
INFORMATION TO USERS

T h i s  d isserta tion  was produced from a microfilm copy of the original document. 
W h i l e  the m ost advanced technological means to photograph and reproduce this 
d o c u m e n t  have been used, the quality is heavily dependent upon the quality of 
t h e  o r ig in a l s u b m itte d .

T h e  fo llow ing  e x p la n a tio n  of techniques is provided to help you understand 
m a r k in g s  or p a t te r n s  which may appear on this reproduction.

1. T h e  sign or "target" for pages apparently lacking from the document 
p h o to g ra p h e d  is "Missing Page(s)". If it was possible to obtain the 
m is s in g  page(s) or section, they are spliced into the film along with 
a d ja c e n t  pages. This may have necessitated cutting thru an image and 
d u p lic a t in g  adjacent pages to insure you complete continuity.

2. W h e n  an image on the film is obliterated with a large round black 
m a r k ,  it is an indication that the photographer suspected that the 
c o p y  may have moved during exposure and thus cause a blurred 
im a g e . You w ill find a good image of the page in the adjacent frame.

3. W h e n  a map, drawing or chart, etc., was part of the material being 
p h o to g r a p h e d  the photographer followed a definite method in 
" s e c t io n in g "  the material. It is customary to begin photoing at the 
u p p e r  le ft hand corner of a large sheet and to continue photoing from 
le f t  t o  right in equal sections with a small overlap. If necessary, 
s e c tio n in g  is continued again -  beginning below the first row and 
c o n t in u in g  on until complete.

4. T h e  m a jo rity  of users indicate that the textual content is of greatest 
v a lu e ,  however, a somewhat higher quality reproduction could be 
m a d e  from  "photographs" if essential to the understanding of the 
d is s e rta tio n . Silver prints of "photographs" may be ordered at 
a d d it io n a l charge by writing the Order Department, giving the catalog 
n u m b e r ,  title , author and specific pages you wish reproduced.

University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106

A Xerox Education Company



72-24,119

BLUM, David, 1943-
AXIAL PRESSURE PROFILES IN NON-NEWTONIAN FLOW. 
[Pages 95-98, Modular Signal Conditioning, 
not microfilmed at request of author. Available 
for consultation at the City University of New 
York Library].

The City University of New York, Ph.D., 1972 
Engineering, chemical

University Microfilms, A XEROX Company , Ann Arbor, Michigan



AXIAL PRESSURE PROFILES IN NON-NEWTONIAN FLOW

by

DAVID BLUM

A dissertation submitted to the Graduate Faculty 
in Engineering in partial fulfillment of the re­
quirements for the degree of Doctor of Philosophy, 
The City University of New York-

1972



This manuscript has been read and accepted by the Graduate 

Faculty in Engineering in satisfaction of the dissertation 

requirement for the degree of Doctor of Philosophy.

W W 11-
Date

^i/ac, |7 2-
Date '

. UXJJU
Chairman of: Examining Committee 

Executive Officer

Professor Jacques Benveniste

Professor Robert A. Graff

Professor Robert Pfeffer

Professor David J. Williams 
Chairman

Supervisory Committee

The City University of New York



PLEASE NOTE:

Some pages may have 

i n d i s t i n c t  p r i n t .

Fi lmed as r e c e i v e d .

U n i v e r s i t y  M i c r o f i l ms ,  A Xerox Educat ion Company



i

SYNOPSIS

Polymeric fluids exhibit interesting and unusual patterns 

of behavior in capillary flow. This behavior is a direct man­

ifestation of the fluids' viscoelastic character. The capil­

lary rheometer is a particularly important device for studying 

such behavior from both industrial and theoretical viewpoints. 

The focus of this research was the measurement of the axial 

pressure profiles in a capillary rheometer for polymeric fluids 

in stable flow. Such measurements have received scant atten­

tion to date, which is unfortunate inasmuch as they readily 

yield valuable insight into the mechanisms of viscoelastic 

flow.

Several regions are defined in the capillary rheometer.

The rapid acceleration of the polymeric fluid as it flows 

from the (a) reservoir, through an (b) entry region, into the 

capillary generates substantial elastic strains. The atten­

dant elastic energy is dissipated in a (c) relaxation region, 

after which (d) viscometric flow commences. In the (e) free 

stream region the polymeric fluid experiences jet swelling.

The flow behavior in the first four regions is clearly de­

lineated by the axial pressure profile measurements herein re­

ported .

As an essential preliminary, we examined the effects of



recess transducer mount geometries on the measured stresses in 

both slits and tubes. This was done to insure the accuracy of 

the pressure measurements with the recess mount configurations 

imposed by the physical constraints of current transducer tech­

nology. This effort carried additional significance since the 

literature reports that artifacts could be expected with such 

recess mount systems. These predictions notwithstanding, no 

mount geometry errors were observed for either viscoelastic

or viscoinelastic fluids over a shear rate range of 1 to 2000 
-1sec

Viscometric flow is described in terms of three material 

functions; namely, the shear stress, plus the first and second 

normal stress differences. These parameters were evaluated 

for a highly viscoelastic fluid (16.5% polyisobutylene in min­

eral spirits). This study was executed over a wider range of 

shear rates and with a higher degree of thoroughness than 

hitherto reported in the literature. Unanticipated patterns 

in the behavior of the material functions were observed. The 

first and second normal stress differences were significantly 

larger than the shear stress. Further, the second normal 

stress difference rose to a maximum, where it was more than 

ten-times larger than the first normal stress difference. 

Finally, the shear stress-shear rate curve exhibited a nearly 

flat section. All these behaviors were explained with quali­



tative molecular arguments. Less rigorous methods for pre­

dicting the material functions were examined, and some were 

found useful for order of magnitude approximations.

We introduce the concept of excess elastic stress - 

evaluated by the measured pressures - to characterize flow 

in the relaxation region. Values of stored elastic energy 

determined from the excess elastic stress compare favorably 

with those ascertained from die swell ratios and from en­

trance correction methods. Furthermore, material relaxation 

times calculated from excess-elastic-stress relaxation and 

from die-swell-ratio decay are nearly identical and show an 

approximate inverse relation to the apparent shear rate from 

50 to 5000 sec
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I . INTRODUCTION

Laboratory studies of the flow of polymers through cap­

illaries represent a particularly important and valuable ap­

proach to process design, as well as an appropriate vehicle 

for the study of viscoelastic fluids. The flow of polymers 

in capillaries is complex, and it is convenient to consider 

first, flows in very long tubes. As shown in Figure 1, a 

polymer flowing from a reservoir into a capillary is greatly 

accelerated in the entry region because of the funneling ef­

fect. This process generates large elastic strains with a 

corresponding generation of stresses as the velocity profile 

rearranges. The establishment of the familiar parabolic pro­

file marks the end of the entry region (which is generally 

short, being on the order of one tube diameter in length) and 

marks the beginning of the relaxation region. This region is 

characterized by fading entrance-borne elastic effects gener­

ated in the entry region. This decay is accomplished via a 

relaxation mechanism and reflects the fading memory of the 

fluid with respect to past deformations. The point where en­

trance-borne effects have fully decayed establishes the onset 

of the viscometric region. Thus, we have two entrance regions: 

one for the rearrangement of the velocity profile, and a second 

one for the dissipation of entrance-borne elastic effects. In 

contrast to the relaxation region, the axial gradient of the
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radial stress in the flow direction is a constant in the vis­

cometric region.

Whereas pressure measurements in the viscometric region 

have received some attention, published data pertaining to 

the relaxation region are scarce, and these are often unreli­

able. This situation is unfortunate since the rate of decay 

of the excess elastic stress and the length of the relaxation 

region both provide excellent measures of the extent of fluid 

memory under extrusion conditions.

Two important phenomena occur in the free stream region: 

jet swelling in stable flow and melt fracture in unstable flow 

As the polymer emerges it exhibits a diameter swell often rang 

ing up to 3 or 4 tube diameters. The swell ratio (free jet 

diameter/tube diameter) is dependent on the length to diameter 

ratio of the tube (L/D), and has been observed to decay expo­

nentially with residence time, approaching (for sufficiently 

long tubes) a final value typically on the order of 1.5 to 2.0 

The attainment of a final constant swell ratio indicates the 

onset of viscometric flow.

Above a certain critical shear stress a polymer may ex­

hibit flow instabilities which result in the extrudate being 

irregular and distorted. This phenomenon has often been re­

ferred to as melt fracture. It remains one of the most puzz­

ling effects observed in polymer fluid systems. The existing
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explanations are diverse, seemingly conflicting and often spec­

ulative. The present research, however, deals only with stable 

flow.

We have undertaken a comprehensive experimental research 

program based primarily on axial pressure profile measurements. 

Such measurements are the only means available for examining 

all the regions of capillary flow; and they readily yield a 

measure of the excess elastic stress in the relaxation region 

and values for the three material functions in the viscometric 

region - the shear stress and the first and second normal stress 

differences. Two fundamentally different fluids were utilized: 

a viscoinelastic silicone oil and a viscoelastic polyisobutylene 

solution.

The theoretical concepts underlying our study are reviewed 

in Section II, and the experimental apparatus is described in 

Section III. It has been reported that recess transducer mount 

geometries, such as those required in this study, can cause 

artifacts to arise in the pressure measurements. This pros­

pect was investigated; and, as reported in Section IV, no reg­

ular recess mount effect was observed. The results, of our pres­

sure profile studies are presented in Section V. The principal 

data consists of the variation of the radial stress along the 

tube, and of the swell ratios over an extended range of shear 

(1 to 4000 sec . These measurements have yielded valuable 

information concerning the length of the relaxation region and
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the rate of decay or the excess elastic stress as well as novel 

and interesting relationships between the material functions.
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II. LITERATURE SURVEY

The funneling of polymer fluids into the capillary gen­

erates complex flow patterns both in the reservoir immediately 

adjacent to the mouth of the tube and in the entry region it­

self. (Although these flow patterns are closely associated 

with the problem of melt fracture, we confine our attention to 

stable entrance flow.) In contrast to the entrance flow of 

Newtonian fluids for which analytic solutions and well estab­

lished correlations exist, the corresponding flow of polymer 

fluids is not well understood. Past researches have yielded 

visual records of the phenomenon (1-3), and several semi- 

empirical correlations of the pressure drop in the entrance 

region (4). Classical boundary layer theory for Newtonian 

fluids (5) predicts an entrance length for the rearranging

velocity profile of 0.02875N tube diameters. For purelyRG
viscous fluids obeying the power law relations Dodge (8) has

I
shown that this entrance length ranges from 0-03 to 0.05NRe,

I
where N is the generalized Reynolds number of Metzner and Re
Reed (7). Philippoff and Gaskins (8) and Boger and Ramamurthy 

(9) conclude that a viscoelastic power law fluid takes even 

a shorter distance than its purely viscous counterpart. In 

any event, with the generally small Reynolds number encountered 

in polymer melt flows, this entrance length may not be measured
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reliably with existing techniques.

In the relaxation region the parabolic velocity profile is 

already established, and the region is characterized by the 

decay, along the flow direction, of the entrance borne elastic 

stresses. Thus, contrasting to the viscometric region, the 

deviatoric stresses in the relaxation region are a function not 

only of the radial position, but of the axial position as well. 

(Further, the axial pressure gradient is constant only in the 

viscometric region.) The length of the relaxation region 

depends on the extent of the fluid memory with respect to past 

deformations —  in this particular case, deformations which 

have occurred in the entrance region.

To date, estimates of the relaxation length are based on 

insufficient data and are, consequently, not reliable. For 

polyethylene, Kowalski (10) obtained a relaxation length of 

40-60 tube diameters, basing his estimates on swell data.

For a similar material, also with swell measurements, Han et 

al. (11-12) found that only 20 tube diameters were required. 

Middleman (13) concluded that 40 tube diameters constitutes 

the length for the flow of 13% polyisobutylene in tetralin. 

Pressure measurements in tubes by Sakiadis (14-15) and Han 

(11-12,16) and in slits by Eswaren et al. (17) yield less 

reliable estimates.

Flow in the viscometric region is one of the few situations 

for which an exact hydrodynamical solution exists. The more



general constitutive equations, such as Noll's (18-20) 

simple fluid theory predict the existence of three independent 

material functions: the shear stress and two normal stress

differences -- all functions of the local shear rate. This has 

been corroborated by experiment (21).

With the velocity components in a tube of radius R and 

length L, aligned with the z-direction, given by

V z = u(r) , Vr = 0 , V Q = 0

we denote the stress tensor by and consider its decompo­

sition into a pressure p and a deviatoric part T . ..i]

S .. = -p6.. + T .. ID 3-D ID

where 6 ^  is the Kronecker Delta. In the viscometric region 

the non-vanishing components of T are regarded as functions 

of r only. The stress distribution in this region is given by

U> Tr0 = Tz0 = 0

(2) Trz = Srz - T<K>
where K = du/dr

(3) T - T = S - S = o. (K)zz rr zz rr 1

<4) Trr - T ee - Srr ‘ S 09 “ CT2 (K)
The equations of motion reduce to

8

(21)



(5) dT /dr + [l/r][T -Tfl] = b[p4i+p]/&rr r r r o
(6) dTrz/dr + Trz/r = b[pilz+p]/5z

(7) 0 = btP^+pJ/bQ

where is the gravity potential. In vertical flow, ill = -gz. 

From Equations 5 and 6 we conclude that

(8) [p\l+p] = -fz+h(r)

and from Equations 6 and 8 it then follows that

(9) T = --frrz 2

where f represents the driving force in the flow direction since

(10) 6[p(i+p]/&z = t> [ p ilf+S ]/bz = -fzz

From Equations 5 and 8 it follows that

(11) dh/dr = dTrr/dr + [1/r][Trr-TQ0]

which integrated between r and R yields

(12) h (R) - h (r) = Tr r (R) - T ^ U )  + ^  [a2/r]dr

Let Tr r (R)-h(R) = C, then use of Equation 8 yields

+ P'l' + J [a„/r]dr +(13) -p + T = S (r,z) = fz . rT . „
c rr rr r 2

which evaluated at the tube centerline for a downwards
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vertical flow reads

f(14a) Sr r (0,z) = fz - pgz + JQ [a2/r]dr + C

At z=L, Equation 14a becomes

f(14b) S (0,L) = fL - pgL + J [a.,A]dr + C = -p(0,L)r r (J i

Along the boundary of the tube, at r=R 

(15a) Sr r (R,z) = fz - pgz + C

At z=L, Equation 15a becomes 

(15b) Sr r (R,L) = fL - pgL + C = -PRL

sr r (R#z) is the radial normal stress at the tube boundary. 

Measurements of the profile Sr r (R,z) represents one of our 

primary objectives. These measurements readily yield the 

value of the constant C and the value of the driving force f.

In the viscometric region the variation of Sr r (R,z) along the 

flow direction is linear, whereas upstream in the relaxation 

region the variation is non-linear. We define the excess 

elastic stress in the relaxation region as the difference be­

tween the actual value of Sr r (R,z) and the corresponding value 

obtained by linear extrapolation from the viscometric region. 

This is shown graphically in Figure 2. We propose this quan­

tity as a direct measure of the residual entrance borne elastic
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stresses. The rate at w h i c h  this stress decays is a measure 

of the material memory and leads readily to values for the 

material relaxation time. Correlations of swell decay w i t h  

residence time should result in a one-to-one correspondence.

A slight manipulation of Equations 14b and 15b yields

where P may be obtained by linear extrapolation of the rad-RL
ial pressure profile to the tube exit (Figure 2). By changing 

variables from r to fr/2, and following with a differentiation

with respect to the upper limit, Equation 16 becomes

(17) C„(K) = dP__/d 0n[fR/2] - dp (0, L)/d ^[fR/2 ]
2 RXj

For many polymer fluids the second term on the right hand side 

of Equation 17 is negligible and (K) can be approximated by

(18) cj2 (K) = dPRL/d fci[fR/2]

Using standard procedures (22-23), we have verified this ap­

proximation for our fluids and we wil adopt the use of Equation 18.

