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Zusammen/assung 
Eine gummiart ige Fliissigkeit (definiert gem/~fi [1], 

[3]) wird einer homogenen station/~ren Scherstr6mung 
yore Gesehwindigkeitsgef/~lle G yon der  Zeit  t = - -  cx~ 
his t = tl unterworfen. Die Spannung ist  Nul] fiir t t> tl. 
Die Form wird als Funkt ion  yon t ffir t > tl mi t  Hilfe 
numeriseher Methoden ffir versehiedene Werte  yon G 
und  des Parameters  a, / in der  Er innerungsfunkt ion [3] 
berechnet.  Tr/~gheitskr/~fte werden vernachli~ssigt. Die 
Erholung ergibt  sich als yon der in Abb.  1 dargestell ten 
Ar t  mi t  gleichen seitlichen Ausdehnungen h,_, e a und  
einem Schub;  sic erh6hen sieh insgesamt gleiehm~,Big 
mi t  der Zeit. Die haupts~chliehe E r h o h n g  finder mi t  
Unte rbreehungen  bei t = tl start .  Der Schuberholungs- 
winkel e iibersteigt n icht  45 ~ 
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1. Introduction 
The most widely used apparatus for meas- 

uring viscosity is the capillary rheometer. In 
this apparatus, the material is forced through 
small diameter cylindrical capillaries. The 
pressure required at given or measurable 
flow rates is recorded. 

The shear stress at the wall (~w) for a long 
cylindrical capillary and the apparent shear 
rate (De) are given by :  

[1] 

40  De - -~W ' [2] 

where P = driving pressure, R = radius of 
tube, L = length of tube, Q =volume out- 
put  per second. 

There is a unique relationship between ~w 
and Dc when 
1. the requirement of no slip is met; 
2. flow in the capillary is independent of the 

distance from the entrance (or exit). This 
implies that  the capillary must be suffici- 
ently long and pressure dependency of 
density and flow properties negligible. 
For any liquid it is found experimentally, 

that at given apparent shear rate, the pressure 
is not proportional to (L/R) but  rather to 
[(L]R) + n], where n is a term which accounts 
for the entrance loss (change of velocity and 
streamlines upon entering the tube), and is 
independent of L at constant R. 

For Newtonian liquids at  low shear rates, 
n is called the Couette constant and various 
values between 0.57 and 0.82 have been 
quoted. These values are independent of the 
stress. For non-Newtonian materials, such as 
polymer melts, n is found to be much larger 
in general and dependent on ~w. For measure- 
ments of viscosity, the elimination of the end 
correction n is an inconvenience since a series 
of capillaries with different L]R must be used. 
I t  would be preferable to examine the pres- 
sure distribution along one capillary. Un- 
fortunately, in view of the necessarily small 
dimensions of capillaries (small diameter to 
ensure an even temperature distribution 
throughout the melt; fairly short length be- 
cause of at tendant  machining difficulties 
with small diameter tubes) this is not prac- 
tical yet. 

In  a rectangular slit capillary, however, 
one has the possibility of measuring the pres- 
sure distribution along its length. On the 
longer side of the rectangle, smooth fitting 
pressure gauges can be mounted. The small- 
ness of the other side of the rectangle then 
ensures an even temperature distribution 
throughout the liquid. 

The flow of Newtonian liquids through rect- 
angular channels has already been theo- 
retically analysed; see for instance ref. 1. 
I t  is found that,  for these liquids at least, the 
breadth/width ratio of the rectangular cross 
section of the slit has to be greater than 10/1 
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to give an error smaller than 7% in the cal- 
culated viscosity, when the slit is treated as 
ideal (that is of finite breadth and infinitely 
small width). 

The flow of real non-Newtonian fluids of 
any kind has never been treated theoreti- 
cally for anything but ideal slits. Polymer 
melts show a more plug like flow through 
cylindrical capillaries. It is therefore thought 
that with slits of breadth/width ratio greater 
than 10/1 ideal slit flow behaviour should 
occur to a better approximation than with 
Newtonian liquids. 

The intent of this investigation was to 
compare the results of measurements carried 
out with slits of different breadth/width 
ratios, as well as with different cylindrical 
capillaries. A series of different polyethylene 
grades was investigated in this way. All 
measurements were made in the region where 
the extrudate was smooth. 

The equations for the ideal slit, replacing 
equations (1) and (2) for the capillary are: 

~w = (a/2) (P/L) [3] 
6Q 

D, = -b-~' E4] 

where a = (short) width of slit 
b = (long) breadth of slit 

Dc = apparent rate of shear. 
In Newtonian flow the quantities De and 

Ds are the real rat~s of shear at the wall, in 
non-lqewtonian flow they are related to the 
real rate of shear (q) by the relations [Rabino- 
witsch (2)]. 

