engendré par la contrainte 

de cisallement Ce problème dû au gradient de pres~ion était imprévu car aw.:un (apt~l1r de 

contrainte de cisaillement n'a jamais été utilisé lors d'un écoulemt!nt provo4lJl! par une 

différence de pression. Avant de développer une recherche ~ur le gl!:-.:-.emt:nt Jl! .... LJrl~lœ 

contre un mur, un nouveau capteur, insensible aux hautes pre~~lon" et .lUX gradient de 

pression élevés doit être développé. Pluieurs solutions répondant ù œs he:-,olll" -,ont 

proposées. 
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NOMENCLATURE 

a = disk outside radius 

A = slip coefficient 

b =. cross sectional bar width dimension 

c = tcmpcrature constant in reaction rate 

CI' Cl ::: slip velocity equation constants 

c1 = energy constant for Ew 

C2• C~ == constants dependent on the ratio rr/a 

CIO, C20 = fitted constants of the function fI 

d = disk detlection parameter 

D -:: capilhtry diameter 

c = cquivalellt Llh value used in the Bagley correction 

E = activation energy 

EM = elastil: modulus 

Ew =- activation energy barrier between bonded and free states 

F = force 

fI' f1 = slip coefficient functions 

G = shcar modulus 

h = slil channel height 

H =- cross sectional bar height dimension 

1 =~ polydispersity 

Ih = momcnt of incrtia of bar 

K = power law coeffient of a polymer 

kl' k~ = reaction rates 

... 
V III 
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L = sHt channel Jength 

L3' L6' Lu, L 14= constants dependent on the ratio lia 

Lb = rectangular bar length 

m = slip power law parameter 

M = magnitude of imposed moment, or torque 

Mf = mass flowrate 

Mn = number average molecular weight 

Mw = weight average molecular weight 

n = power law exponent of a pol ymer 

NI = first nomlal stress difTerence 

N2 = second normal stress difference 

P= pressure 

PI = capacitance probe 1 

P2 = capacitance probe 2 

~p = pressure drop across length of sHt channel 

Pdr = driving pressure of rheometer 

Pen = entrance pressure 10ss due to entrance into slit channel 

q = magnitude of uniformly distributed pressure 

Q = volumetrie now rate 

r = capillary radius 

R = universal gas constant 

ro = disk inside radius 

t = disk thickness 

T = temperature 

To = reference temperature 

Us = slip velocity 

IX 
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w::: magnitude of concentrated load 

W ::: slit channel width 

( )w ::: value at the wall 

x,y,z ::: Cartesian coordinates 

y ::: magnitude of axial deOection 

Z, ::: upstream axial position in sHt shannel 

Z2 ::: downstream axial position in sHt channel 

Cl ::: constant dependent on the ratio re/a 

P ::: compressibility 

y A ::: apparent wall shear rate 

y A.~ ::: apparent wall shear rate corrected for slip 

6 ::: magnitude of angular deOection 

v ::: poisson's ratio 

~, ~() ::: slip velocity constants 

Po ::: referem:e density 

(J ::: stress 

(Jn ::: magnitude of wall normal stress 

(Jw =- magnitude of wall shear stress 

(J" =- pnncipal stress in the x direction 

(J,y::: shear stress 

(Jyo,o ::: principal stress in the y direction 

(Ju ::: principal stress in the z direction 

(J li ::: lirst CI itical shear stress 

(Jl~ ::: second crittcal shear stress 

~A ::: ratio of torque produced by pressure gradient acting on the active face to the torque 

x 



produced by shear stress 

cl>D = ratio oftorque produced by pressure gradient acting on the disk demcnt to the torque 

produced by shear stress 

Xl 



CHAPTERJ 

INTRODUCTION 

1.1. Background 

1.1.1. Extrudate Distortion 

A major problem thlt can arise in polymer melt processing is the phenomenon of 

extrudate distortion, which is manifested in a variation of shape along the direction offlow 

and is often the factor that limits production rates in certain commercial processes such as 

film blowing. This efTect, often terrned melt fracture, can vary in intensity from a loss of 

surface glo~s, commonly referred to as surface melt fracture, to severe distortion, commonly 

refcrred to as gross melt fracture. This issue has spurred many investigators to study and 

attcmpt to describe the mechanisms involved in extrudate distortion. 

1.1.2. Apparent Flow Curve of Linear Polymers 

1 n oroer to unJerstand the rheology of a particular polymer, an apparent flow curve 

obtained by means of a capillary rheometer is often used in which wall shear stress is 

plotted as a funclIon of the apparent shear rate, y A' defined as 4Q/7tr'. Figure 1.1 is a 

typkal apparent now curve for a linear polymer such as high density polyethylene. At very 

low apparent shear rates (tYPlcally below 1 S·I) the wall shear stress is proportional to the 

apparent shear rate, and the viscosity is th us constant. This is followed by a transition 

region where the viscosity starts to decrease and then approaches power law behavior. 

Beyond a certam average critical shear stress, Gel' a change of slope is observed in 
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Fig. 1.1: Typical Apparent Flow Curve for a Linear Polymer (HDPE or LLDPh) 

and Various Extrudate Distortions 

2 

the flow curve for sorne polymers. ln 1967, Vinogradov and Ivanova (1) ob~rvcd thl~ 

changeofslopein the flow curve for shear stresses greater than 0CI and notcd lhallhc~lopc 

was dependent on the diameter of their capillaries. 1 n his ca pilla ry and slll die ex pen men ls 
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with severallinear and branched polyethylenes, Ramamurthy (2) found this critical wall 

shear stress, aL!' to be arour.d 0.1 MPa and concluded that this value is independent of the 

moiecuJarstructure(molecularweight, molecularweightdistribution, and branching), melt 

temperature, and the detaiJed design of the capillary. 

A t a second critical wall shear stress value, (1 c2' and within a certain range of 

apparent shear rates the flow ceases to he stable and osciltating flow is observed at a 

constant pl unger speed. Ramamurthy (2) reported this second critical wall shear stress, (J c2' 

to he about 043 MPa, and noted the onset of oscillating flow. Atwood and Schowalter's 

(3) 19X9slit dieexperiments with hot film probe anemometers yielded similarresuIts. Bagley 

and co-workers (4) observed that under these flow conditions the pressure drop oscillates 

betwecn two extreme values, causing a di~ontinuity in the flow curve resuIting in a 
'. . 

hysteresJs efTeet. At shear stresses beyond the second critical wall shear stress, 0C2' anOther' 

change of slope in the flow curve occurs and flow again becomes stable. 
\ 

1.1.3. Extrudatc ApJlcarancc 

The appearancc of the extrudate varies considerably as the flow rate is increased. 

The extruda te 1S smooth al the lowest shear rates but begins to exhibit small-scale 

roughness. often called shark~kin, as the flow rate increases. Ramamurthy (2) associated 

the onsct of sharkskm with the change of slope in the flow curve at Oct. However, other 

invcstigators such as Beauftls (5) and Becker (6) have noted extrudate distortion at lower 

flow rates 

In the case of oscilla tory flow at constant plunger speed, the extrudate appearance 

vanes in a cydical manner in accordance with the periodicity of the reservoir pressure. The 

extrudate obtained during one cycle in the oscillatory extrusion of linear polyethylenes 

consists of two segmellls of distinctly difTerent appearance. Lupton and Regester (7) and 

, .. 
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Ramamurthy (2) reported that a relatively Sl1100th segment exhibiting sharkslin i~ 

associated with the ascending portion of the pressure waveform. and a roughcr segment is 

associated with the descending portion of the wavefonn 

Stressesjust above 0c2 are associated with cxtrudatcs that cxlubit li large swcll ratio 

and are relatively smooth with sorne kinks. At somewhat highcr slrc~ses. lhe onset of gro~s 

melt fracture is observed accompanied with a decrease in the swell ratio. 

1.1.4. Wall Slip 

As mentioned before, when wall shear stress is plotted as a fum:llOn of apparent 

shear rate for various die diameters, the data do not rail Ol1to a smgle curv\.! hcyonJ the 

region of the first critical wall shear stress. Oct. ThIs has leJ invcsllgators to suspect ~lrp 111 

the die land region, in which the melt no longer adheres 10 the dre wall, as a rO~~lhle cau~c 

of melt fracture. It was Vinogradov and Ivanova (1) who proposed that III the ca~e of 

polymers displaying melt fracture, wall slippageoccur~ and that It Im:rea~e~ \Vllh lIl<.:rea~lIlg 

shear stress. In 1980, Kraynik and Schowaltcr (8) conJucted cxpcriments 10 sludy ~lrp 

behavior with hot film probe anemometers. From thclr heat Oux mea~LJrel1lent~, lhey 

inferred wall slippage and concluded that this shppagc de(fea~c~ lhe rnomcntum tran~lcr 

and increases the heat flux. It is important to note tha t whcn ~I!r occur~. It render ~ the 1I .... 1I,t1 

steady flow equations invalid; the veloclty of the melt at the wall interface 1.., not zero but 

equal to a value termed the slip velocity A technique refcrred to a~ the Mooney analy~r~ can 

be used to determine the slip velocity as a functton of wall ~hear ~tre~., By wrrcctll1g the 

apparent wall shear rate, the stre~ses above the fir~t cntrcal wall !'>hear !'ttre!'> .... , 0,1' collap'>C 

onto a single curve lhal often follows a power law model Ramamurthy (2), followlIlg 

Lupton and Regester(7), used a Mooney analysis to estImate wall ~hp velocJtle~ for vanou~ 

die geometries in the stress versus strain rate curve region beyond the average crilrcal wall 
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shear stress for the onset of surface melt fracture. Although there are dissimiJarities in these 

reported values, this is mos! likeJy due to the fact that diITerent po]ymers were used as well 

as different experimental methods. 

ft has been found f hat with increasing channel Jength to height ratio, the slip velocity 

becomes invariant with any further increase ofthis ratio. Vinogradov and Ivanova (9) first 

noticed this in their study of elastomer capiJlary tlows in 1968. Recently, Hatzikiriakos and 

Dealy (10) have presented similar results based on their capillary die experiments with high 

density polyethylenes. Thus, beyond a certain critical length to diameter ratio, 

Ilatzikiriakos and Dealy found that the slip velocity remained approximately constant. It 

is important to note that Hatzikiriakos and Dealy modified the Mooney technique to take 

into mx;ollnt that neither the wall shear stress nor the slip velocity are constant along the 

Icngth of the die. 

1.1.5. Local Phenorncna 

Although several aHempts have been made to understand the phenomenon of wall 

slip. most studies have considered wall slip to be a global phenomenon in the die land 

œgion as opposed to a local phenomenon that varies along the length of the channel. In 

1967. Vinogradov and Ivanova (1) proposed that wall shppage of viscoelastic media in 

capillancsdcpendson thepressurewithin thedielandsothat theslipvelocity increaseswith 

thc length of the channel; however, their ex periment al test of this hypothesis yielded 

im:ondllsive results. 

ln )l)I}I. WhIte et al. (lI). perfomled experiments on various elastomers between 

lotatmg plates under varying levels ofapplied pressure. Theyconcluded that slip occurred 

to a higher degree under lower applied pressures but that the incremental eITeet of pressure 

on slip diminished above a certain applied pressure. Thus, the original hypothesis proposed 
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by Vinogradov and Ivanova (1) in 1967 rnerits further~onsldcration 111 the stmly orwall slip 

phenomena. Hatzikiriakos and Dealy (10) assurned a pressure-dependent slip in thdr 

capillary flow model and toanalyze the resultsoftheircapillary flowexpenments wlth high 

density polyethylene. 

Most observations of extrudate distortion have bcen made with capillary tlows 

generated by a piston rnoving at a constant speed m a reservoir above the ~apillary The 

shear stress at the wall can be indirectly cakulated as a functlon of the pr~,,~ure gradient 

within the die channel. This is qUlte stralght forward irthe pressure gradient along the die 

channel is constant, i.e., ifthere is a linear pres~ure profile along the channel But. Il ha~ 

been suggested by sorne investigators that the pres~ure profile withm the dlc land I~ 

nonlinear. In 1983, Laun (12) suggested a nonltnear longitudinal prL~Sllrc profile Wlt hin thc 

flow channel. Heconcluded that the deviatlOn from the Itnear pre~~llre profile I~ ~ignifil'a nI 

at high shear rates or high pressure ranges, and thal the pre~sllrc profile wlthin the channel 

best fit~ a parabolic profile; he attributed the van"',';11 in the pre~surc gradient 10 the enix.I 

of pressure on viscosity. 

It has been suggested by Hatziklriako~ and Dca)y (10) artel' Vmogr;tdov and 

Ivanova (l) that the slip ve\ocity is actually a fum.:tlOn of the pre~"'llre wlthtn the die l hcy 

have proposed that the shp veloclty increa~es wlth IIH;rea~mg dl~t,tncc ,dong the lIte, ~o that 

the local shear stress at the wall decrea~~ along the length or the thc 1 fowcver, the only 

way to verify this hypothesis is to mea~ure directly the local wall shear stre~~ along the dlc 
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1.2. Objectives 

The primary objective of this research was to design and construct a slit die 

rheometer to study the wall shear stress distribution of a molten high density polyethylene. 

This was to be aœomplished by mounting two shear stress transducers in contact with the 

pol ymer melt flow so that they could monitor directly the shear stress at two axial iocations. 