(19) By definition: a , (K) = S - S' ' -1 1 zz rr
Multiplying by rdr and integrating between r=0 and r=R

Integrating the second term on the right han d  side b y  parts

(20)



But from Equation 5

(22) [t)Srr/br] = -[l/r][Srr-S00] = - a / r

Substituting Equation 22 into Equation 21 yields
« R  (-.R  ~ R

(23) ^0 CTirdr = Szzrdr " Srr z) tr 2/ 2 ] + J0 O 2/2]rdr

Changing the variable r to fr/2, and differentiating with re­

spect to the upper limit, we have
«fR/2

(24) a,(K) = [ l / l f R / 2 ] ] ^ ^  \ S2 z ( e , L ) e a e  + PRL

+ \  d p RL/ d ^ [ f R/ 2 ] - a2/2

Substituting Equation 18 into Equation 24 yields the final

expression for the first normal stress difference function,
«fR/2

(25) ^ 1 (K) = Pr l  + [1/[fR/2]1 a [fR/ 2 ] ^0 Sz z (e/L )£de

It can be readily shown that for the fluids used in this work, 

omission of the integral term results in an error of less than 

10 per cent at shear rates up to 1000 sec Accordingly we have

(26) 01 <K) =» PRL

If the shear rates are greater than 1000 sec the value of 

the integral of Equation 25 can be evaluated by standard tech­

niques (24,37). Thus, measurements of the profile of S (R, z)rr



(from which the values of f and P can be obtained) lead readRL
ily to the first and second normal stress difference functions

Measurements of the normal radial stress profile, S (R,zrr
in stable extrusion of polymer melts have been carried out 

by Han et al. (11-12,16,25). In their original experiments 

(16) a low value of L/D(=4) and too few pressure transducers 

(=4) led them to incorrectly conclude that their molten poly­

ethylene reached viscometric flow after less than one tube 

diameter. In their next publication (12), they showed that 

at least twenty tube diameters were required for the polyeth­

ylene melt to reach constancy of exit pressure. Unfortunately 

this latter paper contains serious inconsistencies in their 

graphical data (Compare exit pressure values in Figures 5 and 

6 with those of Figures 7 and 8, Reference 12). Furthermore, 

their attempt to investigate reported recess hole effects 

(26-29) suffers from two substantial deficiencies: First,

the hole for the "flush" transducer (0.0625 inches) is equal 

to one-half of the tube diameter (0.125 inches). Such a geo­

metry may have unknown effects on the measured radial stresses 

due to disturbances to the flow field. The recess hole dia­

meter itself is 0.039 inches or about one-third the tube 

diameter. Secondly, and most seriously, it is not possible 

for the face of the "flush" transducer to be in the same 

plane as the fluid-tube wall interface. It must be separated 

by at least a tube wall thickness, actually more, because the
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entire transducer face is active and must not touch a rigid 

surface. At the outset their basic design defeats them. The 

"flush" mount is in reality a recess mount like the other, 

differing only in the recess hole diameter and the distance 

between the transducer diaphragm and the fluid-tube wall 

interface. Under these conditions it certainly cannot be con­

sidered a valid comparison and any results obtained must be 

judged inconclusive with respect to the purported aim of 

the experiment.

In addition to measurements of the radial normal stress, 

Srr(R,z), other methods also exist for estimating the magni­

tude of the two normal difference functions, a ^ and (22-24, 

30-34). These methods, however, do not enjoy a complete 

rigor and are based on one or more simplifying assumptions.

The exit region has largely been ignored in both theo­

retical and experimental studies. It has been postulated, 

however, that the velocity profile may undergo a second 

rearrangement in anticipation of the outlet. This should 

not be taken casually as the validity of the extrapolation 

procedure to obtain the radial stress at the tube exit,

P , rests strongly on the absence of an exit region. We RL
have verified, using Schertzer's (22-23) consistency argument 

based on a dimensionless variable analysis, that no such exit 

region exists for our fluids over the range of shear investi­

gated.
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In short tubes (L/D <  20), extruded molten polymers may 

expand to 3 to 4 times the tube diameter. Jet swelling is 

attributed to the recovery of the residual entrance borne 

elastic strains and the relaxation of the shear rate depen­

dent normal stresses. Bagley (35) and Kowalski (10) have 

shown that the swell ratio decays exponentially with L/D to 

a shear rate dependent value on the order of 1.5 to 2.0 

(13,36) so that the major factor in short tubes is the en­

trance borne elastic stresses.

In summarizing this review section, we see that most of 

the aspects of capillary flow of polymeric fluids are not well 

understood. The literature of the past two decades contains 

virtually hundreds of publications dealing directly or in­

directly with the formulation and testing of constitutive 

equations. Notwithstanding, the number of hydrodynamical 

problems for which an exact or even an approximate solution 

exists is rather small; and these problems generally belong 

to the realm of simple flow geometries and simple flow situa­

tions, i.e., viscometric flow. The corresponding treatments 

of flow in the other tube regions are either very primitive 

or non-existent, a fact largely due to the lack of pertinent 

experimental data. Thus our overriding concern was to provide 

a comprehensive set of reliable data bearing on the phenomena 

occurring in all the regions of capillary flow; a requirement 

most readily satisfied by axial radial stress profile and 

concurrent jet swell ratio measurements.
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III. EXPERIMENTAL

A. Introduction

The primary goals of this experimental-research program 

were: (a) to investigate the effect of a recessed pressure

transducer mount geometry on the measured stresses, (b) to 

measure the radial stress profile, Sr r (R,z), over a wide 

range of shear rates, and (c) to make concurrent observations 

of the free stream phenomena.

B. Experimental System

A detailed description of the materials, equipment and 

procedure appears in the Appendix; for the reader's conven­

ience, we will briefly review this material here.

A concentrated rubber solution and a high viscosity sili­

cone oil were used as fluids representative of viscoelastic 

and viscoinelastic materials, respectively. The highly elas­

tic rubber solution was prepared by dispersing 16.5 parts by
—  fiweight Vistanex L-200* polyisobutylene (M^ > 5 x 10 ) in 83.5 

parts by weight Varsol #2** mineral spirits (SpGr = 0.8076) 

and mixing intensively until random sampling indicated homo­

geneity. We were able to use Dow Corning 200 Fluid*** silicone 

oils (30,000 cs and 100,000 cs) as delivered. Their rheological

* TM - Enjay Chemical Company
** TM - Humble Oil and Refining Company
***TM - Dow Corning Corporation
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properties are reported, via shear stress-shear rate and swell 

ratio-shear rate curves, in Figures 3 and 4. Neither of the 

materials experienced measureable shear degradation and viscous 

heating effects were negligible (temperature rise was less than 

0.1° Fahrenheit) over the range of shear rates examined (1 to 

4000 sec . All runs were performed at 75^ Fahrenheit.

The apparatus is shown schematically in Figure 5. The 

pneumatic circuits are of a standard design, allowing for rapid 

pressurization and venting ( < 1/2 second) of the rheometer 

reservoir. Kowalski (10) has shown that if the rheometer res­

ervoir is more than fifteen-times the tube diameter, the mea­

sured elastic and viscous properties are independent of the 

reservoir diameter. We used a ratio of greater than eighteen 

in all cases. The pressure transducers (nine Barber-Coleman 

Model A7556-101, 0-1500 psi) were mounted on either slits or 

tubes in a variety of recess configurations. An Electronics 

Ltd. Model 1808 Signal Conditioner and Amplifier supplied power 

to the pressure transducers and amplified the resultant signals 

by up to a factor of 1500. This gave a final sensitivity cap­

ability of better than 10 mv/psi for all the transducers at

4.00 volts excitation. Signal noise was less than 5 mv. A 

novel approach for the final signal measurement obviated the 

need for a multichannel analog recording device. All the trans­

ducer outputs were fed to a Chadwick-Helmuth Model 430-12 Data-



/TW
; 

dy
ne

s/
cm

^

/  100/000 cs 
S i l i c o n f x ^ F l u  IDS

30/000 cs
2

6
u

16.5% PIB in V a r s o l  n2

6
4

2

4 6 102 2 4 6 103 21 2 4 6 10 2
Q; s e c "1

F i g u r e  3. S h e a r  S t r e s s  a t  t h e  W a l l  v s . A p p a r e n t  S h e a r  R a t e  - 16.5% PIB i n V a r s o l  #2,
Dow C o r n i n g  200 S i l i c o n e  F l u i d s  - 30,000 cs & 100,000 cs S



3,5

3,0

2,5

16.5% PIB in V a r s o l  ft2
2.0

1.5
S i l i c o n e  F l u i d s

100,000 cs 30,000 cs
1,0

Q; s e c "1
F i g u r e  4, D i e  S w e l l  R a t i o  for V i s c o m e t r i c  F l o w  vs, A p p a r e n t  S h e a r  R a t e  - 16.5% PIB in V a r s o l  #2 , 

Dow C o r n i n g  200 S i l i c o n e  F l u i d s  - 30,000 cs & 100,000 cs M



VENT

1. 
Z i 
J I
A,

5,

\ I T R O G E N
P r e s s u r e

S u p p l yR e g u l a t i o n  S y s t e m  Rh e o m e t e r  R e s e r v o i r  C a p i l l a r y  o r  S l i t  a n d  
r e s s u r e  T r a n s d u c e r s  S i g n a l  C o n d i t i o n i n g  a n d  A m p l i f y i n g  E l e c t r o n i c  S w i t c h  O s c i l l o s c o p e  a n d  C a m e r a  S a m p l e  R e c e i v e r

F i g u r e  5, S c h e m a t i c  o f  D a t a  A c q u i s i t i o n  E q u i p m e n t



22

switch electronic switch capable of sequentially sampling up 

to 12 channels at a rate of 10,000 channels/sec. The switch 

output was the input to an oscilloscope with Polaroid camera 

attachment where the transducer outputs were photographed at 

a scope sensitivity of 100 mv/cm. Vertical excursions from 

the baseline were a direct measure of the pressure. An optical 

comparator, measuring to the nearest 0.0001 inch, was used to 

secure the final pressure values. Flow curves were made with 

the aid of an electronic timer (0.01 second divisions) con­

trolled by the pneumatic circuits. Care was exercised in 

allowing sufficient time for the runs so that pressure trans­

ients accounted for less than two per cent of the timing inter­

val. Sample weights were determined using a Sauter balance 

accurate to the nearest one hundredth of a gram. The optical 

comparator was used to determine swell ratios, from photo­

graphs of the free jet, to better than three significant fig­

ures.
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C. Recess Mount Effects

1» Introduction

In this phase we searched for possible effects of a re­

cessed transducer mount geometry on the measured radial stress 

in both slit and tube configurations. An important consider­

ation was our desire to investigate and make allowances for 

possible artifacts. It has been reported by Lodge et al. (26- 

28) that a recess mount geometry would cause an error in the 

measured stress equivalent to about three-times the wall shear 

stress. Tanner and Pipkin (29) found, for slow flow down an 

inclined plane, that the error was positive and equivalent to 

about 25 per cent of the first normal stress difference. As 

we pointed out, the results of Han et al. (12) are inconclu­

sive because of their poor choice of transducer mount geometry.

2. Slit Recess Geometry

The way to study the effect of recessed transducer mount 

is to use two parallel plates where a true flush mounting can 

be achieved. To this end we constructed a slit die (Figure 6),

6.001 inches long by 3.002 inches wide, with a gap of 0.062 

inches. The recess mount transducers (detail of Figure 6) 

were diametrically opposed to the flush mounted transducers 

in four pairs. Interchangeable inserts of different recess 

hole diameter (varied in five steps from 0.020 to 0.063 inches) 

were tested. The length of the recess hole was machined ap­

proximately equal to the hole diameter in all cases. The re-
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sponse time of the recess mount transducers was not signifi­

cantly different from the flush mounted ones.

3. Tube Recess Geometry

The next phase of this preliminary effort dealt with the 

effect of recess mount geometry in tubes. At present, pressure 

transducers are too large compared to practical tube diameters 

to allow for a flush mount. One would hope that in the near 

future technology would develop a sub-miniature device appli­

cable to these measurements. With this in mind, and because 

the geometry considerations in tubes is somewhat different from 

that in slits, we had to investigate one additional source of 

experimental error, what we call the "saddle hole effect".

This is the shape of the perpendicular intersection of two 

right circular cylinders, the recess hole and the tube wall.

As the recess hole diameter approaches the tube diameter, the 

surface area of the "saddle" can become substantially larger 

than the nominal cross-sectional area of the drill. We must 

consider, that comparatively large recess holes (with respect 

to tube diameter) might cause stress measurement errors not 

found for the same size hole in a slit geometry. We there­

fore constructed five long tubes, all of 0.312 inch inside 

diameter and approximately 31.5 inches long. Each tube had 

eight pressure transducer mounts strategically placed so as 

to cover all the regions of flow, and each tube differed only 

in the size of the recess hole drilled through the tube walls



(Figure 7). The ratio of the tube diameter to recess-hole 

diameter varied from about 5 to 16. To extend the range of 

shear rates for the viscoinelastic fluid we used a lower 

viscosity grade Dow Corning 200 Fluid - 30,000 cs.
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D. Entrance Region Effects

A Bagley Entrance correction analysis (40) serves two

purposes: (a) It provides a procedure for converting apparent

shear stress, S, to the true shear stress at the wall, T .w
This is achieved by the addition of a ficticious length of tub­

ing, expressed as a multiple (N) of the tube diameter (D) , to 

be added to the actual tube length (L)• This procedure, which 

accounts for the entrance region pressure losses, is represented 

by the following expression:

(27) T = sf--7̂ D ]w [L/D+N]

(b) In addition, Philippoff and Gaskins (8) have shown that N 

also serves as a direct measure of a material's elasticity. The 

analysis, described in detail in Appendix V, was performed with 

a series of six tubes, all with a 0.186 inch inside diameter, 

and with length to diameter ratios of 2,4,8,16,64 and 100.

E. Tube Diameter Effects

Several experimenters have investigated tube diameter effects 

on both the viscous (41) and elastic (38,42-43) properties of poly­

meric materials. Their results have several important consequences 

regarding the calculated values for the material functions in 

viscometric flow. These aspects are examined in more detail in 

Section V. Briefly, this phase involved experiments in which

* This procedure gives values for T identical to those deter-Wmined by Equation 9.
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the tube diameter was varied while the length to diameter was 

maintained constant. No regular diameter effect on the meas­

ured variables was found.



IV. RECESS MOUNT EFFECTS
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A. Slit Flow

The results for the viscoinelastic fluid - Dow Corning 

200 Fluid (100,000 cs) - are shown in Figures 8 and 9. The 

pressure profiles (Figure 8) are essentially linear, with a 

zero (± 1 psi) intercept (exit pressure) over the range of 

shear investigated (5 to 1000 sec ^). The zero exit pressure 

is, again, like the swell ratio data of Figure 4, indicative 

of this material's inelastic nature. From Figure 9 one can 

see that for the viscoinelastic fluid there is no regular ef­

fect on the measured stress due to recess mount, over the range 

of hole sizes examined. Fifty per cent of the points show zero 

difference and an additional thirty-five per cent are evenly 

distributed within one psi of zero*. The slight increase in 

scatter at the higher shear rates is due to the increased range 

of the pressure transducer calibration. According to Lodge et 

al. (26-28) the difference should be, for example, -1.5 psi at 

Q = 32 sec -3 psi at Q = 70 sec -6 psi at Q = 185 sec  ̂

and -15 psi at Q = 800 sec At the higher shear rates these

predicted values are more than an order of magnitude greater 

than those measured.

* Because all the stress profiles for this fluid were linear there 
is no need to be concerned with the fact that the flush transducer 
records an averaged value of stress, whereas the recessed trans­
ducer records a point value of stress. Nevertheless, a method to 
calculate the magnitude of this error will be found in Appendix VI.



1 U U U

900

800

700

600

500
,z);
PSI

400

300

200

100 ,

0

31

Q=775 s e c '1

S l i t  F l o w
R e c e s s  H o l e  = 0,040 i n c h e s

512 s e c  j

134 s e c

1 2A X  I AI­RE e A x i a l  N o r m a l  S t r e s s
'05ITI0N; INCHESPr o f i l e  - S i l i c o n e  F l u i d  - 100/000 c:



FL
US
H 

' 
RE

CE
SS

'
1

+5

+4

+3

+2
+1
0

-1

-2
-3

-4

-5

pFr„l niAMET-p1
^ W i n c h e s
A  0 .029

1 1 1 1 I I I I

___ O
□

0 .040 
0 . 0 5 2

0 A O  O —

___ O 0 . 0 6 3  a K3 O Ki O  □ —

—  M O  O
-9

cr □  L O O  D O ’□ A  C E A  c m  D O —

_ 3<4f 2. 2. z \A  C D  A n 0 k f c > b £  d b i d f a o 1 ^ < c4 3 5 b ^ | 5 S d o —

— A C D  □ 0 n f  a O M C f e i U & Z Q  D A M d  0 0

■— O M KJ A 0  □ —

—  s u p e r s c r i p t s  i n d i c a
MULTIPLE POINTS

TE —

„ 1  —  . L ... I 1 1 1 1 ! 1
.10 4 8 102 8 10->

Q; s ec"^
F i g u r e  9 C o m p a r i s o n  of F l u s h  a n d  R e c e s s  M o u n t e d  P r e s s u r e  T r a n s d u c e r s  in S l i t  F low

f o r  V a r i o u s  R e c e s s  H o l e  D i a m e t e r s  v s . A p p a r e n t  S h e a r  R a t e  - S i l i c o n e  F l u i d  100,000 cs

U>M



33

A similar examination of recess mount effects for the 

viscoelastic fluid - 16.5% Vistanex L-200 in Varsol #2 - is

presented in Figures 10 through 12. Figures 10 and 11 dis­

play regular non-zero exit pressures at shear rates greater

than 10 sec ^. This is in agreement with the swell ratio data

of Figure 4 which has shown the material to be highly elastic. 

Note also the significant excess elastic stress generated at 

the higher shear rates (Figure 10). The exit pressure data 

show less scatter than anticipated (85 per cent of the data 

are within a 1.5 psi scatter band) inasmuch as the execution 

of this phase required the transducers to be paired, resulting 

in an insufficient number of points for more exacting profiles.

Because of the lower shear stresses involved, the magni­

tude of Lodge’s (26-28) hole pressure error is within the scat­

ter band of Figure 12. Tanner and Pipkin's result (29) would 

predict, if we consider the first normal stress difference rough­

ly equal to the exit pressure (see Equations 25 and 26); a reg­

ular increase to minus three psi at a shear rate of 1000 sec 

However, virtually ninety per cent of the data points are ran­

domly within one psi of zero difference with more than one-third 

of the points being identically zero. Therefore, we must con­

clude that there is no regular recess hole diameter effect on 

either the exit pressure values or the flush verses recessed 

mount transducer values.
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B. Tube Flow

Typical results are shown in Figure 13 for the Dow Corning 

fluid, and in Figures 14 and 15 for the viscoelastic polyiso­

butylene solution. As in the slit die, the viscoinelastic 

fluid exhibits no measureable exit pressure and only a mild 

excess elastic stress (in comparison to the shear stress) 

in the relaxation region at the higher shear rates. On the 

other hand, one can see from Figure 14 that the rubber solu­

tion exhibits both a marked excess elastic stress and a sub­

stantial (for a polymer solution) exit pressure. In Figure 

15 ninety percent of the exit pressure data fall within a 

one psi scatter band with no regular trend due to recess hole 

size. The magnitude of the tube exit pressure is the same as 

that found for the slit geometry (Figure 11). This is indeed 

indicated in the solutions to the equations of motion. Dis­

crepancies are probably caused by the difficulty in drawing 

accurate profiles with the slit data due to the reduced num­

ber of profile data points.
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C. Conclusions

At this point we are reasonably assured that we have fully 

investigated the experimental artifacts that might be intro­

duced by the necessary recess mount configurations and found 

them to be totally absent. In a slit flow geometry both the 

flush and recess mount pressure transducers gave the same 

values for the measured stresses independent of recess hole 

size from 0.020 inch to 0.0625 inches. Measurements in a 

tube geometry show that the measured stresses (represented

by P ) are independent of the recess hole diameter over aRL
tube diameter to recess hole diameter ratio range of from 

five to sixteen. Furthermore, as would be expected by con­

sidering the solutions to the equations of motion, values of 

the exit pressure, directly related to the first normal stress 

difference, are practically the same for both the slit and 

tube flow geometries.
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V. AXIAL PRESSURE PROFILES

A. Entrance Region Effects

The basic data are presented in Figures 16 to 19. It

is apparent in Figure 16 that the excess elastic stress is

sizeable at high shear rates. A Bagley entrance correction

analysis gives values for N ranging from 1 (Q=l sec to

34 (Q=4000 sec . These extraordinarily high values can be

attributed solely to elastic effects since Couette losses

at the low Reynold's numbers involved (N‘ <  10) are negli-Re
gible- The magnitude of this entrance correction can be 

used to predict the normal stress difference (8 ), an aspect 

to be considered later. The entrance correction, as empiri­

cally obtained from Figure 20, is

N = 0.97 ;Q)0 '400 ; 1 < Q < 100
(28) 0 472N = 0.76 (Q) ; 100 < Q < 4000

ft. Tube Diameter Effects

Figure 18 compares the exit pressure data for the three 

tubes of different diameters and shows these data to fall ran­

domly within a 0.75 psi scatter band. That is, these exit pres-
*

sure measurements are independent of tube diameter, as were the

* The manifestation of a diameter effect does not necessarily 
mean that an exit region exists, since fluids with a yield stress 
and/or fluids which slip at the wall also exhibit diameter depend­
ent flow curves (41) . Such a result would require further examin­
ation to determine its origin.
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flow curve measurements. Consequently, there is no exit region, 

and the velocity profile persists to the tube exit. We wish to 

underscore the significance of these findings. In order to ob­

tain the exit pressure, it is necessary to extrapolate the stress 

profile. Further, evaluation of the integral term in Equation 

25 requires knowledge of the velocity profile at the tube exit, 

commonly assumed to be the fully developed velocity profile. 

Therefore,the absence of an exit region justifies our proced­

ures.

It is perhaps appropriate to note that Powell and Middle­

man (42) have found diameter effects in small tubes (D < 0.08 

inches). In larger tubes (43), but still smaller than those 

employed here, their results were free of such anomalies. They 

attributed this phenomenon to elastic effects occurring during 

deceleration of the expanding jet. Evidently, additional stud­

ies on this critical issue are warranted.
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C. Material Function Analysis

The material functions shown in Figure 21 exhibit three 

interesting features: (a) a nearly flat portion in the shear

stress-shear rate curve, (b) both normal stress differences 

significantly larger than the shear stress, and most peculiarly,

(c) a maximum m  the second normal stress difference.

(a) Flat spots m  the flow curves were also obtained by 

Brodnyan (44) for a concentrated polyisobutylene solution in 

decalm. We offer the folowing molecular argument; the solvent 

acts as a lubricant between the loosely-entangled polymer mol­

ecules. Once the shear stress is sufficient to disentangle the 

polymer chains, they are kept apart by the solvent molecules.

Hence, small increases m  stress above this critical level re­

sults in large changes in shear rate. The increase in the slope 

at the higher shear rates is probably due to the reduced time 

the polymer chains have to disentangle. Indeed, Lund and Pohl (45) 

have shown that such a flow region exists for a low molecular 

weight polyisobutylene without solvent. They presented argu­

ments, similar to those here, involving the rolling and sliding 

of aggregates of molecules disentangled from the bulk.

The conversion of the apparent shear rate to the true shear 

rate at the wall via a Rabinowitsch analysis would be inaccurate 

because of the flat portion of the flow curve. Nonetheless, 

this limitation is of little consequence (46) as nothing is
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gained by this manipulation, except for an expansion of the 

shear rate range. The basic relationships between the material 

function curves remains the same.
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(b) The relative magnitudes of the three material func­

tions presented in Figure 21 constitute timely and important

• findings. Many investigators persist in neglecting the second

• normal stress difference. They either set it, a priori, to 

zero (i.e., Weissenberg Hypothesis), or assume it to be very 

much smaller than either the first normal stress difference 

or the shear stress. For our fluid the second normal stress 

difference can be up to fifteen-times the first normal stress■ 

difference and more than sixty-times the wall shear stress.

For a polyethylene melt, Han et al. (25) also found that the 

second normal stress difference was the largest in value. 

Specifically, they were in the ratio of 4 (c2 ):2(a ) :1(tw ) •

Their narrow shear rate range (160 to 700 sec ^) perhaps pre­

vented them from approaching the sufficiently high levels of 

molecular distortion which account for our relatively large 

normal stress differences.

As we have pointed out, the second normal stress differ­

ence has long been considered negligible with respect to the 

other material functions. For this reason, little theoretical 

material is available to predict the second normal stress dif­

ference, other than the rigorous method described earlier. On 

the other hand several theories exist for calculating the rel­

ative magnitudes of the first normal stress difference and the 

shear stress. Through the concept of recoverable shear strain,

SR (= ' Tanner (3^)• evaluating a KBKZ form of consti­
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tutive equation, derived the following expression:

(29) S = 2.828[66 - i f 2R

where 6 is the equilibrium swell in long tubes. The exper­

imental asymptote at low shear rates is actually 1 . 1 0 and not 

the value of 1.00 assumed in the theories. Therefore, for the 

sake of consistency, we also show the theoretical curve in 

Figure 22 shifted upward by 0.10 swell units. Below values 

of 5 = 2.00 (Q=840 sec agreement with the Tanner theory is

quite good.

From a momentum balance around the free jet, Metzner et 

al. (39) derived the following expression for the first normal 

stress difference:

<-> - I M — f ^ ] }

where n' is the slope of the tangent to the log[Tw ]-log[Q] 

curve evaluated at the apparent shear rate Q. In the course 

of this analysis the Weissenberg Hypothesis is evoked, an 

assumption we have shown to be inappropriate for our fluid.

First normal stress differences evaluated by this method are 

more than an order of magnitude too small at apparent shear 

rates less than 1000 sec Even at an apparent shear rate

of 4000 sec ^ the Weissenberg Hypothesis leads to a first 

normal stress difference that is one-fourth its actual value.

* The value of the premultiplier has been adjusted to give re­
sults consistent with our definition of recoverable shear strain,
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A close examination of the procedure of Metzner et al. will 

show that the terms neglected in the momentum balance -

are identically the exit pressure, P (see Equation 16), aRL
term known to be sizeable for many polymer melts. Our work 

has shown that the exit pressure can be sizeable for a poly­

mer solution as well.

With the promising results for the Tanner theory in hand, 

•we attempted to compare recoverable shear strain values at the 

die entrance according to the following rationale: entrance 

correction analysis (8 ) measures the amount of energy (in the 

form of a pressure head) lost in accelerating the highly visco­

elastic fluid from the reservoir into the tube. Couette losses 

are small, and the lost pressure head results largely in stored 

elastic energy - represented by the excess elastic stress.

With inelastic fluids the pressure loss is significantly smaller, 

and for the most part it is converted into a velocity head 

rather than into stored elastic energy. In Figure 23 we show 

•recoverable shear strain values calculated by entrance cor­

rection analysis, and by using a pseudo-first normal stress 

difference, . Here, includes the excess elastic stress 

measured at the die entrance, in addition to the actual value 

of the first normal stress difference. Analytically these

(31)
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methods may be represented by:

(32) Entrance Correction S = 4NR
where the value of N is given by Equation 28, and by

(33) Pseudo-First Normal _ » .
Stress Difference R - ai w

where

(34) a' = [a.. + excess elastic stressj _ ]•L x Z“ U

Entry region recoverable shear strain values can also be 

estimated from the theory of Bagley and Duffy (33). Con­

sidering rubber-like elasticity for a two-constant Mooney 

material, they arrived at the expression:

(35) S = 0.707[64 - b~2 f 2 *R o o

•where is the swell ratio for a zero length die. This

equation gives averaged recoverable shear strain (across 

the die entry) values. Calculations show the averaged values 

to be about 15% of the wall values, and accordingly, the constant

0.707 in Equation 35, is replaced by the value 4.8 for com­

parison in Figure 23. The values for the Tanner theory were 

obtained using an extrapolated swell for a zero length die.

There is substantial agreement among the methods. Thus the 

excess elastic stress, which we have introduced, is a reliable 

measure of the energy lost in the entrance region, and there­

fore can be regarded as an important parameter in tube flow.

* The value of the premultiplier has been adjusted to give re­
sults consistent with our definition of recoverable shear strain.
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(c) To our knowledge, this is the first report in the 

literature on the existence of a maximum in the second normal 

stress difference. The graphical differentiation procedure 

used in calculating the second normal stress difference is re­

liable within ± 10%. The value of a at the maximum (Q=150 sec 

is more than 100 per cent higher than those calculated at the 

higher shear rates. Hence, the maximum in is real though 

the exact location of the maximum is in doubt due to the inac­

curacy cited. The indicated error range would place the maximum 

within the shear rate range of 90 to 250 sec ^ .

One can readily conceive of the physical circumstances

that lead to this result. The normal radial stress at the

tube exit - P - arises from the distortion of the polymer RL
molecule from its equilibrium random conformation (47). Ob­

viously, there is a limit to this distortion, short of chain 

rupture. As we approach this limit, the second normal stress 

difference will, according to Equation 18, tend to zero. Since 

the second normal stress difference is also zero at zero shear 

rate, it stands to reason that, with >  0 at intermediate 

shear rates, it must exhibit a maximum.

Based on available data for polymer melts and solutions, 

Bagley (1) reaches a similar conclusion. He states that as 

polymer melts approach recoverable shear strain values of 

seven units, they undergo a breakdown in Hooke's law in shear 

with the simoultaneous onset of melt fracture. In the case of 

solutions, however, this breakdown in Hooke's law in shear



coincides, not with melt fracture, but with a rapid increase 

in recoverable shear strain which does not level off until 

values of several hundred strain units are attained. Such 

high values would be expected if the polymer molecules were 

actually being uncoiled and stretched out in the flowing 

solution. It is just this behavior, as we have pointed out, 

that leads to the large values of the second normal stress 

difference relative to the first normal stress difference, 

and to a maximum in the second normal stress difference 

function.
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D. Material Relaxation Time

Jet swell is a result of the recovery of both the resi­

dual entrance-borne elastic strains and the shear rate depen­

dent normal stresses. We have already shown that the excess 

elastic stress is a direct measure of the elastic energy 

stored in the fluid. It seems apparent that the excess- 

elastic-stress decay with residence time and swell decay 

with residence time are manifestations of the same phenomenon, 

that is, stress relaxation. Consequently, the rate of decay 

of these variables should lead directly to values for the 

material relaxation time, X. Figure 24 substantiates this 

assertion. Both the swell and the excess elastic stress 

decay exponentially with residence time, resulting in values 

for X almost inversely proportional to the apparent shear 

rate. This is an interesting experimental observation in 

the sense that several recent constitutive equations also 

predict that a material's memory will regularly decrease 

with increasing levels of shear. The values determined from 

swell decay are slightly larger; and they cover a more ex­

tensive shear rate range because the excess elastic stress 

becomes unmeasureably small at shear rates less than 500 sec 

The magnitude of the relaxation times are typical of polymer 

solutions of this type.
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E. Conclusions

Axial radial stress profile measurements in tubes provide 

reliable values for the three material functions as well as a 

measure of the extent of the fluid's memory with respect to 

past deformations. For a viscoealstic polyisobutylene solution 

all three material functions were independent of tube diameter 

(0.186 < D ^ 0*312 inches). This finding has several important 

consequences. in the case of the shear stress, diameter-inde- 

pendence insures that: (a) the material does not possess a

yield stress, (b) there is no slip at the wall, and most impor­

tantly, (c) tne absence of an exit region justifies the ex­

trapolation procedure to obtain the exit pressure, P . Be-RL
cause the first normal stress difference and the second normal 

stress difference as well, are independent of tube diameter 

we can evaluate tne exit pressure at the tube centerline, 

p(0,L), as being identically zero.