The second o~jective was to evaluate the performance of the newly developed slit die 

rheometer especially the shear stress transducers. 
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CHAPTER2 

THEORY 

Before the development of any ex peri mental apparatus, it is important to ohtalll a 

fundamental understanding oftheelements involved. Forthis reason, thlsl:hapter prc~cnb 

the fundamental concepts and theories of polymer flow through a l:hanncl Il sholild he 

pointed out that the verification of the shp model proposed by Hatzikinakos and Dcaly( 10) 

and discussed at the end of this chapter was the primary motivation hchl11d the 

development of the new slh dIe rheometer 

2.1. Fluid Flow Through a Channel 

One of the simplest fluid flow problems is steady, pressure driven flow through a 

straight channel under no-slip conditlOm. This ~Ituation IS of central importance 111 polymcJ 

melt processing since it arise~ 111 procc~:-,e~ ~uch as extrusion and II1.lCdlOn ll1oldll1g ln tlm 

type of flow, the veloclty ficld I~ gencratcd by applylOg an external prC~!"'llrc to thc Ihlld 

while the flow boundaries of the system are ngid and stationary In mo~t rhcologlCal ~tlldJe:-. 

this type of flow is generated with the u~e of a plston-dnven, capillary mclt rhcornctcl 111 

which melt is forced through a capi1lary or sht die. We consider here the now 111 a . ..,ht wlth 

the geometry shown in Fig 2.1 

2.1.1. Shear Stress at the Wall 

A force balance on a rectangular element offluid of the ~Iit neglecting acceleration 
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yields a relationship between the shear stress dnd the pressure gradient: 

oey) - oxy(y) - ~ :) (2.1) 

The magnitude of the shear stress at the waH, 0w' is then: 

o - -o(y - h/2) - - --h( dP) 
w 2 dz 

(2.2) 

noting that the pressure gradient within the channel is negative. Further, un der these 

l:onditions the pressure gradient along the channel is constant, so that: 

o -w 
h IlP 
2 L 

whcrc Il P is the pressure drop for a length, L, of the channel. 

L 

Fig. 2.1: Sht Flow Geometry 

(2.3) 

-1 

In a capillary or slit rheometer, the quantities usually measured are the driving 

pressure and the piston speed To detemllne the apparent Ilow cune, the end correction, 

1 



t 

.. 

CHAPTER2: THEOR}' 10 

or entrance pressure loss from the rheometer reservoir into the die, must he dctermincd as 

a funetion ofthe apparent shear rate by making use of a Bagley plot. This involvcs plotting 

the driving pressure (plunger force over reservoir area) as a funetion or the Llh ratio for 

several values of the apparent shear rate, which is defined as follows: 

(2.4) 

where Q is the volumetrie flow rélte, h is the channel height and W is thc channel width. By 

extrapolating to zero Lib or to zero driving pressure, the Bagley correctIOn can he 

determined in terms of either an entrance pressure loss, Peu' or an eqUlvalcnt Llh value, C, 

as fo1\ows: 

o -w 
P dr-'Pt" _ __ P_dr_ 

2L1h 2(Llh + e) 
(2.5) 

It should be noted that at lower shear rates, the data usually follow straight lilles, 

whereas at higher apparent shear rates the data follow curved lines Laun (12) and Laun 

and Sehueh (13) observed these curved lines in their Bagley plots for LDPE mclb and 

attributed this occurrence to the elTeet of pressure on viscoslty at the lligher apparent ~hcar 

rates. Hatzikiriakos and Dealy (10) also observed su ch curved lines in thelr capIllary 

experiments with HDPE but at apparent shear rates an order ofmagmtudc Ics~ th an tho~c 

observed by Launand Shuch. However, theapparentshearratesob~rvcd by Hatziklriako!-> 

and Dealy (14) are above those in which slip was observed in thclr ~iJdlI1g plate rhcometcr 

studies. They also reported that the pressures in WhlCh they performed thelr capIllary 

experiments were below those at whieh a significant eITeet of pressure on Vi~OSlty woultl 

be expected. Thus, they concluded that the curvature of their Bagley plots at higher 
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apparent shear rates was due primarily to the efTect of pressure on the slip veJocity of the 

melt, a topie that will be discussed further in the foJJowing sections. 

2.1.2 The WaJl Shear Rate 

If the Ouid exhibits power law behavior, in which: 

(2.6) 

where n and K are the power law parameters, then a plot orthe Jogarithm of the apparent 

wall shear rate versus the logarithm of the wa)) shear stress, (lw' will result in a straight line 

with a slope equal to n, assuming no-slip conditions. 

2.1.3. The Mooney Technique for Determining the Slip Velocity 

As mentioned in Chapter l, beyond a critical wall shear stress, (Ici' a change of sJope 

occurs in the flow curve which is attributed to slip in the die land region. It was Mooney 

(15) who first developed a tochnique to detemline the slip velocity when (lw>OC!' The basis 

for the Mooney technique is the following equation: 

. , ", 
Y _y - 6-.. ,.,. .. h 

(2.7) 

wherc y A.5 is the apparent wall she.lr rate corrected for slip, and u. is the slip velocity, This 

equation is based on the assumption that the wall shear stress, slip velocity and pressure 

gradient arcconstant along the length of the channel. When this is truc, a plot of of A versus 

lib, llsmg data ,,1 aconstant shear stress, will give a straight line whose slope is equal to 6u., 

2.1.4. Dependence of Flow Curve on Pressure 
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Hatzikiriakos and Dealy (10) in theircapillary experiments with polyethylene mclts 

reported that beyond the critical shear stress oel. the flow curvc dependcd on both the 

diameter of the capillary and on the length to diameter ratio. They said that this implics 

that slip oo:urs in the die land region and that the sJip velocit y depends on pressure as weil 

as wall shear stress. They hypothesized that this dependence was not dlrcctly on prL'Ssurc, 

whieh was defined as the Mean normal stress, but on the stress acting normal to the wall, 

which can he defined as: 

(2.8) 

Thus, since this normal stress varies with axial distance in the channel, it wou Id follow tha t 

the slip velocity and wall shear stress also vary with axial distance. 1 f this is inùœd truc, 

then Equation (2.3) as weil as the eonventional Mooney technique would no longer he 

valid. Hatzikiriakos and Dealy (10) modified the Mooney technique taking mto an;ount the 

eiTeet of wall normal stress on sJip velocity to interpret their capillary flow data. 

2.2. Slip Velocity Model 

In their development of a slip velocity mode) for a high dcnsity polyethylene, 

Hatzikiriakos and Dealy(IO,14) found the slip velocity to be a fum;tion ofwall shear stn:..,~, 

temperature, pressure, and molecular weight distribution. The following ~\:l1ons will 

describe these effects in greater detai\. 

2.2.1. Temperature Dependence 

The effect of temperature on the slip velocity of a high den~ity polyethylene wa~ 

studied by Hatzikiriakos and Dealy in their sliding plate rheomeler studies. They round that 

for a given temperature for shear stre~s beyond the critical shear stress, 0'1. the ~Iip 
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velocity could he represented by a power law relationship: 

u - Ao III , li> 
(2.9) 

The slip coefficient, A, was found to depend strongly on temperature, while the power law 

parame ter, m, was virtually independent of temperature. Data for capillary flow of the 

sa me high density polyethylene were also found to follow such a power law. While the 

power law parameter, m, was practically the same in both studit:s, the values for the slip 

coefficient, A, for the capillary experiments were about an order of magnitude low~r th an 

those found with the sliding plate. To account for tbis difTerence, Hatzikiriakos and Detüy 

proposed that the slip coefficient depends on the wall nonnal stress: 

(2.10) 

whcrc ç is a constant that depends on the molecular structure of the pol ymer, and O'n is the 

magnit ude of the wall normal stress. The function f,(T) inc1udes most of the temperature 

dependency, while f 2 is a relatively weak function oftemperature. They then found that the 

f 01111 of the WLF equation. which is often used to describe the temperature dependence of 

viscosity of many polymers al or above glass transition temperature, gave a good fit to 

dcscribe the temperature dependence of the function ft: 

(2.11) 

whclC C,o and C20 are constants to he fitted to data and To is a reference temperature. 

2.2.2. Pressure Dependence 

ln 1986, Lau and Schowalter (16) modeled the slip velocity as a function of wall 

shear ~lress and temperature by applying the concept of junctions at the pol ymer-wall 
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interface. Theirmodel wascombined with a kinetic equation describing a reaction between 

bonded and free macromolecules at the interface to give: 

(2.12) 

where Cl and c2 are constants and k l and k2 are the specifie rate constants for the bOlldcd 

state to free state reaction and free state to bonded state reactions, rcspœtivcly. 

Hatzikiriakos and Dealy (10), following Lau and Schowalter, proposcd a model on the 

basis of an activation rate theory and introduced the efTect of pressure on thc activatton 

energy. They proposed that when the quantity on is elevated, the actIvation cncrgy tor the 

bonded state to free state reaction is increased by an amount E. and the actIvatIon energy 

for the transition from the free state to the bonded state is deereascd by the samc amounl, 

E., arguing that in order for a molecule to jump from a bonded state to a Ih,'C state at a 

higher value of an' it needs to overcome a higher energy barrier. However, a 11Igher ShC,lJ" 

stress at a constant On should cause a decrease in the activatIOn energy, bl.x.:au!'lc the encrgy 

barrier for one molecule to jump from a bonded state to a free slate under the actIOn of a 

higher shear stress should he lower. Thus, they hypothesized that: 

(2.13) 

where cJ is a constant with units of energy. Therefore the specifie reaction rales can bc 

written: 

~ E+E 1 k - c(1)ex ____ w 
1 RT 

(2.14) 
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JE+E 1 k.z - C(7)eX, RT
W 

(2.IS) 

where c(T) is a function of temperatllre taken to be the same for both specifie reaction 

rates, T is the absolute temperature, and R is the universal gas constant. Combining these 

relationships, I-Iatzikiriakos and Dealy proposed a slip velocity model of the following 

forrn: 

(2.16) 

2.2.3. Dependence on Molecular Characteristics 

1 n their capillary rheometer studies, Hatzikiriakos and Dealy noted that beyond the 

un ratio ûf 60 there is no further efTeet of un ratio, i.e. pressure, on slip velocity. Thus, 

usingcapillaries with UD ratios greaterthan 60, they found that the slip velocity incrêases 

with molecular weight while thec";tieal shear stress for the onset of slip, a cl' decreases. They 

also round that incœasing the polydispersity of the polymer suppresses slip. Vinogradov, 

ct al. (17) in 1984 and Lin (18) in 1985 presented similar results in which they rcported that 

Illonodisperse polymers arc more likely ta fracture and slip. Based on these observations, 

I-Iatziki riakos and Dealy Illodified Equatio (2.16) to give the following slip velocity model: 

(2.17) 
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where (oisaconstant with dimensionsofvelocity, 0cl is thecritical shearstress for thconsct 

ofslip which depends on the molecular weight of the polymer, and 1 is the ('lolydispersity 

of the polymer (MjMn). 

2.3. Model for Slit Die Flow Under Slip Conditions 

It is important in eJ_~illuental research to develop a thcorctical l110dcl that will 

guide the study of the system under consideration. As is often the case in complex Ilow 

problems, an analytical solution is unattainable, and the use of numcrical techniques is 

necessary to obtain a solution to the governing difTerential equations The model presented 

in this section is based on one previously developed by Hatzikiriakos and Dcaly (10) for 

capillary die flow, but it has been modified forslit die flow. The resu1ts they obtained were 

generated by a Galerkin finite element program; thus wlth minor modificatIon of the 

goveming difTerential equations and boundary conditions, results comparable to those or 
Hatzikiriakos and Dealy could be obtained. 

2.3.1. Momentum and Mass Balances 

If we assume steady, creep flow and an inertial control volume, the momcntum 

equation in integral form reduces to: 

o - 2 (11/2 ao)'t w dy + 2 (11/2 aou w dy 
Jo Gy Jo az 

(2.18) 
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Now, recognizing that the stresses an and 0 12 have been introduced in the slip 

velocityand momentum equations, respectively, it would bepreferable to put these stresses 

in terms of so me measura ble q ua'.lltities, specifically, the wall shear stress, (J w' and pressure, 

P. Therefore, we must introduce the following definitions: 

(2.19) 

(2.20) 

(2.21) 

If we recall Eq.(2.8), 

(J E (- (J ) " "w 
(2.8) 

an can then he delined in terms of pressure and the first and second normal stress 

differellccs, NI and N 2, respectively. 

(2.22) 

In order to reduce this further, the dependence of NI and N2 on 0w must be determined. 

Howevcr, these values are very difficult to obtain especially at high values of 0w' For this 

reason, two approximations with somewhat uncertain validity must be used. in 1983, 

Ramachandran and Christiansen (19) proposed, as a lirst approximation, that: 
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1 
N.2 - --N 4 1 

l~ 

(2.23) 

Moreover, in 1976, Han (20), based on his studies of high density polyethylenes at shear 

stresses greater than 0.1 MPa. proposed that: 

(2.24) 

Thus, based on these empirical relationships we can arrive at an expression for the 

magnitude of the wall normal stress, on in terros of pressure, P, and the magnitude of the 

wall shear stress, 0w: 

SOOl" 
°ll-P+--

12 

(2.25) 

Therefore, the rnomentum and slip velocity equations can be expressed in terms of the wall 

shear stress, (Jw and pressure, P. 

Frornconservation ofmass, assuming thelubrication approximation. wcobtain the 

following relationship: 

( X l )' M _ h2W __ 1_ 0l" -,; ... Whu 
Po{l + PP) 2 2+ lIn K .f 

(2.26) 

where the right hand side of the equation is merely the volumetrie flow rate obtaincd by 

integrating the velocity profile over the cross seetional arca of the sllt channel, and the Icft 

hand side oftheequation is themass flow rate, M. calculated from the plungcr ~pced of the 

rheometer, divided by the density as a function of pressure. 



OlAPTER2 THEORY 19 

2.3.2. Simulation Results 

Theslip velocity model, themomentumequation and themassbalanceequation can 

now be solved numerically for a Ouid exhibiting power law behavior through a rectangular 

channel or sJit die. ft is important to note that this model predicts that 0 .. varies markedly 

wilh z whcn there is slip. Fig. 2.2 shows the pressure, wall shear stress and slip velocity as 

functions of channel length, as calculati~d using this mode] for the specified parameters. 

Thcsc rcsults were used in determining the positioning of the shear stress transducers in the 

slil Ilow channel, as will he explained further in Chapter 3. 
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CHAPTER3 

EQUIPMENT 

In this chapter we will describe the slit die rheometer designed for the study of wall 

slip of a molten high density polyethylene. Theoperation ofthe equipment will bediS4.'ussed 

in Chapter 4. 

3.1. The Slit Die 

The reason a slit die rather than a capillary was chosen for lhis research is the I~lct 

that the flat wa1l surface makes it possible to in<.:orporate flush mountcd shcar stress and 

pressure transducers in the rheometer. In addition, this geomctry makes it easy to coat onc 

or both side walls and to c1ean these surfaces. 

3.1.1. Slit Channel Dimensions 

A relative disadvantage of the slit geometry is thal, unhke a capillary dic, a slit Jic 

has edges where the velocity is dependcnt on the x and y coordinates. But, if the width to 

height ratio of the slil, WIh, is sulliciently large, the effect of thCM! edgcs can he a~sumcd 

negligible with respect to the bulk flow. For this reason, Hatzlkiriakos developed a two­

dimensional sleady flow model for flow in a slil [ul! = f(x,y)] to delcrmine the wldth to 

height ratio. WIh. al which edge elfTects are negligible. For a WIh of 10, the model prcdicb 

that 95% of the bulk flow is not affected byedge effects. For a WIh of 20, the model 

predicls that 97%1 of the bulk flow is not afTected by edge efTects. Therefore, to ensurc 

negligible edge efTects during flow, a W/b of20 was selected for the de~ign of thp. slit die in 
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the present work. 

Based on Hatzikiriakos and Dealy's capillary slip velocity results (10), a length to 

height ratio (Lib) of 120 was chosen, since in their experiments they detennined that 

beyond this ratio the slip velocity remains approximately unchanged. Dy having selected a 

sHt gap height, h, of 1 mm, the remaining sHt dimensions were determined from the above 

criteria; the slit width, W, was 20 mm, and the sHt Jength, L, was 120 mm. 

3.1.2. Positioning of the Shear Stress Transducers 

One of the most important aspects of the design of the slit die rileometer was the 

location of the shear stress transducers along the channel. According to the slip model 

rtsults presented in Chapter 2, the farther apart the two transducers are along the length 

of the channel the greater the difference in the local shearstress values measured atthewall. 

Based on this rationale, the locations of the two shear stress transducers should be at the 

very entrance and exit of the slit channel. However, this reasoning does not take into 

account entrance orexit efTects. In addition to these tactors, there were physical limitations 

due not only to the size of the transducers but to the space required for the pressure 

transducer, heaters, and temperature probes. 

After the basic dimensions oftheshearstress transducers(which aredescribed in the 

following sections) were decided upon, the axial locations of the transducers within the 

channel, Z. and Z2' were then determined. Fig. 3.1 shows the location of the transducers 

with respect to the wall shear stress distribution as predicted by the model of section 2.3.3. 

Represenled as multiples of the slit length, L, these positions correspond to axial locations 

of 0.225 Land 0.8 L . 
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Fig. 3.1. Position of Transducers with Respect to the Wall Shear Stres~ Oi~tri bution 

from Fig. 2.2 

3.1.3. Design and Construction of the Slit Die 

22 

The die consists of four major components (refer to Fig. 3.2): the top half (A), the 
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bottom half(R), and two identical spacers "sandwiched" in between the two ha]ves (C). 

AISI420 Stainle~s Steel was thematerial ofconstruction for the slit die as weil as the shear 

stress transducers, which are described in Section 3.2. Stainless steel is highly resistant to 

corrosion and oxidation at high temperatures and main tains considerable strength at these 

temperatures. AISI 420 is a martensitic steel which can be heat treated to a high hardness. 

Construction of the die consisted of rni1ling, from the base stock, the general fonn 

of the slit die to within an eighth of an inch of ail major dimensions. Characteristics of alI 

coldworked material include not only thestrain hardening that can beachieved by this type 

--@ 

----------- - --@ 

Fig. 3.2: Exploded SchematÎc Assernbly of Slit Die 
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of processing but the residual stresses that are also inherent in this type of proœssi ng. To 

relieve these stresses within the material, heat trealment is mûst often used For steel. Hus 

involves placing the rnachined pieces in an oven al temperatures around 500 0 e l'or about 

one week. Heat treatment also results in a hardening of the AISI 420 material Il is for thls 

reason that the bulk ofmachining is accompli shed before heattreatment whcn the materi,11 

issoftand that the precision machining iscarried out after heat trcatmcnt whcn the matcrial 

has been hardened. It goes without saying then that cold working and hcat trcatmcnt 

greatly enhance the strength properties of the material. Refer to Appendix A l'or the 

detaited design of the slit die. 

3.2. The Shear Stress Transducer 

The shear stress transducer developed at McGill University involves the dCOcctlOIl 

of a stiff beam member in contact with a mo1ten polymcr or pol ymer solution thal is 

undergoing shear. Three ditTerent transducer designs are currently bcing lIscd at Mdii Il 

Univl!rsity. This thesis introduces a new design, which was devclopco to address thc 

shortcomings ofits predecessors. These designs will be descnbcd in the following sectlOll~. 

3.2.1. The Cantilever Design 

The cantilever design (refer to Fig. 3.3) was first introduced for work donc on the 

sliding plate rheometer deveIoped at McGilI University (21). The design involves the u!-.eol 

a cylindrical beam member that is fixed at one end to a flat nange plate. The free end of the 

beam is circular, flat, flush with the rheometer wall, and makes contact wlth the IIljl1ld 

pol ymer. The nat surface of this free end is termed the acLIve face of the ~hear ~tre!-.!-. 

transducer. Thus, the beam deflects due to a shear stre~s ir'po!-.Cd on it~ actIve face by the 

liquid polymernow. Ifthedenection orthestitTbeamissmall, and theamount ofdel1ection 
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is known, then a proportionaJ rcJationRhip exists between the shear stress acting on the 

active face and the magnitude of the beam deOection. The simple design of the cantilever 

beam allows for easy fabrication on a conventional steel-working lathe. 

Severa) methods for measuring this mil1ute deflection (usually on the order of less 

than J mil) have bœn used, but to date the most successful has been the use 0 f a capacitance 

proximity probe which is onen used in measuring v:ry small linear displacements in 

precision machinery. The methN-{ of capacitance is most effective when air (or any gas) is 

used as the dieJectric medium, since its dielectric properties are not strongly dependent on 

tcmperature; any other medium greatly detracts from its measuring capabilities. This topic 

will be discussed further in the description of the capacitance probes in the folJowing 

sections. 

Note that in the cantilever design the transducer cavity is not sealed, and there is the 

possi bility of liquid pol ymer entering the cavity and thus rendering the capacitance system 

AC.T,,,E. 

FAC.E 

01 

1 

PROSE 

-' 

o 

Fig. 3.3: Cantilever Design SST 
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ineffective. However, this particular design has met with good SllCCCSS in the sliding plate 

rheometer where there is no pressure driven flow that would cause the polymcr toenter the 

cavity (22). The amount of pol ymer that doesenter the cavity duc to normal strcsscOèds 

is very small in the absence of an extematty applied pressure. In the presence of li pressure 

driven flow, polymer would enter and fill the cavity thus rendering this design unsuitablc. 

Attempts at sealing the active face from the transducer cavity with O-rings have Illet with 

limited success at the ex pense of transducer performance (23). 

3.2.2. The Disk Spring Design 

The disk spring design (refer to Fig. 3.4) was devetoped at McGill to kccp th.Juill 

polymer away from the capacitance probe. The design is a simple di"k intcgrated wit h a still 

beam through its center. The disk acts as a torsional spring and allows two degrccs of 

freedom about its ceoter. Again, if the beam deflections are small (hcn a proportional 

retationship exists between the shear stress acting on the activc face of the shcar stles~ 

transducer and the magnitude of the beam detlection. 

Note that the beam in the disk spring design has a non-uniform cross ~eclion. This 

is intended to place the mass center of the beam at the geomelric center of rotatIon (the 

center orthe disk) to prcvent vibrations in the beam, relative to the hOllsing, as a re~lIlt 0/ 

apparatus vibrations. The design, although somewhat more complcx lhan the cantilever 

design, can still be turned on a steel·working Jathe. 

The disk serves a two-fold purpose: it acts as the torsionaJ spring m~mbcr of the 

beam, and it acts as a seal to keep pol ymer [rom making contact with the proximity prohe 

A major shortcoming of the disk design is that the disk must be th in 10 allow ))ufTident 

beam flexibility, and under high pressure it will bow to permit the axial detlcction of the 

beam. This is due to the nonnal thrust imposed by the poJymer on the active faœ end and 
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Fig. 3.4: Disk Spring Design SST 

on the underside of the disk. If the disk contains any asymmetry due to variations in 

thickness after machining, asymmetrical bowirag will occur under high pressure which will 

lead to a spurious indication of shear stress. The torsion-bar transducer was designed to 

eliminate this effect. 
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3.2.3. The Torsion Bar Transducer with Membrane Sea) 

The torsion bar design involves the use of a rectangular cross section beam, 

integrated with the transducer beam to act as the torsional spring member ofthe transducer 

(refer to Fig. 3.5). Unlike the disk design, the torsion bar design has only one degrec of 

freedom and allows only uni-directional rotation about the center axis orthe torsion bcam 

member. Thus, the transducer must he properly aligned to ensure that its axis of rotation 

is perpendicular to the direction of flow. The torsion beam suppresses the axial deflection 

of the transducer heam due to the normal thrust of pressure. The design. although simple 

from a mechanieal point ofview, is much more difficult to fabricate than the two previous 

designs, since the torsion heam mernber must he miIJed out. 

The major shortcoming of a simple torsion bar design is that nothing prevcnts 

polyrner from reaehing the upper transducer cavity. Whereas the disk in the disk spring 

design serves not on]y as the torsional spring member but as the seal to the upper 

transducer cavity, the torsion bar-membrane design requires the use of a sepcratc scal 

Nelson (24) has described a transducer incorporating such a seal. The membranc scal is 

composed of an annu]ar steel disk (rnuch like a steel washer) and two thin annular bras~ 

shims. The steel disk aets as a pressure plate to absorb the Joad from the appJied prc.~~llrc 

To prevent the disk from afTecting the deflection of the tran~duccr bcam, a th1l1 gap is lcft 

between the inner edge of the disk and the transdueer beam. The inner edgc of onc bra~" 

shim is cJamped by two nuts on the transducer beam and the outer edge of the other JS 

c1amped by the transducer housing; together, they prevent liquid polymer from rcaching 

the upper transducer cavity. 

In total, the torsion bar-membrane design introduces ftve separate elcments to ~crvc 

as a sealing element. By introdudng five individual parts to the ba!)Îc dc~ign, the overall 

reJiability of the design is reduced due to new possibilities for error. A major aspeçt of 
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Fig. 3.5: Torsion Bar-Membrane Design SST 

conceptual design deals with realizing the as..o;;ets of each proposed design and integrating 

them into a single design. This realization provided the basis for developing a new shear 

stress transducer design, which was a major focus of this project. 
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3.2.4. The Disk-Bar Design 

Dy combining the positive features of both the disk spring and torsion bar­

membrane designs, the disk-bar design was developed. The major asset of the disk spring 

design, as mentioned eartier, is that the problem of sealing the polymer from the 

capacitance system is eliminated. The major asset of the torsion bar design is that the 

problem of axial displacement of the transducer beam due to the normal thrust of the 

pressure is eliminated. Dy combining both ofthese aspects into a single integrated design, 

an optimized design is obtained. 

However, the detailed design ofthis type of transducer was not a trivial task. The 

major difficulty was that since the disk is combined wilh the torsion bar, a more complcx 

spring element is involved. The development of a design model was thcrcfore ncccssary to 

simulate the performance of the new transducer. To achieve this, the models for il disk 

spring and for a torsion bar were superposed to ap,)Toximate the bchavior orthe disk-bar 

desigI~. 

The model equations used for each elastic element were taken l'rom Roark':, 

Formulas for Stress & Strain (25). Three modes of loading were considercd The lir~t was 

a torque orcoupling mode imposed about the axis of rotation of each rnember due to the 

shear stress acting on the active face of the shear stress tran~duccr. The ~ecolHj mode 

considered was a concentrated load normal to the axis of rotatIOn of each membcr duc to 

the nomlal thrust associated with the pressure acting on the active face of the shear ~tre!'.s 

transducer. Finally, the third modeconsidered wasa uniformly distributed pre~..,urenormal 

to the axis of rotation ofeach memberdue to the normal thru~t ofpre~sure imposcd by the 

polymer that enters and mis the lower transducer ~avity. 

Aner establishing the modes of loading, the next step wa!'. to assume a M:hematic 

representation of each member for the purpose of using the de~ign eq ùations. The disk wa!'. 
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represented as a flat annular plate with its outer edge fixed and its inner edge guided for the 

second and third modes of loading. For the tirst mode, the torque mode, the disk was 

representedasa flatcircular plate with aflXedouteredgeand a trunnion fixed to the center 

of the plate. For ail three modes of loading, the torsion bar was represented as a straight 

beam with one edge fixed and one edge guided. Thus, six Ioading cases were developed to 

model the two superposed designs. 

The two deflections of interest to us are the axial deflection normal to the axis of 

rotation of each rnember and the anguJar deflection about the axis of rotation of each 

member. With this in rnind, the six representative cases and the corresponding deflection 

cquations are as foIl0\\'6. 
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Case 1: (Disk) Central Couple on Flat Circular Plate with a Fixed Outer Edge 

and a Tnmnion Fixed to the Center of the Plate 

where, 

Fig. 3.6 

8 = magnitude of angular deflection 
Cl = a constant dependent on the ratio rJa 
M = magnitude of the imposed moment, or torque 
EM = elastic modulus of the plate material 
t = thickness of the plate 

Case 2: (Disk) Annular Plate with a Uniform Annular Line Load 

Outer Edge Fixed, Inner Edgc Guidcd 

-l­
I.. a 

w 
ra 

Fig. 3.7 
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(3.1) 
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(3.2) 

where, 

y = magnitude of axial detlection 

w = magnitude of unifonn annular line load 

and, 

(3.3) 

(3.4) 

(3.S) 

(3.6) 

(3.7) 

and v is Poisson 's ratio. 