The unusually flat shear stress function, the relative 

magnitudes of the material functions, and the maximum in the 

second normal stress difference can be adequately explained 

by molecular arguments based on a mechanism involving the 

uncoiling of the loosely-entangled polymer molecules with 

increasing shear.

Existing correlations for predicting the first normal 

stress difference only provide order of magnitude estimates
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and are only useful over limited ranges of shear.

Excess-elastic-stress relaxation and swell decay with resi­

dence time give nearly equal values for the material relaxation 

times. This is indicative of their common nature - a measure 

of stored elastic energy.



APPENDICES
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A P P E N D I X  I. MATERIALS

A. Selection and Preparation

1. Introduction

A variety of fluids were surveyed for possible use sub­

ject to the following constraints: (a) both a viscoelastic

and a viscoinelastic fluid were needed, (b) we had to use tubes 

with large L/D ratios ( 100 ) to insure an adequate visco­

metric flow region, and (c) because the transducers are phys­

ically lagre, the tube diameter could not be smaller than

0.186 inches. This resulted in overall tube lengths that ex­

ceeded thirty inches in some cases. System pressure limita­

tions, coupled with these geometry requirements and the need 

to examine certain ranges of shear rate, dictated the use of 

fluids with a specific viscosity range.

2. Viscoinelastic

The selection of the viscoinelastic fluid w a s  readily

narrowed to two choices: (a) silicones, and (b) low molecular

weight polybutylenes. Both classes are manufactured in a wide

range of viscosities (directly related to their molecular weight).

The adhesive quality of the polybutylenes eliminated them from

further consideration because of the difficulties involved in

material handling. The fluids finally selected were the 30,000 cs

and the 1 0 0 , 0 0 0 cs viscosity grades of the silicone fluids, spe-
TMcifically - Dow Corning 200 Fluid . Their viscous and elastic
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properties are displayed in Figures 3 and 4 respectively. 

Additional properties are given in Table 1-1. Neither of the 

visocsity grades required additional preparation prior to use, 

and, as long as they were kept free of extraneous matter they 

could be recycled without measureable change in their properties.

3. Viscoelastic

The search for a suitable viscoelastic fluid proved some­

what more difficult. Generally, polymer melts exhibit measure- 

able elasticity, but these fluids were eliminated because of 

the desire to work at room temperature. Aqueous solutions of 

polyethylene oxide and polyacrylamide were eliminated on several 

counts: (a) they are readily shear degraded, (b) they exhibit 

property changes as a result of simple aging, and (c) they can 

not be made into solutions of sufficiently high viscosity to 

give accurate pressure profile measurements. Moderately high 

molecular weight polyisobutylenes, while viscous enough, were 

tacky and not sufficiently elastic. A concentrated solution 

of an extremely high molecular weight polyisobutylene (Mv>5*10 )

in mineral spirits proved to be suitable for these studies.
TMSpecifically, a 16.5% solution of Vistanex L-200 (Enjay Chem-

TMical Company) in Varsol #2 (Humble Oil and Refining Company). 

Mineral spirits was the preferred solvent because of its lower 

vapor pressure and lower toxicity compared to other common or­

ganic solvents. Table 1-1 gives additional material properties. 

The procedure for the preparation of homogeneous, bubble-free
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Table 1-1. MATERIAL PROPERTIES

Property Dow Corning 200 Fluid Vistanex L-200 Varsol #2 S o l ' n
30,000 cs 1 0 0 , 0 0 0 cs

Natural Viscous Viscous Solid Liquid Viscous
State Liquid Liquid Rubber Liquid

SpGr 0.975 0.977 0.92 0.8076 0.826

Molecular
Weight --- --- M ~ 5-106

V
125 - 145 ---

Boling _ . , °_ Point, F --- --- 306 - 379 ---

Surface 21.5Tension,
dynes/cm
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solutions follows: Briefly, the polyisobutylene is supplied

in a compressed block of rubber crumb. The block was reduced 

to the original crumb-size particles (0 .5-1.0 inch), and then 

cut into smaller, 1/4 inch pieces. A four gallon master-batch 

of solution was prepared by placing the required amount of 

crumb in a five gallon container,adding the mineral spirits, 

and then rolling on a ball-mill for 48 hours to initiate the 

solvation process. Six successive treatments of alternating 

intensive mixing for 1 hour (in a heavy-duty drill press with 

a large impeller) with a 23 hour solvation period in a 40° C 

oven were sufficient to homogenize the solution as indicated 

by random sampling. Bubbles were found to completely rise 

within 48 hours of the last mixing period.
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APPENDIX II. EQUIPMENT

A. Introduction

A general description of the experimental setup was given 

in Section III. Here, we present a detailed description of the 

individual components, accompanied by diagrams, and manufacturers 

specifications where appropriate.

B. Pneumatic and Timing Circuits

1. Introduction

A schematic of the pneumatic circuit is shown in Figure II-l 

This section of the system consists of three basic components:

(a) nitrogen pressure regulation (low range/0 - 1 0 0 psi, medium 

range/0-600 psi, high range/0-1500 psi), (b) electric solenoids 

for controlling rheometer pressurization and venting, and (c) the 

timing circuit.

2. Nitrogen Pressure Regulation

Each regulation circuit for the different pressure ranges 

contained a Hoke-Phoenix two-stage pressure regulator, Model 

# 521, equipped with a Marsh Instrument Company pressure gauge 

of the following type:

a. Low range - Master Test type 100, 0-100 psi,

1 psi subdivisions

b. Medium range - Safe case Master Test type 200-c,

0-600 psi, 2 psi subdivisions
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c. High range - Safe Case Master Test type 200,

0-1500 psi, 10 psi subdivisions 

The pressure gauges were calibrated' with a primary standard - 

Ashcroft Dead Weight Gauge Tester Model #1300 - and found to 

be within the manufacturers' error specification (less than

0.25% of full scale) over the useful gauge pressure range.

3. Electric Solenoids

The solenoid valves - Automatic Switch Company Model 

#826296 - are closed in the deenergized state and open when 

energized. A pair of these solenoids work together in the 

following fashion. In the at rest state, solenoid A is de­

energized and solenoid B is energized, that is the nitrogen 

supply is shut off from the rheometer, and the rheome-ter it­

self is vented to the atmosphere. When the switch is thrown 

on, solenoid A opens and solenoid B closes, simoultaneously.

The nitrogen supply is admitted to the rheometer while the 

vent is closed. The pressure rises rapidly ( < 1/2 second) 

in the reservoir, and the material flows from the reservoir 

through the attached die. Turning the switch off, deener­

gizes, or closes, solenoid A, and at the same time energizes, 

or opens, solenoid B. This effects the simoultaneous closing 

of the nitrogen supply and opening of the rheometer vent, de- 

pressurizing the rheometer.

4. Timing Circuit

The same switch that controls the pair of solenoids, for



the pressure regulation circuit, also controls the electric 

timer - Standard Electric Time Company Model S-l/option 7 - 

so that the timer automatically records the actual time of 

pressurization. Flow runs were of sufficient duration to keep 

pressure transients below 2% of the total run time.
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C. Rheometer

1 . introduction

The basic design of the rheometer is geometrically simple.

It consists of a cylindrical shell with provisions for: (a)

filling with a variety of polymeric fluids whose consistency 

may be extremely viscous, or even gum like, (b) pressurizing and 

venting, and (c) attaching dies of various flow geometries. 

Important considerations were: (a) pressure requirements -

up to 2 0 0 0 psig, (b) compatibility between materials of con­

struction and the test fluids, and (c) general flexibility of 

purpose.

2. Design

According to Kowalski (10), if the reservoir to tube dia­

meter is maintained at a ratio of ^15, then the rheometer 

reservoir behaves as an infinite reservoir. We could have 

simply chosen a reservoir diameter sufficiently larger than 

our largest tube, but to increase the utility of the instrument, 

we chose to construct a series of nestled shells. Each shell 

diameter was 15 times a standard size tube diameter (see Table 

II-l), and was machined from cold-rolled, low-carbon, round, 

mechanical seamless steel tubing, type 1018. Stainless steel 

was unnecessary because the test fluids were not corrosive, 

and organic solvents (as opposed to water) were used. In 

addition, stainless steel is difficult to machine. The shell
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Table II-l. RHEOMETER DIMENSIONS

Shell Standard Tubes

I.D.;
inches

0-ring Location 
3/16" Viton 0-ring 
on a --- inch circleO.D. ;

inches
I.D.;
inches

7.500 5.600 0.370 5.935
5.590 4.665 0.312 5.185
4.655 3.720 0.248 4.185
3.710 2.790 0.186 3.310
2.780 1.920 0.128 2 .435*
1.910 0.975 0.065 1.498

* 1/8 " O-ring
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wall thicknesses were sized according to standard thick-walled 

cylinder pressure-design equations. All the shells were 8.00 

inches long, and each contained an o-ring groove and viton

o-ring at both ends to maintain the pressure seal (see Table 

II-l). The largest cylinder was tapped for a series of 3/8-16 

Allen head bolts. There were 15 bolts on the circle, and 

thread depth was at least 1.5 inches. The top and bottom plates 

for the rheometer were machined from 1.4 inch thick, 8.0 inch 

diameter, hot-rolled, leaded, low-carbon steel plates, type 

C1117. The top plate was fitted with an adaptor for connec­

tion to the pressurization circuit, and was then bolted to 

the largest shell with the 3/8 inch bolts. The bolts were 

tightened to the recommended torque to effect a pressure tight 

seal. The bottom plate was further machined to accept inter­

changeable fittings, depending on whether or not a slit or 

tube die was being used. This plate was also bolted to the 

largest diameter shell. In general, if any of the smaller 

reservoir diameters would be required, all the larger size 

shells were used. This procedure insures that the reservoir 

is centered over the die. As it happens, we did not investigate 

the effect of reservoir to tube diameter ratio (nor did we plan 

to), so only the largest shell was used. The ratio of the 

reservoir diameter to tube diameter was greater than 18 in 

all cases. As the design is rather straightforward, only the 

bottom plate and mounting adaptors will be shown in more detail 

in Figures II-2 a-b.
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D. Dies

1. Introduction

Each phase of the research program required a die(s) par­

ticular to that phase. For example, the study of the effect 

of a recess mount on the measured stresses necessitated a slit 

flow geometry to that a true flush mount could be realized.

The following sections describe the individual dies (set of 

dies) necessary for the individual phases.

2. Slit Die for Recess Mount Effect .Study

Aluminum plate, type 2024-T3, was chosen as the material 

of construction, mainly for its ease in machining. However, 

die weight, and compatibility with the test fluids, were also 

considered. The details of construction are shown in Figures

II-3a-b. The slit length is 6.001 inches, the slit width 

is 3.002 inches and the slit gap is 0.062 inches. To simplify 

construction, the gap was machined from only one face. The 

two faces were fastened together with a series of 3/16-18 

Allen head bolts. A steel washer was used under the bolt head 

to protect the aluminum. The transducers were mounted in four 

diametrically opposed pairs. Each pair consisted of a flush 

mount and a recess mount transducer. The mounting details 

are shown in Figure II-3b. The interchangeable inserts with 

the different recess hole diameter were machined from aluminum 

rod, type 2024-T3. An end plate, to seal the die exit, was
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used to static test and calibrate the pressure transducers, 

in situ. A two-part gasket was used, consisting of a Teflon 

facing over a standard rubber gasket backing..

3. Tube Dies for Recess Mount Effect Study

The intersection of the recess hole with the tube wall 

gives a saddle-shaped hole profile. As the recess hole dia­

meter approaches the tube diameter, considerably more surface 

than the nominal cross-sectional area of the drill is removed 

from the tube wall. This might have an effect on the measured 

stresses not found in the slit flow recess geometry. Five 

tubes were constructed from seamless, type S304 stainless 

steel tubings, identical in all respects except for the size 

of the recess hole, which was varied in five steps, from 0 . 0 2 0  

inches to 0.063 inches. The transducer mounts here were some­

what more complicated than those used in the slit die, especially 

in that they contained a bleed hole to remove entrapped air, 

and therefore improve the response time of the recess trans­

ducers. Mount details are shown in Figures II-4a-b. The bleed 

holed were sealed with a set screw-lead shot combination. Each 

tube was 31.500 inches long with an inside diameter of 0.312 

inches, and had eight transducer mounts located 2.250, 3.750, 

5.250, 7.250, 11.000, 16.000, 22.000 and 29.000 inches from 

the tube entrance. The tube was attached directly to the rheo­

meter through the use of an adaptor previously described in
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Figure ll-^b. Detail of Recess Transducer Mount in a Tube
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Figure ll-2b. A l/4"-NPT, male fitting was silver-soldered 

to the tube exit. A lead gasketed cap screwed over this 

fitting enabled static testing and transducer calibration in 

situ.

4. Tube Dies for Tube Diameter Effects

In addition to the 0.312 inch inside diameter-0.052 inch 

recess hole diameter tube described in the previous section, 

two more tubes were constructed from seamless, type S304 stain­

less steel tubing: 0.186 tube diameter-0.029 recess hole dia­

meter and 0.242 inch tube diameter-0.040 inch recess hole dia­

meter combinations. The same type of transducer mount was used 

except that smaller size ball mill grooves were used, in order 

to accommodate the smaller diameter tubes. In the 0.186 inch 

tube the mounts were located 2.250, 3.750, 5.250, 6.750,

8.500, 10.500, 13.500 and 16.500 inches from the entrance. In 

the 0.242 inch tube the mounts were located 2.250, 3.750, 5.250, 

7.000, 9.500, 13.000, 17.000 and 22.000 inches from the en­

trance. These tubes were also fitted with exit fittings to allow 

static testing and calibration.

5. Tube Dies for Swell Ratio Decay and Entrance Correction

Studies

For the swell ratio decay study, a series of tubes was con­

structed, from 0.186 inch diameter stainless steel tubing, with 

length to diameter ratios of 2, 4, 8 , 16 and 64. For the en­
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trance correction study, one additional tube was used; this 

was the 0.186 inch diameter, 31.500 inch long tube used in the 

tube diameter effect study.
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E. Signal Conditionincr and Amplification

This section of the apparatus is composed of three basic 

parts: (a) strain gauge pressure transducers, (b) signal con­

ditioning circuits - excitation and balance controls, and (c) 

amplifying circuits - offset and gain controls. Originally, 

a feasibility study was performed to ascertain the approximate 

magnitudes of the recess hole pressure errors, and of elastic 

effects through a measure of the exit pressure. For this pur­

pose, we designed a complete strain gauge conditioning and 

amplification system for six pressure transducers. There was 

not a sufficient amount of channel separation (^40 dB), but 

a first order correction to the measured pressures indicated 

that the research would be justified with more sensitive 

equipment. Rather than elaborate on the original design 

(Appendix III-1), we instead describe the finalized version of 

the equipment (Figure II-5). The main improvement was the re­

placement of the original circuits, with an Electronics Ltd.

Model 1808, 8 channel, strain gauge conditioner and amplifier. 

Some important features of this instrument are: (a) individual,

variable bridge excitation; 0-10 VDC, (b) individual bridge 

balance circuits, (c) individual, variable gain controls;

20-1500X, and (d) channel separation of greater than 100 dB.

The pressure transducers are Barber-Colman Models A-7556- 

100 and A-7556-101, 0-1500 psig range. The newer model (-101)
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Figure II-5. Signal Conditioning and Amplification Equipment Layout
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had detachable electrical leads which made them far more desir­

able than the older model (-100). The prescribed (by the manu­

facturer) electrical calibration procedure, utilizing a shunt 

resistor supplied by the manufacturer, gave poor results. The 

method eventually adopted involved a static load calibration 

after the transducers had been mounted in the various test 

geometries, and it gave fairly reproducible results.

The specific manufacturer's specifications and the circuit 

diagrams for the transducers and strain gauge conditioning 

and amplifying equipment will be found in Appendix III-2.
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F. Signal Sampling, Display and Measurement

A multichannel oscillographic recorder is the preferred 

method of data handling. However, lack of funds prevented 

its purchase. An alternate procedure was developed which 

was just as accurate, though more cumbersome. An electronic 

switch (Chadwick-Helmuth Model 430R-12) using the eight amp­

lifier outputs as the signal input, sequentially sampled each 

channel at a rate of 1000 channels per second, and displayed 

the signals on an oscilloscope, thus giving an essentially 

continuous record of all the transducer outputs (see Appendix

111-3). A synchronization circuit triggers the scope trace every 

time the first transducer channel is selected. A Polaroid trans­

parency (type 146L) is taken of the oscilloscope trace. As long 

as the exposure time is long enough for all the channels to have 

been selected ( >  0 . 0 1 second ), a complete record of the eight 

channel outputs will be obtained. The picture is in the form 

of a positive transparency; an optical comparator was used to 

measure the outputs (vertical excursion from the baseline) to 

the nearest 0.0001 inch. Calibration of the tranducers involved 

capping the slit die (or tube), static loading at various pres­

sures, taking pictures of the transducer outputs and fitting 

the data with a quadratic equation by the method of least-mean- 

squares. In some cases, hand drawn calibration curves proved 

just as reliable as the computer calculated curves.
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APPENDIX III. MANUFACTURERS' SPECIFICATIONS. 

EQUIPMENT DATA SHEETS AND 

CIRCUIT DIAGRAMS
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APPENDIX III-l. ORIGINAL SIGNAL CONDITIONING

AND AMPLIFIER CIRCUITS



89

O  C» O

M

—  fe

9  9



H h s i  5  S'

'< Hi §
S ' ®
II ^
M  ̂  XVS

V)

! A *U) V/> K

t t r



■\

\
i"

5 0
*
CN

\
11 H
0?°
'A-

!\\>
& ^ , v:» *

fN

* >  • : . " § *  
V \  VJ CO

91

^ V '

^  s  ^
> . ~ s  > 0

^  ^  &oq r\i 'O
So < ,-̂  

^  ^  C N f

I

t ^ V W

r-yrffc

tyV̂ /V* i
— pi— N — i - W V V

< C ^ o

5 C U! ^  't » ki i * »'^  ^  To



APPENDIX 111-2. FINALIZED PRESSURE TRANSDUCER

SIGNAL CONDITIONING AND

AMPLIFICATION CIRCUITS
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PRESSURE TRANSDUCERS 
FOR PLASTJC APPLICATIONS

« High Tem perature  A pp lica tion

•  C ooling  not required

•  Extended Pressure Ranges

s' -*>v/ f t I
•  Rugged, Reliab le  Performance

Therm oco up le  C om bination  
and Connector Options

Barber-C olm an Pressure Transducers have been 
de\e loped specifically for the plasties in d u s try , fo r 
use w ith  extruders and blow m old ing  machines. 
T he  design incorporates a proven Jour active  arm  
bridge typ e  bonded stra in  gauge sensing element to 
w hich a fixed d-c po ten tia l is supplied. W hen the  
pressure changes, the four arms of (he s tra in  gauge 
change resistance causing an unbalance in  the 
c ircu it. T he  m agnitude o f the resu ltan t change is 
ind ica ted  by the  ins trum ent used.
U n like  o the r un its , these im proved transducers do 
not requ ire  forced water cooling. In s ta lla tio n  is 
g rea tly  s im p lified ; there is no poss ib ility  of damage 
to  the sensitive transducer because o f loss of cooling 
media. C onstructed  of stainless steel ( in c lud ing  the 
d iaphragm ) these units have proven exceptiona lly  
reliable. No special ins ta ll dio.n precautions are 
necessary. T h e ir  lugged design w ill stand up to 210 
inch pounds o f torque.

Perform ance characteristics are outs tand ing . Hy.- 
teresis and n on -line a rity  is less than  1%  o f fu 
scale. Zero d r if t  is a m in im um . The u n it  w ill  operat 
at. stem tem peratures as h igh as 700 F.

M odels are availab le w ith  6 "  or 12" stem length; 
and 1 /2-20 or 5 /8-18 m ou n tin g  threads. Pressui 
ranges are up  to  20,000 psi. A  specification recor 
furn ished perm its  fie ld ca lib ra tion  o f the indicate 
to the transducer using the  simple shun t resistc 
m ethod.

Special Order Variations:
W hen tem pera ture  measurement is requ ired , a 
iron-constantan  therm ocouple can be inco rpo ra te  
in  the body o f the  transducer, m aking  a com binat io 
u n it. M odels are also ava ilab le  using a m ale w it 
female connector attached d ire c tly  Jo the tram  
ducer, in place o f t in 1 cable as shown in  the p ho u  
graph. (The cable is then ordered separa te ly .)

SPECIFICATEOMS

Pressure Measuring Moment Ponded S tra in  
Gauge.
Configuration Four active-arm  W heatstone 
Bridge.
Excitation Voltage  10 vo lts  d-c o r a-c m axim um .
Nom inal Resistance 350 ohms.
Linearity .571 o f fu ll scale.
Hysteresis .57; o f fu ll scale.
Sensitiv ity 3.5 • .5 m ill iv o ltr  per volt.
(open circuit-).

Frequency Response —  2000 cps

Therm o Zero Shift 1.0% FS 10CPF.
Therm al Sensitiv ity  Shift  .277 FS 100"F.
Stem  Tem perature 700 ’F  m axim um .
Mounting Torque 240 inch-pounds m ax im um .
Stem  Length 6" or 12" by selection.
Stem and T h d . Dia. 1-2 or 5 8 by selection.
Material — Type 416 Stainless Steel.
Therm ocouple  Calibration -T y p e  J Iro n  
Constantan (com bination  u n its  on ly ).

N o t ] ; ;  A  c e rtif ic a te  o f  s p e c if ic a tio n s  a cco m p a n ie s  eat 
tra n s d u c e r.

CREATIVE INSTRUMENT ENGINEERING FOR THE PLASTICS INDUSTRY



ORDERING NUMBERS 94
P R E S S U R E  T R A N S D U C E R S  
FOR P L A S T I C  E X T R U D E R S

P .S . I S tem T h ie a f ’
M o tl e 1 Ra ie jc t.ono t l i S i / e

A-7^.8-100 
A-H4H-100 ’ ^

0- 1 .no j  
0- 3.070

b'
b

1 /:>2e 
1 /.'-20

A-6449-100 0- 5.007 f. 1/7-20
A-tH:*U'100 0-10.000 b ' 1/7 20
A-73 J*-1oG 0 15.000 O' 1 /2-70
A-7'..VMOC' 0 ?O.“ O0 b 1 /°-70
A-71.J5-109 0 1,570 12 5/8-18
A-7154-103 0- 3 /00 12" 0/8-18
A-Ktfb-tGO 0- ii.Oen 12" 5/H 18

A-C887-1C0 0-10 (.or. 12" 5/8-1H
A-7Gfi0.inp 0-15 000 1?” 5/8-18
A-7L'0/-10D 0- i / o n 12 1/3-20
A-7153-1G0 ^ o- ;.,olt 12 1 /7-20
A-70C3-100 0- 5 one 12" 1/2-20
A-7001-100 0- ie  (iju 1?" 1 /7-20
A.7t;t' !M 00 0 15,000 12 1/2-20

C o i n h m u l  i n n  
w i t h  a t t a c h e d

t h .  r : r  
conn*

■ 111(111111 v*
r l n i v  a Is

P-
> ° V

<\sSUIT- models
U ; l a l ' l ‘. \  S ee  Pi

a n d  m o d e l s  
■ice L i s t .

TRAN SDUC ER WIRING

A "
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\ ) BARRFR-COLMAN 
r l  %  P R F : o S U ; ;(

J \  t r a n s d u c e r

r  WHITE

V: GREEN

ILA.
_______D

a

B LA C K

DIMENSIONS

6 F m  - 4 C O N D U C T O R  
S H I E L D E D  C A R l  b  -  1 (1  I O N  

I N S U L A T L D  A N D  J A C K E T E D  
W I T H  S P A D E  L U C S

.307
’.305"

MILLfVOLTMETER
IN D IC A TO R

OR
P O T E N T I O M E T E R

RECORDER
OR

MODEL 260T 
CONTROLLER

S T E M  L E N G T H  
(S ee  T a b le )

—  4 N O I

7/8  HEX.

T H R E A D  S IZ E  
(S e e  Tab le ) (6 M O D E L S )  

(12 M O D E L S )

1/2 D I A  

5 /8  D ! A
Cable  H e ad e r

( c a n  n o !  be
d e ta c h e d )

D I M E N S I O N S  IN  I N C H E S

R c C O U M E N D E O  W E L L  D l M c N C O N S  
fcf 1/2' Mounting TLiftJ Tr ’nidut.trs
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FOR USE 
WITH 

BARBER-COLMAN 
PRESSURE TRANSDUCERS

M O D E L  ? 8 7 A

H o u n d  o r  s t r i p  c h a r t  ro -  
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INPUT MODULE

Set each of the input controls as follows:

CAL: 3 GAIN: Full CCW

GAIN x 10: 20 BALANCE: Any Position

COMP: OFF S: Full CCW

MODE: Z Z: Any position

METER MODULE

MODE: EXC CHANNEL SELECTOR: 1

RANGE: 10 V POWER: ON

BRIDGE INPUT OPERATION: The following sequence should be followed

when checking out a new input installation, beginning with channel

1. Select appropriate COMP setting. OFF.

2. Determine what value of excitation voltage is desired and 

adjust span control (S) until desired excitation voltage 

is read on the 10V meter scale. Nominally 4.00 Volts.

3. Place meter module MODE switch in the BAL position.

4. Select desired GAIN x 10 setting. Set so that all channels 

have the same output during flow runs.

5. Adjust zero (Z) control for zero meter reading. (This 

adjustment is factory set and should not require addi­

tional adjustment.)

6. Place MODE switch in the operate (OPR) position.

7. Adjust BALance control to obtain a meter reading of zero.

8. Place MODE switch in the zero (Z) position.

9. Select IV meter RANGE.
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10. Re-adjust zero (Z) control if necessary, to obtain a 

meter reading of zero.

11. Place MODE switch in the operate (OPR) position.

12. Re-adjust balance control for a meter reading of zero.

13. Return meter RANGE switch to 10V position.



FULL BRIDGE-FOUR ARM ACTIVE 

7 WIRE W./SIUELD

10.1

4-CAL

5 PAW

BAL

Off < O nG3G2

}>OPR ^

Z U x — o— |M o d e  A W P  

°A W P  /

OutputCO.'/IP

Off X OnG4 GAIN

Common

- C A L

CAL C O M M

G1=G2-G3-*G4--I00 ohms or greater

CAL: Plus or minus

COMP: Off

MODE: OPR

TYPICAL APPLICATIONS INCLUDE: 
Load c e l l s ,  wire or foil strain gages, 

pressure transducers, torque trans­

ducers, accelerom eters, angular 

position transducers, vibration trans­

ducers, force sensors, resistance  

thermometers, flow ti’ansducers, 

resistance photocells and others.

4-a



; \
I " r\ i > ( ' I I
V  7

\

•. / * L\
. J • 1

i v  I
 ̂s

... • . %

10;;

6 P

XoiO.:

ZOT

'-;V \
J <4 )

\ 0

i l  ~ o 9 )  X :  - T . ' !  

-id

• 1

*r/o ~

,00 I'ClL '70/3
i n i ’ll
inr*;-ii t */.;*' +
KOiXslr/A 1 +

, N' ‘ V
•>/

I -:.S
L -.

j r

o - i r



103

ViJ
f:- !! 7C l  V.< I

(->1 c ’v:;l i ■" ; vi
(::)[---- N.or-L I OC

i
 C  . • ? Oc :m -T

v . : m - r .T-l

\ ;  3 ' 'JT

(■■  c : a  ;

i
 c i .  ■ : v ; . l  *  i\r.rJT

r"'.! r: '. t i . 4
( -------0 5 5  Q:."i , 'i . r

(vy! cc..:
( O C! ! \ : ‘ :ZL 6 0**r."U f

:  ■ 'Ci-.-.-irr r. c. '\ci

f;-:.i cir-f-:L 7 c-..c
 G ! I .  3 Cl."; r-UT

t

p n  s, p « 
P'.s-p: o s - i ’o-r*-,r

MAT ICO Of;' .: ,
\ ;  .v

o u t p u t
pcp^pcto:^: cHc:rL.D pp \v::n-:D m the following kV;-e-;4-.r:

t><>TPOT \

1 @

, © z y  ■ x Z x

^  I j ^  | j (0 ;-.:-;CC.vL'i:-:C C-'V • 01. 0
\ 7 ^ ~ Z I Z ~ S Z \  X ” ' ~ I T F r Z X 7  hLi.O.C r\T:/,r rr

•c;(,: ,r,:o ceooxrnc';,; 7 ;:ro t

fVVR



APPENDIX 111-3. ELECTRONIC SWITCH
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4 3 0 -  -

DATASWITCU, MODELS 430R-6, 430K--12, 430K-18, 430R-24

"Quid; look" at phase,, distortion, and amplitude becomes increasingly import- 
ant in vibration tests as larger numbers of cccnlcroaietore are used., The viewing 
window of in optical oscillograph, with a VMS system controlling the g.-.lvos, do2s 
give some measure of "quick look". However, a brighter display, c;early separated 
traces, its- superior, A bright distinct display permits instant recognition oi 
gross photo shifts or large resonant buildups at any instrumented point of a c a r  
plex structure. In "mode shape" testing such a display is very helpful to dir.ot 
the trial and error changes in shaker location, phasing, and drive that are neces­
sary for perfect excitation of every high order mode.

The DATA SWITCH displays 6, 12, 18, or 24 chan- ' 
nels of Vila data on rny DC coupled single beam os­
cilloscope. Each channel is presented as a clow- 
motion spot, with vertical excursion proportional 
to signal amplitude, and no horizontal motion.
With the "Phase Petition" control r-t the SLir-PYN'J, 
all spots can be frozen at any point, in their r-lew­
s’ot ion cyo;.'-o Vrc?l;. ;t. at' ; oi i f!
a display of the 1 .ode shape, easy to observe and 
photograph. Figure 1 is ;; PLTAP.O.Lj time u:;'oi rc 
of a 1 cus plow-motion display of 11 aece.le.ro .*o- 
te:.s on a cantilever bean with a very high i:Q" first 
node resou: n.ce. Figure 2 is a POLAROID picture of 
the same test under same conditions, with the spots 
freaen at 90° in the wave, showing the node shape 
and the perfect in-phase condition existing. (For 
a pure mode all signals must be either in phase or 
180° out of phase) . In acme cases these POLAROID 
pictures may supplant oscillograph recording. In 
any case when slow—motion is "On" VMS oscillograph 
recording can be simultaneous with DATASWITCU os­
cilloscope display, l- ■-

Anipli.tude is easy to scale from the bar created by the moving spot on a long 
persistence scope, or by freezing at both extreme's of spot motion. Phase differ­
ences between traces can be read from the "Phase Position" control on the SL1P-
SYKC. For instance, f 1 t-.eze channel 1 at zero crossing and read the "Phase Position1
dial. Rotate it to ireaze channel 2 at re.ro crossing, and read it again. The dif­
ference between the two readir.gr is the phase shift between channel 1 and channel 2
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Pi s fort ion can be recognized by jerky movement or local reversals in the 
spot travel, with slow-motion ’‘On".