1 
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Case 3: (Disk) Annular Plate with a Unifomlly Distributed Pressure 

Outer Edge Fixed, Inoer Edge Guided 

where, 

and, 

Fig. 3.8 

y __ Qa
4(C2L14 _ LII) 

d C, 

q = magnitude of the uoifomlly distributed pressure 

L __ 1 [1 _ (ro)4 - 4( rO)\n!!.] 
14 16 a a r o 

34 

(3.8) 

(3.10) 

(3.IOa) 
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Case 4: (Torsion Bar) Torsional Deformation of Solid Rectangu]ar Section 

where, 

and, 

M 
----:-, ~-+--+-

Fig. 3.9 

MLb a-­
kG 

M = magnitude of the imposed torque 
L = length of the rectangular section 
Cf = shear modulus of the torsion bar material 

i 16 b( b4
)] k - Hb - - 3.36- 1 - --

3 H 12H10 
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(3.11) 

(3.12) 
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Case S: (forsion Bar) Concentrated Load on a Solid Rectangular Section Straight Bearn 

One End Guided, One Edge Fixed 

Fig. 3.10 

y- (3.13) 

where, 

w = magnitude of the concentrated load 

and, 

(3.14) 
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Case 6: (Torsion Bar) Uniformly Distributed Pressure Over a Solid Rectangular Bearn 

One Edge Guided, One Edge Fixed 

Fig. 3.11 

(3.1S) 

Aner the models of the beam and disk were established, they were superposed to obtain an 

approximation orthe operation ofthe disk-bar design. Superposition is thought to be valid 

hcre hc~ause of the very sm ail deflections expected during operation of the transducer. 

Sinœ both the beam and thedisk are integrated into asingleelement, the magnitude 

ort he axial deflectIons orthe beam and the disk under normal thrust loading must he equal. 

Similarly. the magnitude orthe rotational, or angular, detlection due to torsion ofboth the 

bcam and the disk must be equal. In other \'.'ords: 

(3.16) 
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and, 

8 totol - 8 btam - e disl 
{3.17) 

The relationships between the modes ofloading were then determined by the use of 

free body diagrams. For the first mode, torsion due to the shear stress. the frœ body 

diagram is shown in Fig. 3.12. 

y 

0 __ 

Fig. 3.12: Free Body Diagram of Disk-Bar SST - Torsion 
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The sum of the moments about axis 0-0 yieIds, 

(3.18) 

since beam 1 and beam 2 are one and the same, this yields, 

MsMiJr - M dut + 2M btœrI (3.19) 

For the second mode, a concentrated load due to the normal thrust on the active face, the 

free body diagram is shown in Fig. 113. 

y. 

teEAM 1 

0--_ 

F ~C.Tl"S: FAC.E 

Fig. 3.13: Free Body Diagram of Disk-Bar SST - Concentrated Load 
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The SUIn of the forces in the y-direction is: 

(3.20) 

and since beam 1 and beam 2 are the same, 

F OCIJvelace - F dut + 2F beaM (3.21) 

The third mode does not require a free body diagram, since the pressure acting over the disk 

and the heam is assumed to he uniform. 

It should he mentioned at this tirne that the primary objective of developing this 

model was to determine the dimensions of the disk-bar shear stress transdUl:cr, spccifically, 

the dimensions of the rectangular section of the bar and the thickncss of the disk. The 

following is a summary of the procedure used to design the disk-bar system. 

Case # Element Loadio& Mode DcOcctioo 

1 Disk Torque about axis of rotation O(t) 

2 Disk Concentrated load V(t) 

3 Disk Uniformly distributed pre...;;sure V(t) 

4 Bar Torque about axis of rotatIOn O(b,ll) 

5 Bar Concentrated load Y(b,ll) 

6 Bar Uniformly distributed pressure Y(b,lI) 

Table 3.1: Summary of Deflection Cases 

The first step in developing the desi gn model was to corn bine the dcnection eq ua lIOn 

of the disk with that of the bar for each loading mode. Table II is a review of the cases 
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presented earlier. If the disk element and bar element are integrated into a single system, 

then for a given loading mode the resulting deflection is the same for both the disk and bar 

elements. Therefore, the rotational deflection calculated for Case 1 was set equal to the 

rolational deflection calculated for Case 4; the axial deflection calculated for Case 2 wasset 

equal to the axial deflection calculated for Case 5; and the axial deflection calculated for 

Case 3 was set equal to the axial deflection calculated for Case 6. In this way the load on 

the disk element could he represented in terms of the load on the barelement, or vice versa. 

For exampte, the load on the bar can he expressed as a fraction of the load on the disk 

element. Using the appropriate load equation, the load on the disk element can he 

detemlined in terms of the applied load and substituted back into the appropriate deflection 

equation. Thus, by making the magnitude of the axial and rotational deflections input 

parameters, the deflection equations can he expressed in terms orthe input parameters and 

the dimensions oflhe disk and barelements. Thesedimensions can then be found by solving 

the system of equations. Appendix B contains a listing of the computer program that was 

written in GW-BASICtosolve the final design equations and alsocontains alist orthe final 

disk-bar shear stress transducer design specifications generated by the program. Detailed 

dcsign drawings of the disk-bar shear stress transducer are presented in Appendix C. 

As compared to the construction of the disk spring and torsion bar types of 

transduœr, construction of the disk-bar design proved to be a more dlfficult task. The 

transdm:er was roughed out on a lat he from AISI 420 stainless steel stock and then stress 

relievcd The detailed features of the transducer (e.g. the cutting of the bar into the disk) 

wcre rormed by precise milling of the transducer body. The most cumbersorne aspect of 

con:-.t1 uction was that the transducer had to he milled out on both sides of the body. This 

il1volvcd flipping the piece and milling out a mirror image of the form already milled out 

on the opposite side. Due to the size of the milling bits used. the resulting rounds of the 
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detailed features were larger th an desired, which produced an incre:tse in the rigidity orthe 

sheal'stress transducer; this was believed to he the primary factor contributing to a dccrcasc 

of flexibility of almost 33% as compared with the design specifications. Other I~lctors arc 

the approximations used in the model. 

3.3. The Capillary Rheometer 

An Instron rheorneter was used in this thesis work to drive the molten polylllcr 

through the sHt die rheometer. The advantage of using the rheometcr as opposed to an 

extruder is that the flowrate can be t~tter controlled. The rheomctcr incorporates the use 

of an insulated, cylindrical reservoir whose temperature is controlled by means of band 

heaters regulated by temperature controllers. The heated reservoir is filled wlth polymer 

resin, which then melts and mu"t he packed to prevent cavlties from rorming within the 

molten pol ymer pool. A plunger is then forced down in the reservoir expellmg the molten 

polymer much like a syringe. A load cell above the plunger monitors the forœ transmittcd 

through the plunger, which moves at preset speeds. 

The melt reM!rvoir u~ed in this project was one that was prcviou~)y con~tructcd at 

McGiII (26) and has a diameter of 19mm. At the exit of the lc~crvoir, a nange was 

constructed to adapt the ~lit die rheometer to the end of the re~erVOlr; the detalls of the 

flange design are given in Appcndlx A 

3.4. The Capacitance System 

Capacitive proximity sensors have been used in industrial application~ for over 25 

years A Iinear capacltive reactancetechmque for non-contact measurcmenbha~ bccn u~cd 

al McGiII University in shear stress transducers since the mid 19XO's (22). 
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3.4.1. Principle of Operation 

A sensor plate of a fixed area is surrounded by a larger guard ring. Both are isolated 

from each other, with the conductor wire of a shielded coaxial cable electrically connected 

to the sensor and the coaxial shield connected electrically to the ring guard. The 

/ 

... 

SENSOR 

EDGE EFFECT 
ON FIELD 

::::: VZ1VlZ2ZZZl 

SENSOR 

RING 

Fig.3.14: Schematic Diagram of a Target and Capacitive Sensor with and without a 

Guard Ring 

combination when positioned relative to an earth ground or conductive target, creates a 

capacitance proportional to the gap(referto Fig. 3.14). When thiscapacitor isincorporated 

into the circuit of a specialized instrumentation amplifier. the output voltage is proportional 

to the gap spacing between the target and the capacitive sensor. The dielectric medium of 

1 this gap is most commonly air. since its deielectric properties are constant over a wide range 
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oftemperatures. The guard ring serves the purpose of alleviating degrading fringing efTecl~ 

that would greatly degrade the performance of the sensor. These fringing eflècts occur due 

to the electrical field that exists near the edg~ oftwo parallel capacitive plates (refer lo Fig. 

3.15). 

Fig.3.15: The Electrical Field Near the Edge of Two Parallel Plates 

Capacitive reactance is eslablished through a special amplifier design. The basiç 

theory of capacitive proximity measurement dictates that when the arca of a probe is 

decreased, so is the capacitance and thus the sensll1vity But wlth eapaeitive rcactanœ the 

inverse eITeet results. When the sensor is made smaller, the ~nsitJvlty actually increa~s, 

which is a benefit when high resolution is needed as in the ça:.e of mea~uring mmute 

displacements of a shear stress transducer beam. 
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3.4.2. Capacitec Capa~te~ Probes 

Capacitance probes used in previous shear stress transducer research at McGiII 

University were sold under the commercial name Accumeasure- ] 000 by MT! Instruments 

Ine. Two probes have been used, modeJs ASP-5HT and ASP-I HT, which have fulllinear 

ranges of 5 and J mil, respectively. The MT! probesofTer a resolution ofO.l%offuJJ Iinear 

range meaning a resolution of 0.001 mil for the ASp·] HT and a resolution of 0.005 mil for 

the ASP-5HT. The main drawback of the ASP-JHT, however, is that the probe must be 

positioned within 1 mil of the target face, which requires very delicate positioning in the 

shear stress transducer. The ASP-5HT requires Jess delieate positioning in the shear stress 

lransducer, at the expense of sorne decrease in probe resolution. 

Another company by the name of Capacitec, Ine. manufactures capacitive proximity 

probes that oITer a resolution of 0.01% of the fulllinear range, meaning that a probe with 

a 20 mil fulllinear range has a resolution of 0.002 mil. Although the resolution of the 20 mil 

Capacitec probe is only half as much as the 1 mil MTI probe, the fulllinear range of the 

Capacitec probe is 20 limes grealer than the MTl probe, so that the positioning of the 

Capacitec probe 111 the shear stress transducer is much easier than with the MTl probe. The 

Capacitec probccan thus be placed anywhere within 20 mils of the target face, which allows 

a greatcr scope for the deflection of the probe end of the transducer beam. With this in 

mind, the Capacitec capacitance probe was chosen over the MTI probe. 

The specifie type of probe used was a model HPT-401l 05 with a sensor O. D. of 

O.040in. li guard O. D. ofO. J 05111, and a 0.735in 10-32 UNF threaded length. Two ofthese 

probes \Vere utihzed in this research work; one for each shear stress transdueer. Two 4100 

ReV A board basic s1I1gle channel amplifiers, a 41 OO-C dock driver card, and a 4004-PI 15 

4 slot rack with 15V power supply completed the system. Il should be noted that the HPT-

( 40/105 probes ,md 4100 ReV A board ampli fiers are non-standard equipment that 
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Capacitec, Ine. had in its stock and was willing to sell at reduced priees slIlce they had lx.>en 

eus tom built for another eustomer. The probes can operate at tempcralures rangmg l'rom-

73° C to 205 0 C and are connected with 0.063in 100% fully shlelded eoaxml cables with 10-

32 microdot eonnectors. The 205°Cmaxirnum temperature is a limitation of the cable and 

not of the probe, who se temperature can exceed 250°C, beyond which the sensor insulator 

begins to melt. Refer to Appendix 0 for the Capacitee prodw;t literaturc. 

3.5. Temperature Control 

ln order to ensure good temperature control orthe slit die rheometcr. severa 1 hea tcrs 

were strategically placed in the already crowded stit die w~ was weil insu latcd to prcvcn t 

large temperature variations within the rheometer. Tw/watlow Fucrod cartmlgc hcalcrs 

were inserted in the top half of the sHt die along the length of the die. a Watlow Thim:ast 

platen heater was attached to the bottom half of the slit die, and two Watlow mica band 

heaters were fitted around the shear stress transducers. 

Automatic tempera tu re controllers were initiatly used but werc cvcntually rcjc\.:lcd 

due to the on-olT nature oftheir operation, i.e. the heating was eithcr one hundrcd pelcent 

onoronehundred percent off. Thismanifesled itselrthroughshort bur~lsorheat l'rorneach 

heater, which resulted in a slrong temperature dependence on lime. The \.:lt p<t'':ltancl! Plohe 

response reflected thisetTect to the point where il actcd mlll;h hke a tcmpcratule pl obc due 

to the expansion and contraction ortransducer components as the lempcralurc\.:yclco '1 he 

use ofamoresophislicated temperaturecontrol systemcould havesolvcd thi~ problcm. but 

a quicker and cheaper solution was devlsed. 

Manually operaled Variaccontrollers wercuscd toset the hcating rate" Wilh Vanac 

controllers the feedback element of lhe control loop is the human operator Thus, by 

carefully experimenting wÎth dilTerent seltings and monitoring the lemperalurc al variou~ 
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locations of the rheometer, a desired temperature can he established. 

An essential factor in temperature control is insulating the element who se 

temperature is to be controlled. However, since this was a research apparatus, it was 

anticipated that it must very often he entirely disassembled and reassembled. With this in 

mind, a portable and removable insulation system was designed. The basic concept was a 

"sandwich" configuration in which the two shells ofthe housing could he clamped together 

Fig.3.17: Schematic Assembly of Rheometer and Insulative Housing 
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encompassing the rheometer, ensuring easy removal and installation of the insulation. 