Tlie DATASWITCU is a free running (r.on-synchronized) electronic switch. A 
suffix to the model number (43011-6, 43011-1.2, 430R-1C, or 43011-24) define.;, the 
number of input channels. It sequentially switches, input channels to a single 
output at a 1,000 cps rate, each input being presentee: for about 1 millisecond, 
except the last channel. The last input is presented for about 4 rcillisc-jonds, 
allowing for its display and retrace of the oscilloscope. A ryne command is 
available to trigger the ocr.illoccopc sweep at the instant the DATASWITCU returns 
to channel 1. Sweep tine controln of the oscilloscope should be set approximately 
at 6, 1?., 18, or 24 milliseconds. Model.'; 430P.-6, 43QR-12, 430.7-12, can operate 
individually, or in cascade v.p to a total of 36 channels.

SPECIFICATIONS

Sampling Modes:

Switching Time: 
Ho let Time:

Input impedance:

Max. Input signal levels: 

Noise:
Gain in signal channels: 
Source Impedance at output:
Required "fly ue lun signal 
for synchronized opera?.? on: 
"Dynr Out" rigrtal to initi­
ate rueop on CKO:

free-running - 1 kc rate
synchronised —  0 to 10 kc 
8 microseconds "Off" between chr.nr>Gls. 
free running —  1 millisecond on each channel but th. 
last. 4 mill ir.esoiidr on last channel, giving CKO fine 
to retrace.
synchronized —  period of sync commands, lets 8 micro - 
second S'.,-i tch ing Time •
1000 ohmr, eds ) impedancc scvrcc, and mxet jfc 7}0 
coup? ed)
5 volts peal; (note that VMS ic typically Ret with 5 

volts pea.); as full scale) 
less than 30 mv during Hold Time 
Approx. 0.95 
10 K olrr.;;

tivt. gu! Sfs If v i..;.nimr.3, rise time 2 uic.ro sex van 
Source ?'■•-’J --ce 5C0 c r  !:■ ■:? ,

23 -.o’:.'; . ... jrl;.; 10 k Ii.., .1.'. imult;-:'-
jicons viili switching to channel •■)..

Model Numbers 6 rrices:

Size and weight: 
Power Supply:

6 Chanv'i I £43Ok-6
4307-12 
4307-18 
4307-24
high, 10“ deep; 

Requires +10 vdc, -15 v d c , +130 
arc all furnished to the 430R-W 
POWER SIMPLY.

12
18
24
19“

4?0.00 
620,00 
630.00 

1040.00
wide 3-1/2"

:n vdc. These voltages 
by the Model 412R

WFC/JCH 10-15-63
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APPENDIX IV. OPERATIONAL PROCEDURE
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PROCEDURE

1. Fill the rheometer with the test fluid.

2. Seal the rheometer by tightening every other bolt, in

sequence, to the same torque, incrementing the torque

by 100 in-lbs until the final torque (450 in-lbs) is reached.
*3. Mount die on the rheometer using the correct adaptor.

4. Mount pressure transducers in the slit by screwing into 

place until they seat on the 45° shoulder. Back off two 

full turns. Place most sensitive transducer at the exit 

and the sensitive at the entrance, etc. Some tubes have 

bleed holes which need a small lead shot and set screw to

seal. Insert set screw lightly; do not seal yet.

5. Connect the transducers to the signal conditioner and 

amplifier. The amplifier leads have already been connected 

to the electronic switch, which is in turn connected to 

the oscilloscope.

6. See Appendix III-2 for the detailed procedure for setting 

up the amplifier. It takes at least one hour for the elec­

tronic system to stabilize. Once established, it will re­

main so for at least twelve hours.

* It is sometimes more convenient to reverse the order of 
steps 3 and 4.

cont.
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7. Turn on the oscilloscope. Turn on the power supply for

the Dataswitch; turn on the Dataswitch. Set the scope

"vertical" sensitivity to 100 mv/cm, "trigger source" to

external , "horizontal" display time to 2 msec/cm, both 
selector switches to AC, and the "sweep magnifier" to IX.

Camera setting is usually 1. sec exposure time at f5.6-8.

These values for the camera depend on scope intensity, and

are chosen as a matter of convenience so that the scope

intensity is comfortable to view by eye, and so that the

transparency of the outputs is of a consistent quality.

8. It is important not to move the "horizontal position" 

once the system is calibrated. Slight curvature of the 

scope tube causes a slightly non-linear trace. This 

causes errors in the measured outputs if the output is 

shifted after calibration.

9. Turn on the "main" switch for the pressurization and 

timing circuits.

10. Turn on the"timer", "auxilliary timer" and "solenoid 

main" switches (to the right); turn off "recorder",

"vacuum" and "bleed" switches (to the left).

11. Connect pressure line to the rheometer and adjust 

pressurization circuit for the desired range (Appen­

dix I IB) .

cont.



Ill

12. Before opening the nitrogen supply be sure all regulator

valves are closed; open nitrogen supply.

13. Set a low pressure on the regulator, sufficient to cause 

slow flow of the test fluid. The purpose of this stage 

is to purge air from the die and recess mounts.

14. Turn run switch on; when the material begins to flow from 

the die exit turn the switch off.

15. Once a pressure has been set on the regulator, the only 

way to run a subsequent test at a lower pressure is to 

completely bleed the supply and regulator line using 

the "bleed" switch on the control panel.

16. Cap the die with the end plate.

17. Increase the pressure on the regulator. Turn run switch 

on; material will begin to flow through the recess hole, 

forcing out entrapped air until the test fluid will begin 

to ooze out around the transducer stem (and bleed hole).

As each mount is purged, tighten the transducers (hand 

tight is usually sufficient) and the bleed hole set screws.

18. Care must be taken not to over tighten the transducers

(they will rupture internally), or the set screws (this

will force the lead shot all the way into the bleed hole, 

plugging it, requiring that it be drilled clean after the 

runs).

cont.
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19. Sometimes the transducers will not form an effective 

seal on the mounting shoulder; Teflon tape around the 

threads may be necessary. Be sure that the tape does not 

interfere with the bleeding process. Another effective 

method of sealing is to use O-rings placed over the trans­

ducer neck, against the shoulder. This method, though, 

creates a larger recess reservoir and sometimes increases 

the transducer response time.

20. After all the transducers have been tightened, a quick 

method for determining bleed effectiveness is to pressurize 

the system while at the same time watching the response

of all the transducers on the scope. Slow response times 

will be readily noticed. Sometimes no response is noted.

This is generally due to the transducer diaphragm touch­

ing a solid surface, jamming the pressure sensing mechanism. 

Back off the transducer slowly; if at some point there is 

a rapid change in the output, this was the cause.

21. The system is mechanically ready. The last adjustment 

necessary before actual measurement is the individual 

channel balance and gain. Letting the material flow slow­

ly, adjust all the gains so that all the outputs are the 

same. Be sure that at the higher pressures the outputs 

will not be off scale. Further, the optical comparator 

becomes very inconvenient to use if the outputs cover more 

than 2.0 inch.

cont.



Recap the die. To static calibrate, select a variety of 

pressures spanning the entire range. Take a picture 

(Polaroid Type 146L Transparency) of the baseline, turn 

run switch on, allow for steady state response and take 

picture of the final outputs. The camera film holder can 

be adjusted vertically so that several pictures can be 

obtained on the same frame.

After a sufficient number of static test points have been 

measured, flow runs can be made. Uncap the die, weigh 

receiver, set pressure, zero timer, turn run switch on, 

allow for sufficient response time, turn run switch off, 

weigh receiver to determine the amount of fluid extruded 

during the automatically timed interval. Repeat the process 

at various run pressures.

When too much material has been emptied from the reser­

voir, the response time of the pressure regulation system 

becomes too large, and the reservoir must be refilled, 

either reusing the just collected material or a fresh 

charge. Rather than pouring the material through the small 

opening on top; it is generally more convenient to remove 

the top plate of the rheometer, fill and then reclose.

A tripod mounted Polaroid camera (model #910) with a 

close-up lens attachment (kit #540) is used for swell 

measurements. A 3000 ASA positive film (Polaroid type 47)

cont.
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and a backlit diffusing screen coupled with the automatic 

exposure system of the camera were used to give sharp 

jet profiles (Figure IV-1) which were analyzed on the optical 

comparator. The tube outside diameter served as an internal 

measurement reference. Magnification was on the order of IX.



Silicone Fluid (30,000 cs) 
Tube Diameter - 0.186"
L/D = 15
Q = 3060 sec-1
Swell Ratio = 1.19
Figure IV-1. Comparison of Swell

Polyisobutylene- Solution 
Tube Diameter = 0.186" 
L/D = 16 
Q = 2960 sec-1 
Swell Ratio = 2 . 7 6  

Similar Flow Conditions
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APPENDIX V. BAGLEY ENTRANCE CORRECTION ANALYSIS

E. B. Bagley (40) was the first to undertake the study of 

losses in driving pressure in the entrance region. He postu­

lated that the axial pressure dropped suddenly in the entrance 

region and then assumed a linear form (Figure VI).

AP
AP—  Gradient = L + ND

0-ND L

Figure VI. Schematic Bagley Entrance Correction 
Analysis

Bagley proposed the addition of a ficticious tube length, ND, 

to the actual length such that the driving pressure gradient 

becomes [AP/(L+ND)]. The true shear stress at the wall for 

the viscometric flow region can now be written as

= D(AP) 
w 4 (L+ND)

Rearranging and solving for (L/D) yields the equation of a 

straight line and a means of obtaining N.

nD 4Tw
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Since T is a unique function of Q, cp(Q), we can write w

i  -  ND 4<p (Q)

A series of AP verses Q flow curves for a series of L/D ratio 

tubes can be plotted with [L/D] verses [AP] for constant [Q].

The intercept of the resulting line with AP=0 should yield N.

This procedure is illustrated by Figures V2 through V4.
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APPENDIX VI. PRESSURE ERROR DUE TO A PRESSURE GRADIENT ACROSS 

THE TRANSDUCER DIAPHRAGM

Given an arbitrary pressure profile, P(z), we seek to find

the error introduced by the fact that the flush mounted pressure

transducer records a pressure averaged over the diaphragm area,

rather than the point value of the pressure at the geometric

midpoint (as is the case with the recessed transducer).

Assuming that the transducer diaphragm responds symmetrically
*about the geometric center , we can represent the flush mount

transducer pressure value by the expression:
D

P (z)dA 
0_________
D dA 
0

Consequently, the error, %, would be evaluated as 

(VI-2) % = P - pj
D/2

From the figure below, we see that the differential area, dA, 

is simply the chord length, h(z), integrated over the axial 

distance, D (diaphragm diameter).

Transducer diaphragm

Pressure profile; P
Po

* Generally, pressure transducers are more sensitive in the center 
and therefore this assumption would cause the error values (§) 
calculated by this procedure to be larger than they really are.

D/2

h(z) = 2v/z[D-z]
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Thus Equation VI-1 becomes

[P (z) ] [ 2y/z [D—z] ]dz 

[ 2v/z'[D-z ] ] dz

As a first approximation, the function P(z) may be obtained from 

the actual values recorded by the flush mounted pressure trans­

ducers. Although these recorded values are in error by the 

amount 5, the perturbation to § introduced by this procedure 

is far smaller than % itself under our pressure profile condi­

tions .

If the profile is linear (e.g., P(z) = p - [Pq -Pd ][z / d ] ),

as is almost all of the data for the viscoinelastic fluid, the

evaluated 5, as expected, is identically zero. On the other

hand, if the profile is non-linear, a quadratic relation is
2 *gererally sufficient (e.g., P(z) = Pq - [P^-Pp ] [z/D]-C[zD-z ] ),

2then % is calculated to be § = CD /16.

By this method, for the viscoelastic fluid, values for | 

were much smaller than the random scatter exhibited in the 

flush verses recess transducer value comparisons in Figure 12.

As we previously mentioned, since the profiles for the inelastic 

silicone fluids were linear, the values of the calculated £ 

are zero.

yo

* The magnitude of the non-linearity in the pressure profile is 
directly related to the value for the constant C. The larger the 
value of C, the larger the non-linear effect.
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Table 1A. Tabulated Data for Figure 3 - Silicone Fluid (30,000 cs)

Recess Hole Diameter; inches
o.c) 20 0.029 0.040 0.052 0.063

T  -10~4 
W  2 dynes/cm Q-1sec V 10 4 2dynes/cm Q-1sec

V H r 4 2
dynes/cm Q-1sec

T -10 4 w 2 dynes/cm Q-1sec V 10~4 2dynes/cm Q-1sec
.359 15.2 .428 17.8 .428 16.3 .376 12.9 .512 18.4. 513 20.4 .684 26.2 .854 31.6 1.01 40.0 1.20 43.01.64 63.0 1.52 58.5 2.72 102. 1.36 52.4 2.17 82.12.27 92.1 3.13 138. 5.70 271. 1.73 67.6 3.90 163.5.23 244. 3.91 177. 7.95 414. 2.65 108. 8.55 466.6.88 343. 4.34 198. 12.3 836. 3.26 137. 11.1 702.9.37 529. 8.28 451. 14.3 1005 4.86 228. 12.7 854.13.6 930. 10.3 646. 15.1 1080 6.45 323. 16.3 127015.3 
15.9

1110
1170

13.5
16.2

960.
1280

17.5 1380 11.3 739. 17.3 1410

cont.
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Table IB. Tabulated Data for Figure 3 - Silicone Fluid (100,000 cs)

Rece s s Hole Diameter ; inches
0.020 0.029 0.040 0.052 0.063

T  *10“4 w 2 dynes/cm Q-isec
-4

V 10 2dynes/cm Q-isec V 10'4 2dynes/cm Q-1sec
-4

Tw-10 2 dynes/cm Q-isec V 10'4 2dynes/cm Q-1sec
.780 7.28 .427 4.11 .392 4.13 1.53 15.0 .534 5.221.78 14.6 .780 6.61 1.50 14.7 4.27 40.5 3.10 28.74.09 40.5 2.35 21.4 3.-38 29.6 5.66 60.8 4.49 44.66.66 74.5 4.09 35.7 8.01 86.8 7.44 82.6 5.16 54.110.8 128. 9.72 108. 11.2 134. 11.2 147. 8.37 102.13.9 188. 12.0 114. 14.5 190. 15.1 214. 12.2 162.21.2 361. 17.1 234. 18.2 262. 19.1 309. 15.7 232.26.2 525. 20.0 330. 22.4 396. 23.5 431. 19.9 321.29.2 651. 25.0 463. 26.3 512. 26.2 528. 21.2 398.28.3 591. 27.3 557. 28.8 620. 24.0 476.33.6 810. 33.3 775. 31.3 739. 27.2 625.

35.5 933. 36.1 1010

cont.
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Table 1C. Tabulated Data for Figure 3 - Polyisobutylene Solution

The tabulated data given below is in terms of apparent shear stress, S.
These values can be converted to the true shear stress at the wall, t  ,wvia the expression

T = S -t101->w (101.+N)

where N, the Bagley entrance correction is given by the equations
0 400N = 0. 97(Q) ' 1 < Q < 100

N = 0.76(Q)0,472 100 < Q < 4000

Recess Hole Diameter; inches

0. 020 0.029 0.040 0 .052 0 .063

S*10"4 2
dynes/cm Q-1sec

-4
S '10 2 dynes/cm Q-isec

s *1°-42
dynes/cm Q-1sec

S '10”42
dynes/cm Q-1sec

S •10_4 
dyne s/cm Q-1sec

1.63 1.17 1.73 1.42 1.79 1.75 1.59 1.04 .834 .140
1.95 2.34 2.12 3.22 2.15 3.90 1.67 1.27 1.31 .530
2.65 31.0 2.41 10.9 2.50 16.2 2.07 2.95 2.10 3.21
2.70 40.2 2.50 14.8 2.70 37.3 2.31 6.24 2.22 5.40
2.94 101. 2.65 30.4 2.92 108. 2.58 21.0 2.39 11.0
3.21 296. 2.85 87.0 3.04 164. 2.77 52.2 2.53 18.4
3.29 361. 3.32 379. 3.11 202. 3.10 177. 2.66 35.6
3.39 537. 3.55 813. 3.38 544. 3.14 230. 2.79 61.8
3.47 602. 3.89 1260 3.49 653. 3.45 545. 2.91 86.1
3.90 1220 4.28 1690 3.58 800. 4.01 1400 3.20 248.
4.35 1830 4.37 1850 3.67 914.



127

Table 2. Tabulated Data for Figure 4 - Silicone Fluids (30,000 cs 
and 100,000 cs) and Polyisobutylene Solution

Silicone Fluids Polyisobutylene 
Solution

30,000 cs 100,000 cs

Q , Q , Q ,6 -1 6 -1 6 -1sec sec sec

1.000 21.7 1.019 19.0 1.150 5.10
1.025 42.4 1.037 39.1 1.131 7.00
1.012 62.1 1.056 74.8 1.178 29.9
1.045 81.1 1.071 101. 1.322 92.3
1.038 104. 1.076 130. 1.433 219.
1.019 129. 1.086 183. 1.735 440.
1.038 156. 1.088 195. 1.970 800.
1.077 211. 1.095 270. 2.129 1080
1.071 289. 2.436 1730
1.084 349. 2.698 2810
1.077 518. 2.940 4940
1.071 589. 3.440 10900
1.103 600.
1.077 740.
1.116 926.
1.149 1350
1.149 1540
1.188 2180
1.188 3060
1.253 4340



Table 3. Tabulated Pressure Transducer Data for Figures 8 and 9 - Silicone Fluid (100.000 cs)

Recess
Hole
Diam;

Q Pressure; psi

-1sec
Position 0.000 0. 500 2. 000 3. 500 5 .000

inches Mount --- Flush Recess Flush Recess Flush Recess Flush Recess
0.020 14.6 50. 42. 41. 31. 31. 18. 18. __ 7.

40.5 115. 108. 108. 79. 78. 47. 48. 18. 18.
74.5 187. 175. 175. 126. 128. 78. 76. 32. 32.
128. 302. 276. 277. 203. 203. 128. 125. 53. 52.
188. 389. 355. 357. 262. 262. 164. 162. 65. 66.
361. 596. 538. 538. 390. 387. 243. 243. 95. 96.
525. 737. 674. 674. — — 305. 305. 124. 124.
651. 819. 674. 674. — — 337. 337. 135. 135.

0.029 6.61 22. 15. ; 5 10. 11. 7. 7. __ __
j 21.4 66. 58. 58. 41. 42. 26. 26. — — 10.|
1 35.7 115. 100. 98. 72. 72. 45. 45. 19. 19.

108. 273. 245. 245. 180. 180. 112. 113. 45. 44.
144. 338. 301. 302. 220. 220. 137. 137. 55. 55.
330. 562. 515. 516. 373. 370. 228. 228. 86. 87.
463. 701. 650i 650. 466. 465. 290. 290. 118. 118.
591. 795. 730. 730. 530. 529. 329. 330. 134. 134.
810. 945. 865. 865. 625. 625. 393. 393. 160. 160.

0.040 29.6 95. 83. 84-. 59. 61. 37. 37. 15. 15.
86.8 225. 207. 207. 152. 153. 95. 95. 37. 38.
134. 315. 290. 288. 212. 212. 132. 131. 52. 52.
190. 407. 373. 373. 273. 273. 170. 170. 68. 68.
262. 510. 467. 465. 341. 340. 213. 212. 87. 86.
396. 628. 578. 578. 423. 420. 261. 260. 100. 101.
512. 740. 678. 678. 495. 492. 307. 307. 122. 122.
557. 768. 705. 704. 513. 512. 322. 319. 128. 127.
775. 935. 861. 861. 624. 624. 392. 392. 107. 107.

4-
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Table 3 (cont.). Tabulated Pressure Transducer Data for Figures 8 and 9 - Silicone
Fluid (.100.000 csTi

RecessTT-. 1 A Q Pressure; psi
H o l e

Diam; -1 Position 0.000 0. 500 2. 000 3. 500 5. 000
inches sec Mount --- Flu sh Recess Flush Recess Flush Recess Flush Recess
0.052 15.0 43. •COro 38. 29. 29. 18. 18.

40.5 120. 105. 105. 74. 75. 44. 45. 19. 18.82.6 209. — 190. 138. 139. 85. 84. 33. 33.147. 315. 289. 290. 213. 212. 130. 130. 53. 53.214. 424. 383. 383. 284. 283. 173. 174. 73. 74.
309. 536. 487. 488. 359. 360. 224. 223. 89. 88.431. 661. 608. 608. 437. 438. 277. 276. 110. 110.528. 737. 679. 679. 490. 489. 311. 310. 123. 124.
620. 809. 742. 742. 539. 540. 342. 342. 142. 141.
739. 879. 804. 804. 581. 583. 368. 368. 147. 147.933. 997. 913. 912. 659. 660. 417. 415. 166. 166.

0.063 5.22 15. 14. 14. 9. 9. 6. 6.
28.7 85. 74. 75. 56. 56. 34. 33. 14. 14.
54.1 145. 137. 138. 97. 97. 60. 59. 20. 19.102. 235. 215. 215. 158. 158. 99. 97. 39. 39.162. 342. 313. 313. 227. 227. 143. 142. 57. 58.232. 441. 400. 399. 292. 293. 182. 181. 71. •r—1

321. 558. 503. 503. 365. 365. 227. 227. 89. 89.398. 595. 545. 545. 394. 393. 241. 241. 91. 92.
476. 673. 615. 615. 445. 445. 273. 275. 112. 112.
625. 765. 702. 702. 508. 508. 312. 312. 122. 123.
738. 842. 774. 775. 557. 556. 344. 345. 139. 139.
1010 1015. 930. 930. 665. 665. 413. 414. 170. 169.



Table 4. Tabulated Pressure Transducer Data for Figures 10. 11. and 12 - Polyisobutylene Solution

Recess
Hole
Diam;
inches

Q
-1sec

Pressure; psi
Position 0.000 0. 500 2. 000 3. 500 5. 000 *

PLMount ----------- Flush Recess Flush Recess Flush Recess Flush Recess
0.020 4.80 56. 53. 3 53.5 39.0 39.0 25.0 24.8 12.5 1.0011.9 68. 63.0 62.0 45.3 44.8 29. 5 28.5 15.0 1.5022.4 76. 69.0 68.0 51.0 50.0 32.8 32.8 _ _ 1.7572.5 85. 78.0 77.0 58.0 56.5 37.0 36.8 — — 19.0 2.50390. 91. 84.0 84.0 62.0 60.0 40.3 40.0 19.0 4.25
0.029 3.30 50. 47.5 48.0 32.5 32.5 21.0 22.0

11.0 70. 65.5 65.5 48.5 48.5 31.5 31.0 14.0 14.5 2.0020.1 75. 66.5 67.0 50.0 49.5 33.0 32.0 14.0 14.0 2.2531.8 76. 68.5 69.0 51.0 51.0 34.0 33.0 14.0 14.0 2.00154. 85. 77.0 80.0 58.0 57.5 38.0 36.5 16.5 17.0 2.75392. 91. 83.0 83.0 63.0 62.0 40.5 37.5 19.0 19.5 5.50564. 93. 83.5 84.0 63.0 63.0 42.0 40.5 20.0 20.5 6.601400 115. 96.0 96.0 71.0 71.5 48.0 48.0 24.0 24.5 8.50
0.040 6.16 63. 57.0 57.0 42.0 43.0 27.5 27.0 11.0 0.5013.0 78. 71.0 71.0 52.0 54.0 33.5 33.0 14.0 14.5 1.5030.1 83. 76.0 76.0 57.0 57.5 36.5 37.0 16.5 16.5 2.5085.0 89. 81.0 82.5 62.5 62.0 40.0 40.0 18.0 18.0 2.00166. 90. 83.0 83.0 64.5 63.5 40.5 40.0 18.0 18.0 2.25201. 97. 86.0 86.0 65.5 65.0 43.5 42.5 19.0 20.0 4.50256. 98. 88.0 89.0 67.0 66.0 44.0 46.0 20.0 21.0 5.501310 118. 97.0 97.0 70.5 69.0 47.0 44.0 23.0 22.0 -7.00

* r> , , . _ _ , cont.L 1S obtained bV the linear extrapolation of the profile to the slit exit.
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Table 4 (cont.). Tabulated pressure Transducer Data for Figures 10, 11, and 12 - Polyisobutylene Sol'n

Recess Q Pressure; psi
Hole
Diam;
inches

-1 Position 0.000 ‘ 0. 500 2. 000 3. 500 5. 000 *psec Mount --- Flush Recess Flush Recess Flush Recess Flush Recess L

0.052 1.54 39. 35.0 35.0 28.0 27.5 18.0 20.0 13.0
4.04 53. 49.0 49.0 37.3 37.5 26.0 26.5 — 18.0 —
18.4 74. 66.0 66.0 49.5 49.5 32.0 32.0 — — 2.00
80.0 82. 78.0 78.0 59.0 59.0 39.5 39.0 — 19.0 3.00
312. 92. 84.0 84.0 64.5 63.4 46.0 46.5 — 19.0 5.00
489. 100. 88.0 87.5 67.5 67.5 48.0 48.5 20.0 20.0 5.00
798. 106. 90.0 90.0 71.0 70.5 49.0 48.5 22.0 21.5 7.50
899. 109. 91.5 92.0 73.5 72.0 50.0 50.5 24.0 25.5 9.50

0.063 1.35 28. 26.0 26.0 20.5 20.5 14.0 14.5 8.0
2.00 39. 36.0 35.0 29.0 29.5 19.0 20.0 -- 11.5 --
7.00 56. 54.0 52.. 5 41.0 42.0 27.5 27.5 14.0 14.0 1.00
46.0 75. 67.5 68.0 52.0 52.0 35.0 35.0 17.5 17.5 2.50
66.8 78. 70.0 70.0 53.5 54.5 36.5 36.5 17.5 18.0 3.00
134. 87. 79.0 79.0 59.0 59.5 40.0 40.0 19.5 19.5 3.50
157. 89. 81.5 81.5 61.5 61.5 41.5 41.0 19.5 20.0 4.00
654. 101. 88.0 87.0 67.0 67.5 45.5 43.5 21.0 21.5 7.50
1320 112. 90.0 91.0 67.5 67.5 46.0 45.0 22.0 22.0 8.50

* P is obtained by the linear extrapolation of the profile to the slit exit. Li



Table 5. Tabulated Pressure Transducer Data for Figure 13 - Silicone Fluid (30,000 cs)

Recess 
Hole 
Diam.; 
inches

Q Pressure; psi
-1sec Axial

Position 0.00 2.25 3.75 5.25 7.25 11.00 16.00 22.00 29.00
0.020 150. 204. 187. 178. 166. 156. 129. 98. 63 ." 16.341. 403. 369. 348. 328. 300. 255 . 195. 120. 31.707. 662. 606 . 570. 540. 492. 417. 319. 195. 49.1170 930. 834. 787. 739. 679. 571. 433. 264 . 68.
0.029 32.7 49. 52. 52. 45. 43. 36. 27. 16. 4.

85.0 125. 117. 108. 101. 93. 80. 58. 35. 9.243. 295. 276. 261. 247 . 229. 190. 146. 85. 22.
450. 484. 457. 435. 411. 373 . 318. 238. 141. 37.
645. 626. 581. 547. 517. 476. 401. 302. 181. 48.883. 750. 694. 657. 621. 567. 484. 363. 217. 57.1175 953. 882. 831. 781. 717. 612. 461. 274. 73.
1395 1013. 945. 874. 826. 750. 629. 483. 288. 77.

0.040 102. 159. 143 . 138. 130. 122. 102. 78. 44. 12.
333. 399. 358. 339. 319. 297. 249. 190. 113. 29.702. 658. 606. 574. 539. 495. 418. 316. 190. 51.
1135 882. 799. 752. 709. 650. 550. 412. 250. 66.

0.052 67.5 101. 90. 81. 76. 69. 61. 46. 27. 7.
227. 285. 250. 237. 221. 211. 175. 131. 79. 21.
586. 564. 516. 495. 462. 425. 361. 272. 164. 43.
1300 955. 864. 813. 766. 703. 603. 447. 272. 71.



Table 5 (cont.). Tabulated Pressure Data for Figure 13 - Silicone Fluid (30,000 cs)

Recess 
Hole 
Diam.; 
inches

Q
-1sec

Pressure; psi
Axial 
Posit ion 0.00 2.25 3.75 5.25 7.25 11.00 16 .00 22.00 29.00

0.063 36.2 58. 52. 50. 48. 41. 36. 25. 19. 5.68.4 127. 116. 105. 102. 93. 79. 59. 36. 10.162. 228. 219. 204. 195. 179. 152. 117. 69. 19.490. 538. 484. 457. 435. 401. 342. 258. 158. 43.603. 585. 532. 501. 480. 441. 369. 283. 172. 46.1270 950. 865. — 770. 704. 594. 449. 374. 73.



Table 6. Tabulated Pressure Transducer Data for Figures 14 and 15 - Polyisobutylene Solution

Recess 
Hole 
Diam.; 
inches

Q
-1sec

Pressu re; psi
*

PRL
Axial
Position 0.00 2.25 3.75 5.25 7.25 11.00 16.00 22.00 29.00 31.50

0.020 23.2 149. 131. 121. 115. 106 . 92. 69. 42. 11.
40.1 158. 139. 134. 126. 116. 102. 76. 48. 15. 1.25
170. 179. 155. 146. 139. 127 . 109. 83. 52. 16. 3.00
600. 203. 168. 158. 152. 140. 121. 93. 60. 21. 7.25
1220 228. 178. 166. 160. 147. 125. 97. 63. 23. 8.75
1840 255. 189. 175. 165. 153. 131. 100. 66. 24. 9.50

0.029 .104 46. 43. 41. 39. 34. 28. 21. 14. 4.
.501 77. 73. 71. 64. 60. 50. 38. 24. 7. _____

4.75 130. 121. 117. 109. 99. 86. 64. 40. 11. ______

37.8 158. 144. 137. 130. 121. 103. 78. 47. 14. 1.00
88.0 167. 152. 146. 137. 127. 109. 81. 48. 15. 1.50
203. 180. 163. 152. 143. 132. 113. 85. 53. 16. 2.75
380. 194. 169. 157. 149. 139. 119. 90. 56. 18. 4.50
600. 200. 169. 160. 150. 139. 119. 90. 57. 18. 5.00
813. 208. 177. 165. 155. 143. 124. 94. 56. 21. 6.50
1260 228. 181. 168. 158. 146. 124. 96. 58. 21. 7.00
1690 251. 193. 178. 164. 150. 129. 99. 64. 22. 8.25

0.040 37.0 158. 142. 135. 128. 120. 102. 76. 47. 14. 1.25
108. 171. 156. 148. 145. 131. 112. 84. 53. 16. 2.50
281. 187. 166. 156. 148. 136. 116. 91. 57. 18. 4.00
653. 204. 170. 161. 154. 141. 122. 96. 60. 19. 6.50
1780 252. 192. 177. 167. 151. 131. 102. 66. 25. 10.50

* Obtained by extrapolation of the profile to the tube exit
cont.