Therefore, the insulation of the rheometer consisted of two large picces or l11aranit~ 

insulation cut to fit snugly around the slit die rheometer, coated with a high tcmperaturc 

paint on its inner surface, and attached to a formed sheetmetal covering to protel:t the 

fragile insulation. A third piece was then constructed in a similar rashion. cxœpt with 

fiberglass insulation, to insulate the tops of the shearstre&, transdUl.:ers (rcler to Fig :\ 17). 

3.6. Data Acquisition 

Originally, a data acquisition program was written in Turbo C for li DT2XOX AIl) 

converter board to be used in conjunction with an IBM compatible computcr ~y~tcm 

However, this particular program did not allow for real time graphll': output. a n~l:c~slty 

when evaluating the operation of a system of this type, and it was not ulill1~d l'or tlm 

developmental work. Outputs from the capacitance probe amphfiers wcrc tn~le.lJ dlrCl'leJ 

to a Cole-Parmer, two-channel, strip chart recorder. ThiS provlded a convenient methoù 

for the real time evaluation of the performance of the transduccrs 
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A high densily polyethylene blow molding resin (Dupont Canada Sclair 56B), used 

previously and characlerized by Hatzikiriakos and Dealy (4,10) in their sJiding plate and 

capillary rheometer studies, was chosen as the material to be used for the evaluation of the 

newly developed slit die rheometer. The operating temperature chosen was 180°C, since 

Hatzikiriakos and Dealy (4,10) had used this temperature. They observed power law 

viscosity behavioT and round the power law exponent, n, to be 0.44, and the power law 

coefficient, K, to be 0.0] 78 MPa_s044
. 

4.1. Experimental Procedure 

The two shear stress transducers are referred to as SSTA and SST B' The upstream 

position is rererred to as position ZI and the downstream position, Z2 (refer to Fig. 4.1). 

The two capacitance probes are referred to as PI and P2• 

4.1.1. Preliminary Observations 

Probe PI was inserted into SSTA al position Z2' and probe P2 was inserted into SST B 

at position ZI' Each of the transducers was then calibrated to yield identical signaIs for a 

gi"cn shear stress The plunger speed was increased until there was a noticeable response 

l'rom the shear stress transducers. 

ln pladng the sh~tr stres.."i transducers into their positions. 1t was noted that placing 

SST A into position Zl resuIted in such a tight fit that full denective freedom of the active 
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120 "'fT) 

p= 0 

Fig. 4.1: Diagram of Z, and Z2 Positions and Pressure DI~trihution in Sht Die R heollJetcr 

face was likely to be hindered. This tightness can be attributed to a minor dimcmional 

difTerence between the two transducers. In any event, it was found that SSTA wa:-. 

unresponsi ve at posi tion Z2' 

SST B installed at ,osltion Z" although responsive, dld not re~pond a~ prcdlctcd 

from the calibration. The response was .llways lower than the predicted rcspon~c based on 

.1 a power law relationship and the calculated shear stress at the wall. Also. below a certain 

j 
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plunger spœd, 88To actually exhibited a negative response, meaning that the beam 

dcnected ln the directIOn opposite 10 the applied shear stress (refer to Fig. 4.2). 

ln order 10 assure that the two capacitance probes had the same response, probe PI 

was placed into SST B' and probe P2 was placed into SSTA • There was no difference in the 

outputs after this switch, indicating that thecapacitance probes were not the source orthe 

unexpcctcd behavior. 

0.15 1 1 

-- \'Q.EOIc."TeO Pawc;,R LAW BEHA"tO~ - J __ rA~ 405.
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Time (sec) 

Fig. 4.2: Response of SST B in Position ZI 
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4.1.2. Transducer Response 

On the basis of the preliminary observations, forpurposes oftransduœl evaluation 

SSTA wasplaced at position Zl and SSTB atposition Z2' It wasfound that bolh SSTA and 

SST B yielded measurable responses as shown in Figs. 4.3 and 4.4. Dy comparing Figures 

4.2 and 4.3, we see that when either transducer is installed al position Z. the responses ha ve 

similar shapes, although the magnitudes are different. By contrasl, the responsc form or 
SST B al position Z2 exhibited a characteristic initial peak and then decrcased to a much a 

lower plateau. It should he mentioned as weil that SST D' inslalled al po~itlOn Zr was 

al ways thefirst to respond. Beyondacel tain plunger speed, SST ... at the Z. po~.tion y.c1ded 

a negative response, but ata higherplunger speed than when SSTD was installed at Z •. The 

responses exhibited in every case were repeatable. 

O. 1 .-------......,..--------,r-------, 
_0.08 
10 
0. 
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w 
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rA'" 101 çl 

~ o ..... ~ ..... 
~ ... ~;:~~~~:·~:=::IO::::::::====~----~ ciO. 02 \/ 
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o iOO 200 300 

Time (sec) 

Fig. 4.3: Response of SST A at Z. 
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Fig.4.4: Response of SST B al Z2 

4.2. Evaluation of Operation 

53 

Carcful examination ofthedata led 10 thehypothesis that the large pressure gradient 

present 111 the slit afTeçts the operation of the shear stress transducers. One indication of 

sueh a Il clTeet IS that both shear stress transducers were calibrated to respond in the sa me 

way to a given sheal stress, but the response curves ofboth transducers in the Z. position, 

whlle ~inl1lar in shape. are very difTerent in magnitude. This suggests that a dissimilarity in 

the detalls ofeon~truetion of the two transducers is magnified by the pressureefTects. Smce 

the saIlle pres~lIre em~ets ~hould exist for both shear stress transducers at a given position, 

the only reason thc magnitude of their responses should differ is that one shear stress 

'1 transduccr is aflccted more th an the other by the same pressure efTect. In other words, it 
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appears that a smalJ dissimilarity in the machining of the two transdul'Crs is amplilicd by 

the pressure efTect. 

The second factor "uggesting pressure eITects is that SSTp in position Z2 responJs 

with a characteristic peak and then decreases to a much lower plate.llI. Tins saille shear 

stress transducer responded in a quite different manner when lI1~tallcd 111 the ZI position 

The major difTerence between the response of the two pO~ltIons IS the magnitude of the 

pressure. As mentioned earlier, when SSTu was in~tallcd at Z, it was alway~ thc lin,t to 

respond. Since the magnitude of the pressure acting normal to the wallIS 1l111ch sll1:tltcr than 

that at position ZI' it appears that there is a delay bcltm~ thc~e prc!'-I!'-ItllecfTccts !'-Itabilizc al 

position Zz. 

Nevertheless, aJthough the pres!'-lurc efTect!'-l at pO:-ItlOfb ZI and Z] WCI C lht'tl.-rcnl in 

intensity, the response at both locations was in the oppo~Jtc JlrectlOn fro/11 the shear !'-It n!s!'-l 

acting on the active face of the shear stress tran~dul'er Havmg conduded that lI11portant 

pressure eITects are present, it remained to deterI11H1c ho\\ thc!'-Ic prcs:-,urc drech cotlld 

counteract the force due to the shear stre~s lmpo!'-ICd on the actlvc face or the tr,lll~d\lccr 

It should he noted that the only eITects due to pres,>ure ob~crved wlth tl1\.' rl~VIOll" 

shear ~·tress transducer designs at McGlI1 wcre normal thru..,! c/ll.-ct~ Hl wllIch the plc'>~lIr~ 

itse][ caused an axial deOection of the tran!'-lJuccr ~am, <1'> th"t:\l',~~d Ifl Scellon", 2 SlIIce 

this effeet was la ken fully into account ln de~ignlOg the ol!'-lk-h,lr ~hear ~Ire~'> tran ... duccr Il 

was not considered likely that Cis was the cau~e or the anomalolls re"po!l..,c\ 

Arter considering the types of applIcatIOns u~eJ prcvlOu..,ly al MeGIIl, Il wa~ nolcJ 

that the shear stress transducers prevlOu~Iy Jeveloped had ail hcen Il,>ed for drag flow!'-l 111 

which there was no Mgnilkant pressure gralhent. Thu ... , the pnmary apphcd In,ld on 1 he 

active face of the shear stress transducer wa~ from a drag flo\\' tran ... nlltted l'rom clthcr a 

1f stiding plate or a rotating drum (27). A shear !,tre~s transduœr had nevcr bcen u~cd in 

l~~ ________ ~_~~~-
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pOl sc Ile flow, or pressure driven flow, in which asubstantial pressure gradient exists.1t was 

concluded that the pres~ure eITects exhibited by the shear stress transducers in this sHt die 

rheometer mlgh t he the result of the large pressure gradient existing across the active face 

of the shear stre~s transducer. 

I-Iowever, cakulations suggested that this eITeet is not due direetly to the pressure 

gradient at the active face but to the pre~sure gradient acting on the disk element of the 

disk-bar ~hearstress transduccr transmitted to It by the polymer filling the lower transducer 

cavity. Sincc a pressure gradient exists across the active face, a pressure gradient also exists 

across the disk clement of the shear stress transd ucer. This gradient is helieved to play a 

sigmncant role m the response of the transducer, sin<x: il causes a torque opposite to that 

produœd by the apphed shear stress. 

Determinmg the exact contributIon of the torque induced by the pressure gradient 

to the transducer œsponse would require a major analytlcal effort, which is beyond the 

scopcoftills thcsl~ A rough approximation, however, can be made byconsidenng a simple 

model of th~ SituatIOn. Conslder a pressure drop, AP, acting over the length of the slit die 

rheometer as :-.hown in Fig. 4.1 Recalling that the length of the slit channel is 120mm and 

the diametcr orthe active face orthe shearstress transducer is 10mm, the pressure gradient 

al:I'OSS the active f:ICC or the :-.hcar ~tre~s transducer IS 1112 of the overall pressure drop 

across the Icngth orthe sht dlC, or API 12. Ifweconsider a no-flow situation, we can assume 

t hat this same pres:-.urc gradient eXlsts across the disk element of the shear stress transducer. 

Thus. the re:-.ultmg torque on the transducer induced by the pressure gradient across both 

the disk element and the active face can he calculated and compared with the torque 

induccd by the pre~~ure bradicnt across the active face alone (rerer to Fig. 4.5). By 

represcntmg the shear stress in tenns of the overall pressure drop across the length or the 

slit die [Equatlon (2.3)], the ratIo of the torque imposed by the pressure gradient to that 
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0--( 

Fig. 4.5: Pressure Gradient Across the Shear Stress Transduœr 

imposed by the shear stress 'In the active face can bc cakulateJ Thu'i, Jet u~ <..leline the 

fol1owing ratios: 

torque produced by pressure gradient acting on active face 4> A ôi --=----=-----"-'"----~-----.:~---~-
torqu~ produced by sh~ar str~ss 

cp D - torque produced by pressur~ gradient on disk element 
torqu~ produced by shear stress 

(4.1 ) 

(4.2) 
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Aner substltuting the appropnate parameters,"'A is found to he about -0.4. 8ased 

on this analysis, the re~Jionsc of the shear stress transducers should a]ways he positive. The 

ratIo orthe total torque due to the pres1'!ure gradIent to that due to the shear stress is cl>A +4>D' 

which is round to he about -7.4. This implies that the response would al ways he negative. 

As mentioned earher, both positive and negative transducer responses are obtained. This 

suggc~ts that the cakulatlOn 01'4>1> leads to an overestimate of the pressure gradient efTects 

on the shear stress tran~duccr response Il IS apparent that the pressure transmitted to the 

dis!.. clement oftheshear~tress transducer by the polymerfilling the lowertransducercavity 

does Ilot ha vc a sImple rdation to the pressure gradie. : existing across the active face of the 

shcar ~tre~~ tram;ducer A detalled simulation of the slow flow occurring inside the lower 

transdlK'cr cavity would be neœ~sary to find this relation. However, the simple model do es 

show the ~igllilkant elTect a prc..-;sure gradient can have on the performance of the shear 

stre~s transduccr. 

Althnugh thc torque due to the pre~sure gradient may not he the only factor 

allccting the operatIOn orthe shcarstress transducers of the new slit rheometer, il is believed 

to he the primai y 1~ldor Another nlctor that shollid be taken mto consideration is the drag 

1'01 ce duc to the tlow Orl1loltcn pol) mer 111 and out of the lower transducercavity due to the 

C\I~tenœ 01 the ple~~lIrC gladlcnt Thi~errect. however, i~considered to be less significant 

than the tOlqlle due to the prc~~ure gradIent since the flow through the lower transducer 

~a\'lty is only a tllly rractlon of the polymer flow through the slit channel. A three 

dllllen~lOllalllUlJ now ~m1Ul.ltlon could be perfomled to determine not only the extent of 

/lUld no\\' 111 the lo\\cl tIan~duccr cavity but the pressure gradient across the dlsk element 

of th~ she,lr ~trc~s 11 an~Jl1cer. 1 fo\\cver, thls is beyond the scope of lhis thesis 

1 
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CHAPTER5 

CONCLUSIONS AND RECOMMENDATIONS 

Although the successful operation of the new slit die rheometer was cOl11promi~ed 

by the performance of the new disk-bar shear stress transduœr, the new rheometcr still 

holds great promise in characterizing the wall shear stress behavior of a polymcr IIlclt 

However, before work can proceed with tbis rheometer a new shear ~tless transduccr that 

is unaffectable by any type of pressure eITects must be developed 

Tbe new disk-bar design. although aITected by what appear 10 be prc. ... ~urc gradient 

efTects. is thought to be weil suited for use in a drag type now in w'lidl lhcle IS a large wall 

normal stress but no substantial pressure gradient. This IS the ~ltuatlOn 111 the m-llIle 

rheometer developec lt McGill to monitor the rheologlcal behavlOr of polymcr mclb .I~ 

they areextruded (26). In this rheorneter, a shearstress is imposcd on the mcJt hya rota t IIlg 

drum which draws the polymer into a thin gap in which a ~hC<lr stre~~ tran ... duœr I~ 

installed. The amount of shearing is controlleJ by the ~pœJ or the 1 otatlllg orulIl, and the 

rheological behavior of the melt stream ean thus bc mOllltoreJ ln thb d~VICC, the 

magnitude of the pressure gradient along the length of the shcanng gap is much ~lI1all~r 

than the magnitude of the pressure acting normal to the wall to cau~ an aXIal deflcdion of 

the transducer beam. It was to account for this eITeet that the drsk-bar ~hcar ~trc!'!!'! 

transdueer was origmally designed. 

The pressure gradient efTeet wa'i unanticipated bcçau~ a ~hc.ir ~tres.", tran...duœr had 

never been used in a pressure driven now. Through experienee cornes wi~dorn rI he rc~ults 

of the present experiments show that a new concept is nece~..,ary to develop a ~hear ~tre~~ 
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transduœr capable of operation when there are very large pressure gradients present. 

J fthe observed efTect~ are the eITeet ofnow within the cavity, this cou]d he remedied 

by sealing the lower tran~ducer cavity and th us preventing the po]ymer me]t from entering. 

1 n order to accomplish thlS, a silicone elastomercould he injected into the lower transducer 

cavity and then cured in position. The silicone elastomer would remain solid at normal 

proccss temperaturcs but remain flexible enough to allow movement of the shear stress 

transduccr beam A di!'>advantage of this scheme, however, is that the elastomer cou Id 

dcgrade artel' extended use at high temperatures. Another factor to be considered is the 

clTect the ela~tomer would have on the response ofthe transducer. The damping efTect could 

be greater than that of the molten polymer. Nevertheless, this arrangement is worth trying 

in fut lire rc!'>Carch 

I-Iowever, as stated previously, it is the opinion of the author that the flow efTects of 

pol ymer wltl11n the lower transJucer are not as significant as the torque due to pressure 

gral.hcnts in thls rhcol11cter. This pressure gradient would still he transmitted to the disk 

clement through cither a ~llicone elastomer or by the molten polymer. At the present time 

therc I~ no ObVIOllS ~ollitlOn to this problem. 

ft was :-.tatcd m Chapter 4 that in order to determine the eITeet of a pressure 

gradlcllt on ~hcar :-.trc~~ transdllccr performance an extensive numerical simulation would 

nL'ed to he f"!rrormcd. However, this is not thought to be a frultful direction in which to 

proœcd. Il i~ the opimon of the author that an entirely new design is needed. 

The progre:-'!'>Ion of ~hear stress transducer design was deseribed in Chapter 3. Let 

us wl1~idel the state <lt WhlCh shear stress transdueer teehnology stands Since the decision 

to use capacitive methods to measure transducer response, it has always been necessary to 

prcvcnt polymer from making contact with the eapacitance probe. Hence, the disk spring 

element ser\'ed Ilot only as an elastic element but as a seal as weil. However, this disk 
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element seems to be at the root of the pressure etTects witncssed in the prescnt WOI k. '1'0 

eliminate this disk element. capacitance may have to he abandoned as a mcthod of 

displacement measurement. The selection ofan alternative measurcment method is th us the 

primary concern of this conceptual design exercise. 

An attractive alternative 10 capacitive measurement is piezodedn\:lty. ThIs 

phenomenon involves the production ofanelectrical potential JlfTerencc m:ro!'>s the maJor 

crystallographic axes of a quartz crystal whenever a stress is imposed uron it and l'auscs il 

to deform. This deformatlon is in the order of nanometers. Thus. not only doe~ il rcqlllrc 

onlya minute deformatÏon to produce a signal. but it is quite sensltivc and IS u!'>cd 11l0~t 

often in oscillatory or vibratory tests. Vnder constant derormation. howcvcr, Ih rcspoll!-.c 

decays, a decrease on the order of onc percent of full-scalc 111 101 ~ec at amolcnt 

temperature. At elevated temperatures. however, the decay rate I~ mlu.:h 11Igher 

It has been found, however, that by translating the cry~tallograplm: axe:-. \\ It h IC:-'pl'cl 

to the pnncipal axes thr ,"";; temperature efTects l'an he nearlyelimlllated Tlm techlllqul' wa" 

developed and patented (tl.S. Patent NO. 4,148,530) by a SWI!'>'" comp.!Ily, KI"tlel 

Instrumente, A.G., and involves cutting the crystal al a certain rotatIon ofangle a way l'rom 

the principal axes. The primary eITorts of the Company have œcn to dl'vclop 11Igh 

temperature pressure tran~ducers. This may provlde a viable alternative 10 thl' rnethod of 

capacilive measurement 

The temptat!~n at this point would be 10 develop a radlcally new ..,heal :-.tre..,,, 

transducer. Instead of abandoning the presen t state of shcar ~trc~s tra n!'ld IIcer tee h nology, 

however, weshould benefit from theexperience gained at McGillm ~hear !'Ille..,,, Il an"duccr 

design. Il seems ironie to recognize that the one existing shC<lr stress tran~dllœr uC-:-'lgn that 

seems mechanically unafTcctable by pressure efTecL~ is the one u~d prevlou!'Ily for 

applications in which there is no applied pressure, i.e. the cantilever deSign 
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Il may he feasible to combine the technology developed by Kistler and the 

tcchnology developed at McGiII to produce the tirst piezoelectric shear stress transducer. 

Kistler manufactures a type of diaphragmless pressure transducers that are used in 

monitoring compressive stresses on solid structures (much Iike a force transducer). Dy 

placi n g this type piezoelectric transd ucer in con tact with the cantilever transd ucer beam, the 

shcar stress on the active faC/! could he monitored with almost no deflection of the beam 

itscl r. A conceptual design of such a transducer is provided in Fig. 5.1. Dy placing three 

piczoelcctric transducers 1200 apart from each other, the shear stress transducer can he 

made omni-directional and the applied shear stress on the active face can always he 

reso 1 ved. The shear stress transd ucer would then also he unafT ected by any type of pressure 

effccts making it an ideal design to he implemented with the newly developed sHt die 

rheometer The author plans to pursue this concept in full detail in doctoral research at 

McGiII University. 
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Fig. 5.1: Conceptual Design of Piezoelectric Shear Stress Transducer 
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APPEN/J/X A. /J/SK-BAR SSf DESIGN PROGRAM 

10 CLS 
JOQ REM ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

110 REM • • 
120 REM • A~thor: M~rtln L. SentMenat • 

130 REM • • 
140 REM • Depart~ent of CheMlcal Englneer1ng • 
!S0 REM • MCG1~l Unlvers~ty • 

IEi0 FEM • • 
170 c:M. PrcçraM Oe~cr~pt~on: • 

160 REM • • 
1:0 R:M. ThH Vo;-eM W1!~ 1.Ir":ite:'1 tc !l: ln the de~!;:;l'1 of e new $neer" • 
20C E=::1. ~!:""'e!;! ~:-a""'!=uc!!r !r.::"';;e-et!:i; t~e :cn:e;::,:! cf tn~ e,,<:st;.n; * 
210 R:M' tcr~:on :le- e'1O e!~k $p~ln; Mocele for rneOMe-:rlC u~e ln hl;n • 
::0 REM' pr"~:!~ure èç:~llC!t :~r.!. ine p:-c;i'!!"" lnvclve~ tne u~e of • 
230 REi1' !.uper;losltlon ln creer to ~odel the behavlor of the tor~lon • 
2~C REM. bar and dlSk sprlng unl ted lnto a 51ngle unl t. The concept • 
2=0 REM. e!.senbelly res!!"Ible::: e rlbbed, or webbed, clsk !prlng shear • 
260 REM. 5tres5 transducer. ThH webclng i5 1ncorporated not only to • 
270 REM. proMote unldlrectlonal rotatlon of the tran!ducer beaM, but • 
28C REM. es a 5upport Mechan15M under h1Qh pressure sltuations to • 
290 REM. pre vent slgnlf1cent ~xlal defle:t1on~. • 

300 REM. • 
310 REM ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

320 REM 
330 REM 
340 REM 
350 REM ••• 
360 REM 
370 REM 
380 REM 
390 REM 
400 REM 
410 REM 
4~0 REM 
430 REM 
440 REM 

PEM 
460 REM 
470 REM 
400 REM 
4~O REM 
SOO REM 
510 REM 
520 REM 
530 REM 
540 REM 
550 REM 
560 REM 
610 REM 
6:0 REM 
630 REM 
6ol0 REM 
650 REM 
6êO R~:: 

670 REM 
680 REM 
690 REM 
700 REM 
710 REM 
7:CI REM 

It :lhould be noted thet Most of the follolollnQ relationsh1PS 
end deflnltlve eQuatl0n~ were derlved 'rOM Models taken 'rOM 
Roark a. Younc'! 'ForMula! for Stre~s end Straln° (1989). 
The follo"'lno Model! were u!ed: 
- FrOM Chapter 7, Art. 7.1, BeaMs: Flexure of StruQht Ban 

Concentrated lnterMedlete load, left end gUlded, rlght 
end flxed (ref.no. lb) p.100 

- FrOM Chapier 9, Art. ~.2, Torslcn 
SOlld re:tançuler 5e:~10n (refono. 4) p.346 

- FrOM Chapter 10, Ar~. 1~.2, F.at Plates 
Annular plate wlth a unlforM annular Ilne load, outer 
edge flxee, lnner eage çUlded (Case no. If> p.402 

- FrOM Chapter 10, Art. IC.2, Flat plates 
Central coup le on an annular plate "'1 th a f lxed outer 
edge (trunnlon 10ed!nÇl), trunnlon flxed to the plate 
(Case no. 21b) p.435 

- FrOM Chapter Hl, Art. 10.2, Flat Plates 
Annular plate wlth a unlforMly dlstrlbuted pre~sure 
outer l'dge flxed,lnner e:Jge Quided (Case ;10. 2f) p.406 

- FrOM Chapter 7, Art. 7.1, SeliM!; Flexure of StralQht Bars 
Oeflechonof elastic etr/!lÇlht beaM wUh a dl!tributed load 
left end QUlded, r"lQht end flxed (Case no. 2b) p.103 

FrOM the!e four equatlon~ (two equatlon~ for aXlal deflec~10ns, 

tuo eqUatlons for tor!Honal aeflec~lons), two equatlOn!! IoIere 
develC';Jed (one for total aXlésl deflechon, one for total tor!lonal 
def led ion) ln ter~!! of the thlcknes! of the plate, t. and ln terM!! 
of the cros!! sectlonal helQht of the tor:Hon bar ,h othe two 
unknown!! (technlc~lly there er; thrce unk~:~~: 1oI1!h the inclu!5ion 
of the cro!!!! sectlonal width,b, but l' en aspect ratio of h to b, 
phi, il! a!!5uMed, b can be put ln ter~5 0' h. and thus the nUMber 
of unknowns is reduced to two, h and t). These two equations 
IoIere then !!olved for h and t siMultaneouslyo knowlnQ the deslred 
MaX1MUM a~ial and torslonal deflections aprlorl. 
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730 REM 
740 REM 
750 REM 
1000 INPUT "Enter- the l'IaXl1'1UI'I aXlal deflechon (1'11'1):' ,OE:..A 
1005 PRINT 
1010 INPUT "Enter the l'IaXll'1UI'I ceflectlcn at the probe (MM): ",DELT 
10iS Pi"INT 
1020 INPUT "Enter- the a::::e:t r3~lO (phl):',FYI 
l "::'S PRINi 
105~ REM 
110C DIMMaIOI •• ~~1 
IIIC AL.=;~I'."ClI 
1120 Pl.-SOI'.OCt 
1130 00":;51'."'01 
1140 10-12 1 '."'°1 
1150 DELAaOELfi* .001 
1160DELT-OELT*.001 
1170 PRES -96 1 • 1 000000 1 
1180 MAX-.4.1"'00000 1 

1190 DELMIN-.000127·.001 
1200 EE-I.95E+II 
1210 6-7 .SE+I '" 
1220 ALPH=. 141 1 
1230 BETA=I.3708 
1235 PI=3.141592E53S9; 
1240 V-.3 
1250 A"'DOI2 1 
1 Z60 BB-10/21 
1270 L-(OD-IO)/21 
1280 ABaA/BB 
1290 BA-SS/A 
1300 AR-PI.OIAM~2/41 
1310 C2-.25'( II-SA'2'( 1 1 +2 1'LOG( A8») 
1320 CS-.SI(I I-SA~2) 
1330 CS-.S.( 11+'J+( II-V )·8/î'2) 
1340 L3=SA/41"( (8A'2+11 )"LOG(AS )+8A'2-11) 
1350 LS-.S.(II-BA'2) 
1360 LS .. SA/4 11 (BA'2-11+2 1.LOG(AB) 
1370 L!:-SA"( .5"( 1 :+V)ILOG(AB)+.2S"( II-V)I( 11-8A'2» 
1372 LI 1 al 1/641 * ( Il +4 oSA ~ 2-5 1 'BA ~ 4-41 'BA' 2. ( 2 1 +8A ~ 2 ) 'LOG( fiB ) ) 
1375 LI4-111!61.(II-Brî~4-41IBA'2.LOG(ABl) 
13806AMM1-(C2·LS)/C5-L3 
1385 GAMM2"(C2·LI4/C5-LII) 
1390 ZETA-II/PHI 
1400 PSII-ZETA~3/1611( ISt/3 1-3.36.ZETA.( II-ZETA'41121» 
1410 PSI2-EE/(121.(II-V~2» 
1420 F-. 005 
14300MI-F*L'4/(Z·EE·ZETfil 
14400M2-L A 3/(EE·ZETA) 
14450M3-L/(PSl1·G) 
1450 MU1-111rî'4 
1460 MU2-PIIIO/A~3 
1470 NI-PRES 
1480 N2-\1:RES+.2S-MAXi l ':;i\ 
1490 N3-MAX I AR.AL.PL 
1500 CHI I-ALPHI ( OM3 1EE ) 
1510 CHI2-N3 I OM3/0ELT 
1520 SIGI-OM1IPSIZ"MUI/GAMM2 
1530 SIGZ-OM2IPSIZIMU2/GAMMI 
1540 PHII-:;1-21'ClJll'SIGI 
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1550 PHrZ c 2 1-Z'-CfJll·S152 
15~; KAF1-CHll'C~i:'5IGl 
1570 KAFZ·CHll-CH!Z·Si62 
lSë0 MA-PHll t Pf1I2 
1590 BSE-PHI l t KFo?2-PHI2 -KAP 1-( N 1 -OM 1 ·PHIZ+NZ-OMZ.PHI 1 )/DELA 
16;}0 CCC -KAP l-I\/1P2- (N 1 -OM 1 .f<tiP2+NZ .OM2tl\/iP 1 ) IOELA 
16H1 PPI-(-SSSt(EES"2-! tMrîA·CCC)A( .S»/(ZloAAAl 
16:0 H-PPl"(.2::) 
1630 j-( (tJ3.0!':31 1 D5_ j.pC! )-2 1 )oAL..::H·cPi/( OM:;:-::»" ( 1 1/3 1 ) 

20:il itEM 
208Q F =:~ 
3C~Q ;::;: ... 