Table 6 (cont.). Tabulated Pressure Transducer Data for Figures 14 and 15 - Polyisobutylene Solution

Recess 
Hole 
Diam.; 
inches

Q
-1sec

IPressure; psi
*

PRL

31.50
Axial
Position 0.00 2.25 3.75 5.25 7.25 11.00 16.00 22.00 29.00

0.052 .029 23. 22. 20. 19. 18. 14. 10. 7.
62.1 163. 148. 140. 135. 124. 104. 81. 51. 15. 1.75
168. 176. 161. 153. 144. 133. 114. 89. 54. 17. 3.50203. 180. 161. 153. 147. 136. 116. 89. 57. 18. 4.00506. 200. 171. 162. 156. 144. 125. 96. 62. 20. 5.501210 228. 186. 172. 164. 152. 132. 102. 67. 23. 8.501730 250. 190. 177 . 168. 155. 136. 104. 68. 24. 10.00

0.063 .052 32. 30. 29. 26. 24. 19. 15. 9. 3.
16.9 148. 137. 131. 125. 115. 100. 74. 46. 13. 1.0052.4 162. 152. 143. 135. 124. 106. 81. 49. 15. 2.00
196. 179. 159. 150. 144. 132. 113. 88. 54. 16. 3.00
405. 193. 170. 159. 150. 140. 120. 91. 57. 17. 4.50
838. 211. 186. 170. 160. 149. 126. 97. 60. 20. 6.00
1770 253. 194. 180. 166. 152. 129. 100. 63. 22. 7.50

* Obtained by extrapolation of the profile to the tube exit
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Table 7. Tabulated Pressure Transducer Data - Silicone Fluid (30,000 cs)

Tube 
Diam. ; 
inches

Q
-1sec

Pressure; psi
Axial
Position 0. 00 2. 25 3.75 5. 25 7. 25 11. 00 16. 00 22.00 29. 00

0. 312 - SEE TABLE 5

0. 242 134.
284.
468.
687.
1415

Axial
Position 0.00 2. 25 3. 75 5. 25 7. 00 9. 50 13. 00 17. 00 22.00

187.
355.
515.
657.
1055.

179.
322.
461.
594.
958.

165.
300.
429.
555.
880.

154.
279.
394.
512.
813.

139.
253.
361.
470.
736.

120.
218.
309.
399.
628.

93.
167.
237.
306.
481.

58.
106.
151.
196.
306.

19.
35.
50.
65.

102.

0. 186 121.
219.
406.
823.
1435

Axial
Position 0. 00 2. 25 3. 75 5. 25 6. 75 8. 50 10. 50 13. 50 16. 50

164.
271.
457.
740.

1055.

143.
234.
390.
651.
939.

130.
211.
351.
585.
846.

115.
188.
316.
523.
744.

102.
170.
282.
461.
657.

89.
140.
241.
396.
556.

71.
115.
192.
315.
445.

42.
71.

121.
199.
279.

17.
31.
50.
83.

116.



Table 8. Tabulated Pressure Transducer Data for Figures 16 and 18 - Polyisobutylene Solution

Tube 
Diam. ; 
inches

Q
-1sec

Pressure; psi PRLAxial
Position 0. 00 2. 25 3. 75 5. 25 7. 25 11.00 16. 00 22. 00 29. 00 31. 50

0.312* 16. 7 
61. 1 
188. 
530. 
1390

151.
170.
183.
208.
253.

138. 0 
158. 5 
163. 0 
178.0 
195. 0

133. 5 
148. 0 
156. 0 
166. 0 
183. 0

122. 0 
139. 0
144.0
157.0 
169. 5

113. 0 
129. 0
134.0
146.0 
154. 5

98. 0 
110. 0
114.0
125.0 
132. 5

75. 5 
82. 0 
87. 5 
96.0 

102. 0

45. 5 
51. 0 
53. 0 
60. 0 
65. 5

12. 5
15. 5
16. 0 
19. 5 
22. 0

1. 00
2. 25
3. 25 
5. 25 
7. 50

0. 242 . 657 
16.4 
138. 
380. 
669. 
1615 
2345 
2750

Axial
Position 0.00 2. 25 3. 75 5. 25 7.00 9. 50 13.00 17. 00 22.00 24. 50

79.
151.
181.
198.
210.
248.
273.
296.

71. 5 
140. 0 
166.0 
172. 0 
182. 5 
199. 0 
210. 0 
214.0

67. 5 
132. 0 
155. 5 
160. 0 
171. 0 
182. 0 
191. 0 
193.0

61. 5 
122. 0 
145. 5 
151. 0 
157. 0 
168. 0 
173.0 
176. 0

55. 5 
112.0
133.0 
140. 0 
146. 5
154.0
159. 0
160. 0

48. 0 
97. 0

115.0 
119. 5 
125. 0 
133. 0 
137. 0
138.0

37. 5
73.0
88.0 
92. 5 
97. 0

105.0 
108. 0 
109. 5

23. 0 
49. 5 
59. 0 
62. 0 
63. 0 
68. 0 
69.0 
72. 5

8. 5
17.0
20.0 
22. 0 
24. 0 
27. 5
29. 0
30. 5

1. 00 
2. 75 
5. 00 
5. 50
7. 50
8. 50
9. 00

* See Table 6 for additional runs with the 0.312 inch diameter tube
cont.



Table 8 (cont.). Tabulated Pressure Transducer Data for Figures 16 and 18 - Polyisobutylene Solution

Tube 
Diam. ; 
inches

Q
-1sec

Axial
Position

Pressure; psi p**RL
0. 00 2. 25 3. 75 5. 25 6. 75 8. 50 10. 50 13. 50 16. 50 18. 50

0. 186 . 230 56. 50. 0 44. 0 40.0 36.0 31.0 25. 0 15.0 5. 01. 00 91. 78. 5 73. 0 66. 0 59. 0 51. 0 41.0 25.0 9. 5 ___
4. 06 129. 117.0 106. 5 96. 5 86. 0 74.0 58. 0 37. 5 15. 0 _ _ _
29. 0 165. 147.0 131.0 119. 0 107. 0 91.0 72. 5 45. 5 18. 0 1. 0097.6 172. 156. 0 142.0 128. 5 115. 0 97. 5 79. 5 50. 5 20. 5 2. 50240. 185. 167.0 150.0 135. 0 122. 0 103. 0 85.0 55.0 22. 5 4.00278. 188. 168. 5 150. 5 136. 5 123. 5 102. 0 85. 0 54. 0 22. 5 4. 00517. 198. 172. 0 156. 0 140.0 127. 0 109. 0 89. 0 56. 5 24. 5 5. 75680. 209. 176.0 162. 0 146.5 130. 5 114.5 92. 0 60.0 27. 0 6. 25983. 219. 181.0 165. 0 151.0 133.0 115.0 95.0 59. 5 27. 5 7. 001465 240. 188.0 173.0 148.5* 139. 0 118. 5 98. 5 64.0 31.0 8. 502180 258. 188.0* 178. 5 156. 5 138. 0 124. 5 101. 5 63. 5 30. 0 9. 50|2610 271. 201. 5 181.0 159.0 142. 5 123. 0 103.0 64.0 32. 0 9. 003380 291. 215.0 188.0 165. 5 146.0 127.0 104.0 69.0 33. 5 9. 754045 310. 229.0 192. 0 170.0 151.0 132. 0 106. 0 69.0 34. 0 10. 50

* These values are noticeably in error
** Obtained by extrapolation of the profile to the tube exit
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Table 9. Tabulated Swell Data for Figure 17 - Polyisobutylene Solution

Lenqth to Diameter Ratic
2. DO 4. 00 8. 00 16. 00 64. 00Q Q Q Q Q

-1sec 6 -1sec 6 -1sec 6 -1sec 6 -1sec 6

6. 50 1. 20 12. 2 1. 22 1. 96 1. 23 5. 62 1. 14 5. 10 1. 1541.4 1.45 13.8 1. 14 15. 8 1. 24 78.0 1. 30 7. 00 1. 13175. 1.84 43. 3 1. 32 72.0 1. 38 193. 1.49 30. 1 1. 18299. 1. 90 70. 1 1.45 125. 1. 59 203. 1. 52 92. 3 1. 32572. 2. 34 152. 1.71 258. 1.81 374. 1. 77 219. 1. 431135 2.63 340. 1. 94 500. 1. 94 727. 2. 15 440. 1. 741205 2.63 355. 2.03 695. 2. 23 1460 2. 41 800. 1. 971615 2. 79 503. 2. 22 908. 2. 29 1750 2. 57 1080 2. 131670 2. 79 661. 2. 38 1070 2. 29 2960 2. 76 1725 2.442290 2. 92 850. 2.41 1275 2.44 2810 2. 691205 2. 57 1620 2.60 4940 2. 942670 2.86 2140 2. 66 10900 3.443885 3. 12 2500 2. 73
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Table 10. Tabulated Pressure Drop Data for the Bagley Entrance

Correction Analysis for Figures 19,AV-2,AV-3 and AV-4 - 

Polyisobutylene Solution

Length to Diameter Ratio
2 4 8 16 64 100

AP Q AP Q AP Q AP Q AP Q AP Q
psi -1 -1 -1 -1 -1 -]sec psi sec psi sec psi sec psi sec psi sec

5.5 6. 55 3. 0 . 211 5. 0 . 240 11. 0 .415 31. 0 . 193 47. 0 . 150
10. 5 35. 1 5. 0 . 702 10. 5 1. 81 17. 5 1. 25 50. 0 . 755 55. 0 . 232
16. 0 176. 6.8 2.41 16. 5 17. 6 22. 5 3. 02 67. 0 1. 52 61. 0 . 304
20. 5 298. 8. 3 5. 67 21. 5 56. 5 25. 0 5. 81 81. 0 2. 97 68. 0 . 398
21. 0 327. 10. 0 12. 2 22. 5 70. 2 25. 5 6. 88 90. 0 7. 12 76. 0 . 538
31. 5 842. 10. 0 13. 8 26. 0 126. 28. 0 12.8 99. 0 30. 2 80. 0 . 679
39. 0 1210 15. 0 43. 3 29. 5 255. 32. 0 38. 0 111.0 101. 92.0 1.04
47. 0 1660 15. 5 70. 2 31. 0 252. 35. 5 71. 2 119. 0 199. 98. 0 1. 19
60. 0 2280 20. 0 150. 37. 5 503. 42.0 192. 130. 0 373. 105. 0 1.61
75. 0 3390 26. 0 342. 38. 5 480. 42. 0 203. 139. 0 598. 122. 0 2. 57
85. 0 3860 26. 0 351. 43. 0 679. 47. 0 356. 144. 0 723.. 133. 0 4. 21

30. 0 497. 51. 0 889. 49. 0 380. 153. 0 1010 141. 0 7.02
35. 0 749. 55. 0 1100 60. 0 735. 162. 0 1275 148. 0 13.0
45. 0 1190 57. 0 1250 70. 0 1125 186. 0 1950 153.0 21. 5
55. 0 1520 65. 0 1580 90. 0 2065 214. 0 3200 158. 0 27. 7
65. 0 2200 75. 0 2160 109. 0 3010 160. 0 40.8
74.0 2620 85. 0 2460 166. 0 58.6
87. 0 3600 99. 0 3510 172. 0 

181. 0 
185. 0 
190. 0 
195. 0 
200. 0 
210. 0 
222. 0 
247. 0 
263. 0 
278. 0 
297. 0 
310. 0

96. 2
178.
252.
271.
370.
516.
714.
975.
1430
2110
2£50
3220
3 980
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Table 11. Tabulated Pressure Drop Data for the Bagley Entrance

Correction Analysis for Figures 20,AV-2,AV-3 and-AV-4 - 

Polyisobutylene Solution

Q Length to Diameter Ratio
-1sec 2 4 8 16 64 10 0 N

1. 00 3. 10 3. 70 8. 70 15.4 59. 0 92. 0 1. 0
2. 00 3.85 6.40 10.8 19. 6 73.0 113. 1. 3
5. 00 5. 10 8. 00 13.4 24. 5 87. 0 135. 2. 0
10. 0 6.40 9. 50 15. 2 27. 3 94. 0 143. 2. 5
20. 0 8. 00 11. 2 17. 2 30. 0 98. 0 151. 3. 5
50. 0 10. 5 14. 3 20.8 33. 5 104. 163. 5.0
100. 13. 5 17. 5 24. 0 37.0 111. 172. 6. 5
200. 17. 5 22. 0 28. 5 42. 0 120. 183. 9. 0
500. 25.8 30. 5 39. 5 53. 0 136. 200. 13. 5
800. 32. 0 38. 0 47.0 61. 0 146. 213. 17. 0
1000 36. 0 43.0 52.0 67. 0 152. 223. 19.0
2000 54. 0 63. 0 71.0 89. 0 182. 259. 27. 0
3000 71.0 80. 0 89.0 108. 210. 290. 32. 5
4000 87. 0 96.0 106. 128. 240. 313. 37.0
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Table 12. Tabulated Data for the Three Material Functions of

Figure 21 - Polyisobutylene Solution

Q
-1sec

T . 10 4 w
dynes/cm^

PRL-10'4
dynes/cm

-4a • 10 

dynes/cm^

-4
0 2 1° 

dynes/cm^

Excess 
Elastic ^ 
Stress- IO2 
dynes/cm

1.00 1. 69 — mm mm _ _
2. 00 2. 13 ---- ---- ---- --- -
5.00 2.40 2. 76 2. 76 17. 3 --- -
10. 0 2. 52 4.83 4.83 34.8 --- -
20. 0 2.64 7. 11 7. 11 79. 7 --- -
50. 0 2. 76 12. 08 12. 08 163. 7 --- -
100. 2. 83 17. 25 17. 58 272. 8 --- -
175. 2.87 ---- ---- 281. 3 --- -
200. 2. 91 23. 81 24. 15 270. 1 3. 6
500. 3. 07 35. 88 37. 11 177. 1 25. 5
800. 3. 20 43. 13 45. 39 159. 0 68. 3
1000 3. 29 46. 58 49. 56 152. 7 102. 1
2000 3. 58 58. 65 67. 84 141. 8 262. 2
3000 3. 76 65. 55 84. 21 138.4 400. 2
4000 3. 95 72.45 104.18 130. 0 531. 3

* Values of P were obtained from Figure 18 RL
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Table 13. Tabulated Recoverable Shear Strain Values of Figure 22 - 
Polyisobutylene Solution

Q
-1sec

6 SR (Eq. 29) V Tw
5.00 1.10 2.40 1.15
10.0 1.13 3.00 1.92
20.0 1.15 3.30 2.69
50.0 1.25 4.85 4.38
100. 1.32 6.00 6.21
200. 1.44 8.10 8.30
500. 1.78 15.8 12.1
800. 1.93 20.4 14.2
1000 2.13 27.7 15.1
2000 2.50 44.3 19.0
3000 2.72 57.0 22.4
4000 2.88 68.0 26.4
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Table 14. Recoverable Shear Strain at the Die Entrance Values

for Figure 23 - Polyisobutylene Solution

Q
-1sec

Cn N II O Tanner Bagley et al. SR (Eq.32) Sr (Eq* 33)
10.0 1.35 6.40 5.65 10.2 1.92
20.0 1.42 8.90 6.41 13.4 2.69
50.0 1.58 11.0 8.08 20.0 4.38
100. 1.72 14.3 9.67 26.4 6.51
200. 1.96 21.0 12.9 36.8 9.54
500. 2.35 37.5 18.7 56.0 20.4
800. 2.55 48.5 22.1 70.0 35.5
1000 2.70 57.0 24.7 77.4 46.2
2000 3.00 77.0 30.5 108. 92.2
3000 3.20 93.0 34.7 130. 129.
4000 3.37 108. 38.6 150. 161.
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Table 15. Tabulated Material Relaxation Time Values of Figure 24 - 

Polyisobutylene Solution

Q
-1sec

Material Relaxation Times; sec
Excess Elastic 
Stress Relaxation

Swell Ratio 
Decay

10. 0 _____ 4. 70
20. 0 ---- 3.00
50. 0 ---- 1. 26
100. ---- . 677
200. ---- .423
500. ---- . 145
515. . 0966 ----
680. . 0780 ----
983. .0420 ----
1000 ---- . 0571
1465 . 0287 ----
2000 ---- .0288
2180 . 0198 ----
2610 .0193 ----
3000 ---- .0196
3380 . 0202 ----
4000 ---- .0136
4045 .0159 ----
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