3010 RE,'" 
3020 FEM 
501~0 REI1 
5010 REM 
50:20 REM 
50,30 REM 
50·'0 REM 
50!:0 REM 
5060 REM 
5070 REM 
5090 REM 
50'30 REM 
5100 :'EM 
5110 REM 
5120 REM 
51:30 REM 

DeSC~lptlon of s1gn1 f 1cant varIables: 

Mt - Mjl'lent requlred to deflect the ter:llon bar the angle 
corre~pondlng te the 1'I0XIMUI'I deflectlon et the probe 
(N-I'I ) 

Md - MOMent requlred te detlect. the dlSk the saMe engle 
as the tonion bar (N-I'I) 

Ft - Force requlred to deflect the terslon bar eXlll11y by 
DEL/\ (N) 

Fd • Force requlred to defed the dlSk aXlally by the seMe 
dIstance DELA (N) 

6000 MT- ( MAX o/\R-AL )1 (21 tEE - T"31 (W 4-PSll t 6-ALPH» 
6010 MO .. ( (LoEE.T"3 )/(W4-PSI I.G.ALPH) )oMT 
6020 REM 
6030I-ZETAlI2 1-W4 
6035 O-EE.r3/( lZ-( ll-V"Z» 
6040 REM 
6050 FT"'( PRES+.25 oMAX )oAR/( 21+0tL A3-PloIO/( 12 1o /\"3-EE t roGAMMl » 
6~60 FD~FToD·L"3·PloID/(12itA"3.EE-ItGAMM1) 

6070 Wa"'PRESI \2 1 +( r3.FoL -4-PSI2/( 2 ItEE'ZETAtA"4 0 6AMMZtW4)) )-F 
6080 REM 
S090 REM 
7000 8END "'FT"Ll2 1 tH/ZI/I +WB -L "216' -H/21/1 
7010 REM 
7020 SHEAR-31oMT I( 8' -(H/2' )-(H/2I1PHI )"Z )-( 1 1 +.609S-ZETI\+.886StZET/\A2-1 .8023-ZET 
A"3+.91-ZETA"4)+1 .5 o(FD+Fï+WS-L )/( ZETAIW2) 
7030 REM 
7050 MIN-OELMINo (21 +EE tr"3 -Ll( PS Il -W 4.Go/\LPH ) )oPSI 1 -H" 4.GI (PL oALoL-AR ) 
8000 INPUT '00 VOU I.IlInt output to go to printer (y IN )?' ,ANS$ 
8010 IF ANS$- 'V' THEN GOro 14000 
10000 PRWT 
10010 PRINT 
10020 PRINT • Transducer Data 
10030 PRINT • ___________________________________________________ _ 

10040 PRINT 
l ""50 PR 1 NT 
10055 PR INT 
10060 PRINT 
1 0065 PR 1 NT 

• MIIX IMUI'! l'Iell!ured !hear s tre~s: 
'MInIMuM l'\,, ... sured shear stre!!: 
"MIl'l(1I'1UM bending stress ln ber: 
'Mex! l'lUI'! ahellr s tr'ess 1 n bllr: 

i 0070 PRINT 'Mllxll'1ul'! l'Ielt pre!!ure: 
10100 PRINT 
10120 PRINT 'MIl\lI'lUI'! e~llli deflectIon: 
10130 pqNT 'M/!\lMU'" ceflec~lon /!t p~obe: 

(MPII) • ,MAXo.000001 
(MPei 
(MPe) 
(MPII ) 
(MPII) 

• ,MINt.00~;;~1 
• ,BENDo. 000001 
• ,SHEARo .000001 
• ,PRESo.00"001 

(1'11'1) •• DEL/\1100", 
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10140 FRIN! "MlnlMUM C!fleC~lOr ~t ;:r~be: 
1~14E PRINi "Max:'''lUM ac;:.ve hcc cefle:tlor.: 
10150 PRINT "MlnlMuM aouve face oe:'lec~lon: 

10155 PRINT 
10160 PRINT "Actlve face dlI!Mcter-: 
10170 PRINT "Ol~k ouh~de d1/!I"cier: 
10i60 PRINT "OH'k. 1n~ldc CJ,c5Mctc-: 
10460 PR!Ni "rhek th~ckn~!!s: 
10470 PRINi "ic-c!cn t:ar c:-c~~-~e:~!cnal he.:.:;r:t: 
10460 PFINi "TC-S10n bar crc~~-~e:~ 10na1 IrJ!C:'"l: 

l~=~C F~IiJï ·~~ve" le";th: - A:~lV~ fac~ eï= 
1 CSi C P=.!NT • r--- A 

.--

1101l" GOïO 15000 
14000 L:: R!tH 

" 
" 

ïren~cu::e~ De.te. 

(1'11'",) ",OEL.~II~·I~QOI 

(MM) ",O:::L. T-I CCC I-AL/PL 
(MM) ",DELMrr~·1 OOOI-AL/PL 

(MM) • ,OIAM-IOOOI 
(MM) ",ODtI0,,~1 

(MM) 0, lOti oao 1 

(1'1.,) ",r-llle:: 1 

(:"'1M) ",H-IOOa l 

(MM) ",:::::i';,:"'-iOOO I 

(Mn " ,AL.'IQ;)i) 1 

(l'Ir,) ",PL.tIC~~1 

14010 LFRINT 
14020 LPRINT 
1403~ LPRINT 
14040 LPi-{IN, 
14050 LP R INT 
14eS5 LPRINT 
14060 LPRINT 
14065 LPRINT 
14070 LPRINT 
14100 LPRINT 
14120 LPRINT 
14130 LPRINT 
14140 LPRINT 
14145 LPRINT 
14150 LPRINT 
L 

--------------------------------------------------------------------------------

14155 LPRINT 
14160 LPRINT 
14170 LPRINï 
14180 LPRINT 
14460 LPRI~T 
14470 LPRINT 
14480 LPRINT 
14500 LPRINT 
14510 LPRINT 
15000 END 

"MaxlMuM Measured ~hear 5tre~s: 
"Mln1l''1UM ,.,eesured 5near 5tre~s: 
"MaxlMu,., bendlng 5tr-eS! ln bar: 
"Ma)\lMUM ~hear streee in bar: 
"MaX1MUM ,.,el t p,-e!5ur-e: 

"MaxlMu,., aXlal deflectlon: 
"MaX1MUI'I deflectlon ai probe: 
"MlnlMUM deflectlon at probe: 
"MaxlMuM a\:tlve face deflectlon: 
"MiniMUM act 1 ve face de flecbon: 

"Mctive face dl!!l'Ieter: 
"Oi~k ouhide dial'leter: 
"Ol~k 1n~lde dia,.,eter: 
"Oi~k Ul1ckn~:!is: 

°TorClon bar cross-sect 10nal he.lght: 
"iorel0n bar c,..o~s-sectlonal wldth: 
"Lever lenQt h~ - Act ive face end 

" Probe end 

(MPa) ° ,MAXt .0000CI 
(MPa) ° ,MIN-. 000001 
(MPa) ° ,SEtmt.OOOOOI 
(MPa) ° ,SHEriR· .COOOOI 
(MPa) • ,PRES- _ 000001 

(1'11'» ",oELA t 1000 1 

(MM) • ,DEL Tt 10001 
(MM) ",oEl.MIN',000 1 

(MM) ° ,oELTtHl00 1t AL/PL 
(MM) • ,OELMHJ t 1000 lt ALlP 

(MM) ",DIAM t 1000 1 

(MM) ",Ootl 0001 
(MM) • ,ro-101Zl0 1 

(MM) ",T-1000 1 

(MM) ° ,H-1000 1 

(MM) ° ,lETA-H-10110 1 

(l'lM) ",AL t 101Zl0 1 

(MM) ",PL 1 10001 

1 

70 



( APPENIJ/X A JJ/SK-DAR SST JJl:'SIGN PROGNAM 

Trene cu::er Da ~a 

Me'(lI'1uI'l Mea~l.:r"ed ~hear Iltre~~: 

MlnlMUM Mea~ùr"ed ~~eer' ... _ •• c" 
~ ... -- -' 

M~XIMUI'l =~~clnQ ~!re~e H' l:::!~ : 

MaXIMUM ~near" ~~re~~ ln bar: 

MeXli'l l'l !'t_1. _ .. pre~!ure: 
M::!X1MUM i!Y!::!l ce:le:~lcr.: 
MaY_MUM deflectlon e~ prooe: 
MlnlMuM ceflectlon ai pro~e: 
MaXIMUM actlve face deflec~!on: 
MlnlMuM actlve face deflectlon: 

Active fece dlal'leter": 
DI~k outslde diaMeter: 
D1Sk inslde dlal'leter": 
DHk thlckne~~: 
TOr"sion bar cro~s-sectl0nal he19ht: 
TOr"slon bar cro~!-!ectlonal wldth: 
Lever" length! - Active face end 

Probe end 

(M?!) 
(MPa) 
<l'':Pa) 
(Mc:) 
(MPai 

( r:M ) 

(;>lM) 

(PlM) 

(l'lM) 

(l'lM) 

(l'lM) 

( 1'1/'1 ) 

( "'1'1) 
(1'11'1) 

(1'11'1) 
(l'lM) 
(1'11'1) 

( l'II 

.4 
:: 1 366 =i:-~3 
5::.5"7 ~e 

148.:: C~ 
55 

.O! = 

.CCCi::7 

.0::==::= 
4.7::==-05 

10 
26 
12 
1.003385 
t 7. t 1858 
3.229921 
30 
90.00001 
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Part Qty. Description Drawioi No. 

SDOOI Bottom Half of SHt Die 001 
AISI420 002 

003 

SD002 2 Shims for 1 mm Gap 004 
AISI420 

SD003 Top Half of SHt Die 005 
AISI420 006 

007 
008 
009 
010 

SD004 4 Mountiog Bolts for Flange 
SPEC: 3/8" - 16 UNC x 1" 

Soeket Head Flat 
Steel Alloy 

SD005 Die Assembly BoIt 
SPEC: 3/8" - 16 UNC x 2" 

Soeket Head Cap 
Steel Alloy 

SD006 Mounting BoIts for SSTs 
SPEC: 1/4" - 28 UNF x 2" 

Soeket Head Cap 
Steel Alloy 

SDOO7 Locking Cap Adaptor for Thermocouple 
SPEC: 3/8" - 24 UNF STO 

SDOOX 15000 psi Pressure Transducer 009A 

SDOO9 Mounting Flange for Capillary Rheometer 011 
012 

SDOIO 4 Reinforœment Bolts for Mounting Flange 
SPEC: 3/8" - 16 UNC x 1 1/2" 

Soeket Head Cap 
Steel Alloy 
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PLASTIC MELT 
PRESSURE TRANSDUCER 

MODEl GT76/GT77 

SPECIFICATIONS 

STANDARD PRESSURE RANGES 0-1000, 0·1500, 0·3000, 0·5000, 0·10,000, 0·15,000 

OPERATING TEMPERATURE 00 to 750°F (D,;;phragm) -
SENSITIVITY 3.0 MVIV nommai (open circuit) 

NOMINAL RESISTANCE 350 ohms 

NON·LINEARITY ±1.0% of full seale, max. (B.S.L) -
HYSTERESIS 1.0% of full scale, max. 

REPF.ATABILITY 0.1% of full scale, max. 

THERMAL ZERO SHIFT 0.01% of full scaletF nommai 

THERMAL SENSITIVITY SHIFT 01 0.01 '0 of full scaletF nommai 

OVERLOAD 150% Ratec1 range 

EXCITATION VOLTAGE 5-12 Volts OC or AC (RMSI, 15 Volt max. 

A B C 

GT·76 
6,n. 9 5 ,n. 05 ,n. 

152.4 mm 2413 mm 127mm 

GT·77 
12,n 155.n 0625,n. 

304 8 mm 3937 mm 1588 mm 

C'---h 2·3/4 1 GT·771 A 

B 

.2~~:J 1 ~/4l 

.223 ~{=n=- !~~~~--~~~~~Htt~ 
307 nt=t 

:305 DIA. J Il THREAD SIZE 
450 -J 414 112·20 UNF ·2A 

CHAMFER m DIA 

GENERAL INFORMATION 

The Mooel Gïl6, or Gï77, transd~cer is supplied 
wlth a &100:, 4 conduc:or 5hi~lderl caole wltn 
Cannon WK&21 C matlng connector and scace lug 
termmatlons. 

This pressure transducer does not reqUire special 
In~tafliltlor.; in mountong, do not :oroue transduc· 
er greater man 20 fOOf·pounds. 

Nommai Impedance of the type J t~ermocouple 
is 5.0 ohms (wnh 6-foot leads), 

61' ISTOI 

ALL DIMENSIONS IN INCHES 

~ ______ SC_~_H_E_M_A_T_'C~~~'N, __ D_P_IN_C_O __ N_N_EC_T_'_O_N_S __ ~J 
ïRANS'JUCE~ CABLEi 

1-_-../':;='t.~======:-l....;:l1 1 (+) OUTPUT GRrll 
/' .... r---: 2 1 H OUTPIJT WHT 1 

I~ ~ 1 ~ 1 1 -~ 2.J H INPUT SL 
L _______ ~ 41 ( .. ) l~lPUT RD 

THEPMOCOUPLE (OPTIONAL) WHTI < ----fSl (+J TC 

'-----~ (-j TC RD 

!l8:rtir~n in::. 121:10 hammerwocG Avenue. 3unnyvalc. CA 94039 • Phone 408.7'3':'5060 
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Part Qt)'. Description DrawingN2.. 

SST Assembly 001 

8ST001 2 Disk-Bar SST 002 

SSTOO2 2 SST Housing 00:/ 

SSTOO3 2 Mounting Sleeve for Capacitance Probe 004 

SSTOO4 2 Probe Target 005 

SSTOO5 2 Active Face SST Head 006 

SSTOO6 2 Locking Set Screw for SST Head 007 

SSTOO7 2 Locking Cap Adaptor for Thennocouple 
SPEC: 3/8" - 24 UNF STO 
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SENSOR 

SENSOR 
INSUlATOR 

LOCKING PIN (2) 
(" V" series only) 

GUARD INSUlATOR 

GUARD 

Il!i~:-"'d 

97 

HPT SERIE:S 
THREADED PROBES 
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EXAMPLE: HPT-150A·A·L2-5-M 
SE"'SO~ D .... 'IETU 
1 

L 
J 

1 
CABLE -n p: CO'''ECTOR TYPE 

PROBE ORDERING FORMAT J...OVERAU, L.E..'c-., ~ 

HPX 
CASE 
Sn'LE 

xxx X 
SE .... SOR PROBE 
[1I.1,~IETE~ LE-':GTH 

x XX xx X 
OPER.I,TI-':G C!'E!..:: C .l,ELE CO .... :-,ECTOR 
ïE\IP::R-\TL'RE TI'P:: LE .... GiH T::'PE 

C • Cyllndnc:ll MILS A· .500" A· 32 10 3OO'F !.::. 093 coax (E, FEET ~M· ID·n Mlcrodol 
B· BUllon (0:!5-1) B - 6:!5" (010 ISO'C) t:- L3 - 063 coax (El (:30-1 S) B - BNe 
T· Thre~ded ~_C· .750"t-'E- lOOlooloo'F 12- l~ceax(E) 
R • Rectangular( optlonal) 
S • Aar (opuonal) 

D· .875" (-731020S'C) N· I~ Incenel &raloed (S) 
E - 1.000" V- 100 10 1600"F N3 - ,078 Incenel Br:uaed (S) 

t,. ...ROBE SERIES • ----.- .- -- ,-----, 
Capaciteca non-contact dlsplace. 1 

ment probes are nOled for their 
large linear range versus the 
small oUlSlde dlamcter of the 
probe package The sensor 
component average~ Ihe surface 
Il "sees" rn fronl of Il (nol Ihrough 
the matena\) and does 95% of 
the sen~tng A guard nng adds te 

ùle hneanty of ùle sen~or by 
eltminaung degradmg "side 
\I,ewlng" rnnge hnes (dnyen at 
a maximum potenual of 20 volts 
poP). A thnd flexible case corn· 
ponent is add .. d on the HPC, 
HPT and opuonal on the HPB 
senes probes for use as a deslred 
damplllg body Alicomponents 
are eleclronrcally Isolared from 
e.rch other by greater thJn 20 
megohms of leal..age reslstance 
(at room lemperature) for best 
clion Wllh Ihe instrumenta­
I, .6.::!O pmi mt..:~ ~::rl· 
brauon record of vohage outpui 
\lersus nommai dlsplaccmem IS 
provldec! Sian dard ~ IIh eye!)' 
probe. 

F· 1 250" (-73to S7I'C) T· ,063 Inconel Sohd Shealhed (V) 
G· 1.500" S· 10010 1832'F CT emper:Hure range) 
H - 1.750" (-7310 lOOO'C) 
1 - 2.000" Consull faclol)' 

EXAMPLE: HPS-75B·E-L3·B 
PROBE 
THICKNESS 
A- .093 (236) 
B· 06S ( 1.65) 
C - .125 (3 17) 

nOIE THICKNESS qt_·œ L 
T j.--' r 

SPECIFICATIONS 

Targtt Surface Maunal. Electncally conductlve (100 ohm'I cm 1) typlcally or hlgh dielcctric constant 
referenced la grounded surface. 
Ma.\lmllm Rang/!' Approximately the same as the d.arnO:ler of the ~ensor element (Mmimum range is 
touch or IJ 1 c;-" of full SCOlie) 

LIn/!anf) ±{) ~c:'o 01 full SCOlie value or bener wlth 1\lodeI4\OO-SL. .L. 3200. 3101-SP and 3201·SP. 
Repearahlilf)' ±{) 01 % of full scale value wlth ail 4000 and 3000 Senes Instrument arnplifiers. 
Resolullon and repealablilly are the same for general compJnson 

PI obI.' SI:e 00:.'5" (0635 mm) OD 104 00 (I0\.6 mm) overall dllmeler avallable along wllh rectangu­
lar shaped elements 

Cahl/! T\'pe: 999% shlelded low nOIse coaxial Wllh dnyen bralded shleld (m,uumum potenual20\l0lts 
P-P).5 feel (1 514 melers) standard 2000pF maximum probe C::IpaClUye load 

Plobe Intfrchangeahllzf). ±IO% offull scale maximum change.:::% Iypic:.\. 

Plobe Ma/mal Compos/llOr. A and E. stainless steel 303. V. Inconel 600, other matenals ayailable. 
(Consul! faclo!")') 

PROBE ORDERING NOTES 

• 21 numbered standard callbrauons are aY"llable. piease speclf~ ~ hen ordenng. (Consult faclOry) 
• SI::Indard hMed ranges are rail os from O· \0 ()()()VDC analog output. but each probe may he calibrated 
wlth several rallge Yersus'Sensluvlly cahbrauons. Cahbrallon senslUYlly from 0 00 1 VDC/Q.OO 1" (.0254) 
1010 OOOVDC/Q 001" (025-') are ayallable. 

• Range IS defined as from louch to full SCOlie readmg. :50% of ran~e =:!:I 0.000 VDC calibrauon optional, 
• T)pe N and 12 cable are only lIyailllble wlIh BNC connector type. 
• "B" Ihlckness llullon probe~ are only ayallable .... ,th Type L3 and T cable. 
• "C" Ihlckness bUllon probes are only available ~ IIh Type 12 and ~ cable 

• -0 dlp coalln!;s pre\enl the ekclrol'Ically dnven sen~or/!!uard elements from hein\! accidentally 
e:!rth gwunded Jn" \honed • -
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O· .. 
1/-:-" ., .. ~·a ..... 

1rID': . = 
....... _t .. --_ ..... 
~1t ?: -1. 

-.- 4100: Same as the 4100-5 c"ceptthe 
screwdnverlOnJustment pots have bcen 
replaced Wlth large counung $[\'Ie 
offsel ana gam dlals. and a double 
Wldlh fronl panel of 2 0 lOches ;md 
:!:2'ii> Imeanty 0 01<:<- repeatablht\ of 
full scale are typlcal 
(2 5101 r.lC~ requlremenr) 

r m
, r.992~1 
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41 CO-L: Same as the 4100 ucept mal 
Ihe opllonal IIn~anzatlon board has 
bcen added la yleld Ihe same perform­
ance as Ihe 41 oo·SL card bUI wlm !he 
conventence of Ihe large ad)ustment 
dlals ±O 2~ Imean!) and a 01 'ë re· 
peatablhl)' of full scale are 1: plcal 
(2 slol r.lc~ requlrement) 

NOTE: Instrumentation amphfiers come slandard wllh 232HZ.·3dB frequency response 
(- n11 18dB/ocUive roll-off. speclry options -WB wnh 3 • .51.HZ. -3dB or -,5WB Wlth 
'- OUiZ. -3dB. 

An addlllOnalll.llo x6 screwdm'er adJus\;Ible amphtude control 15 pro\'lded sl.1Ildard on 
4100-S. SL. 4100 and -1.10 ha\e a 10lal aD '" 6 '" 18 \' p.p dnve amphludec~pabIII!Y. 

Madel 4100-SL and -L ampltfien have A .. BI A • B SUrT"S amphfier standard_ 
Consult faclory 

-, 

3.317" 
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4100 SERIES AMPUFIERS 

'* _ 4100-C: A ~epar3te dock dnver card 15 
requlred 10 dnve 1 or more ampltfier 
cards This Unit ,"dlcales Ihe "on" condl' 
tian of the ± 1.5 'Olll DC 5upply vohdge 
wlm tndlvldual red LED Il!?hll and ha.\ a 
,,3 ampillude drive adJu~tmenl pOl for 
supplvmg'a 1 5kHZcxcll311on\IFnJI n\l\ 

controlls used to rnaldl .1 rcqullcd cdll 
br.ltlon senslIlVlI> la a ~peclfic model 
dlsplacemenl prohe (1 d"eI ,0 XO w"le 
normaloy fil!. In a far nrhl '.101) 

4100-5: A ba!.lc ~tngk chdnne! dlllpll­
fier card wnh a 1 0 lOch rdd mount:lble 
fronl panel A sc~wdnver Implemenled 
offsel and ~:lIn control I~ 3vallJble Mid 
±.:!% of full scale Iyplcal I,"canly wllh 
001% repeatabdll\ It" Ideally sUlled 
for OEM and hlFh volume multl-poml 
apphcallom where compuler IIIlerfdce 
and pOSSible ItnCJr1lallOn 1\ aVdtlablc 
(1 5:01 r.lc~ requlremenl) 

4100-SL: The ~Jmc .1\ the 41 (JO ~ ext~pl 

Ihal an add on IIneJTl1:lllon bOJrd ylvcl 
Ihe bUlc amplIfier an cnhanced stand 
alone Im~ant) of ~ 1% Iccurac)! of full 
$Cale usmg only screwdnver ad)USlable 
poIS. Cl slot r.tc~ ~qulremenl) 

4100-8: A one Inch ",.de blan~ panel 15 
Ivallable 10 CO\ er Inv cmpl) 51015 ta 
prevenl damage to Inlemal p:uu due 10 
dusl. dUI and accIdentai facton 
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'------7000·'-----I~ 

4000 SERIES 

The Senes 4000 C~pacuecs 
ampliii:rs and r..cks were c:slgned 
to offer the bes. sl~n:ll 10 nCI~e 
ntlo and WII::: band .... Idtn response 
opuons in a sImple mocula: pack­
age. Uuhzauon oimdlvldual pms 
ln a 32 pm DIN connector m­
creases rehabiiuy for more mdus­
trIaI applications where v Ibrauons 
are present The small Euro-style 
2U slze boards have appeal for 
small portable pacl..agmg as weil 
as high (but hghtwelghl) denslt)' 
applications. S Imilar 10 the Senes 
3000 Capacitec:! amphfiers In 

operation (310l-SP,3200. 3201-
SP). when coupled with CapaC:1 tec' 
non-contact displac:ement probes, 

)~=~~~~~~~~iieE~ii:iie~~~~~~~~~~~~~~iiiSl~~~ôï they produce a hnear output voltage propor-
lIonal tO the gap spac­
ing between the probe 
and a ground plane. The 
sysiemsare deslgned to 
produce stable and re­
hable operation .... nh 

ï-,-------------------- 19000·--------------------1--;: excellent !taIn and zero 

4000 SERIES RACKS 

4016-PlIS: lb Channell"lIh 4IOO-S or .1100 SL). 19 400B·PIIS: S ChJnncl1 "Ith ~ 100-S or.lIOO-SL 1 r.lci. 
lOch raci. enclo~u~ Wllh ~n addllionai slOi for a.ll OO·C 
cloc. dm'eflard A ::15\'DC rc~ulau:d powcrsuppl~ al 
850mA 15 standard 10 pov.e~ thls Unit. CA hnur Iype ts 
p"'emd for lowest Signai to nOise perfonnance) The 

as mdl\ Idu:!1 O-IOVDC an~ln!, outputs as weil as 
• mput/outputs on a m;m tenmnaled SO pin phone 

SI\ leconnector for computer or dal3l1cqulsIIIon Interface 
and option cards -\n mlem,,1 AC po"er supply 15 a\';ul· 
aN: st.lndard b> ~11"lf~ IIIg ·PIIS, ·P1100r ·P1~O (AC) 

do,ure Jppro"m:l\ch nJI: ln: ~Ize of ln: ~016 '" IIh 
the s:ame stand3rd fe:ltu~s A ::15VDC ~gul3led power 
supph at 500mA IS standard 10 po" er thlS Unit 

004,PI15: ~ Channel ("'Ith .1100-5 or" 1000SLl r.lck 
enclosure 3pproum:llel~ 5 Inches "'Ide v. IIh the ~me 
513ndard fe;l\ure~ bUI WllhoUl Ih: 50 pm phone conneclor 
A ± 15\'DC re~ul:lIed pov. cr suppl ~ al 3SOm/, l$Standard 
10 pov. er thlS UnlL 

sublhÏ)' ""'Ilh respe;t 10 changes 
ln amblent lemperature Stablhty 
IS ac:hleved wilh a dlgltally de­
nved Slne-wave oscillalor. havIng 
a crystal dock as the frequency 
referenc:e. 

Other sp-:cial featûres mclude syn­
chronous detecuon, )ow dnft 
operational amphfiers and a 
modular preamphfier (pC-201B) 
and power supply (standard) The 
unlts also ha\'e an opllonallmean­
zaBon board to Improl'c perfonn. 
ance by a f.lctor of len irom ::2% 
to±O.:!C;C hneanty .... Ilh no outslde 
computer c:ompens:lted curve fit­
tm~ and" Ilhout sacnficmg fre­
'luency response (to 5kHZ down 
3dB) The ampli fiers are designed 
to operale wuh every probe 
confi!!urauon and ail SenSIU\'lty 
ranges by simple recahbratton 
"'Ilhout mlem:1l part changes. 