De [3 + d (log De) ] 
q = T L d (log Vw) J [53 

d (log J98 D,) ] 
q = ~ -  2 + ~ (log ~ )  j " [63 

These equations are valid under the same 
conditions as equations (1) and (2). 

2.  M a t e r i a l s  
The materials used were all polyethylenes.  They 

were supplied by  the manufacturer in the form of  pellets, 
and were directly used as such. 

A AlkatheneWJG 11 - low density of  melt  index 2. 
B Marlex 6050 - high density of  melt  index 5. 
C Marlex 6002 - high dens i tyo fmel t  index0.25.  

The normal investigation temperature was 190 ~ How- 
ever, some cylindrical capillary measurements were 
taken at 170 ~ as well. 

3, Experimental 
The central feature of  the experimental arrangement 

is the ram extruder. This apparatus has a variable speed 
piston and has already been described by Eswaran, 
Janesehitz-Kriegl and Sehij] (3). I t  can be used for either 
slit or capillary experiments in the range 1-200 sec-~. 
New features with respect to the above mentioned ap- 
paratus are: 

1. Use of new membraneless electronic pressure gau- 
ges developed in this  laboratory;  two kinds of which were 
used in the  course of the  invest igat ion:  

a) a water  cooled; 
b) an  uncooled set which were bo th  insensitive to 

changes in operat ing temperature.  
The readings from the  gauges were displayed on a 4 

band  char t  recorder. 
2. Use of pellatised material ,  the  conical shape of the  

piston aiding exclusion of air from the  extrudate.  
Filling of the  reservoir was done by  hand.  The reser- 

voir  was slowly filled, care being taken  to t amp the  
polymer ha rd  down whilst  carrying out  this  operation. 
After filling, about  five minutes  was allowed before run- 
ning the  appara tus ;  longer intervals  of up to 1 h r  were 
also t r ied  with no change in results. 

3.1. Slit 
As in ref. 3, the  slit is formed from two parts ,  a 

channel  wi th  rectangular  cross section being milled 
into the  surface of the  one, the  other  being left flat. The 
slit used on the  r am viscometer was of length  110 ram, 
width  0.5 m m  and bread th  l0  ram, i. e. b r e a d t h / w i d t h =  
20/1, Pressure measuring points were at  15, 55 and  95 m m  
from the  exit, and  also one within the  reservoir. The 
protrusion of the  pressure gauges into the  viscometcr 
channel  was no greater  t h a n  0.02 ram. The two halves of 
the  slit are clamped together  wi th  a large number  of 
heavy  screws. Two keys ensure the  jus t  positioning of 
the  halves. 

Two other  slits of similar construction were also used, 
the  b r e a d t h / w i d t h  ratios of these were 10/1 and  30/1 
(exactly: 12 ram/1.2 mm;  20 ram/2 m m  and 18 m m /  
0.6 ram). However, these slits were only suitable for use 
with a screw extruder.  Their  outputs  were only measur- 
able in the  form weight per  second. To convert  to volume 
output ,  the  density of the  polymers at  190 ~ as a func- 
t;.on of pressure was determined by  weighing the  ram 
viscometcr output .  

3.2. Capillary 
Two series of capillaries were used. The first series, 

used in conjunction wi th  a screw extruder,  consisted of 
capillaries of lengths 0, 2, 8 and  16 mm and radii  0.5 ram. 
The second series used in conjunction with bo th  the  
r am and  screw extruders,  consisted of capillaries of 
lengths 0, 10, 20 and  4 0 m m  and radii  1 ram. The zero 
length capillaries had  conical exits. The 1 m m  radius 
series all h ad  flat entrances. The 0.5 m m  radius series 
was doubled in number  so as to include bo th  conical 
and  flat entrances.  

In  the  r am viseometer a pressure gauge was mounted  
near  the  entrance of the  capillaries, as in ref. 3. 

4.  R e s u l t s  a n d  D i s c u s s i o n  

T h e  p r e s s u r e  d i s t r i b u t i o n s  f o r  t h e  s l i t s  
10/1, 20/1, and 30/1 are qualitatively very 
similar. To give an impression, the measure- 
ments on the slit 20/1 at 190 ~ are given in 
f igs .  1 - 3 .  

The slit results show good linearity near the 
exit, and because of the unknown effects of 
compressibility and entrance perturbations, 
the shear stress @w) at the wall was evaluated 
in this region with the aid of formula (3) by  
equating the inclination of the lines near the 
e x i t  t o  (P/L). I t  c a n  b e  s e e n  f r o m  figs .  1 - 3  t h a t  
e s p e c i a l l y  a t  h i g h  s p e e d s  t h e  p r e s s u r e  d i s t r i -  
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Fig. 1. Pressure dis t r ibut ion down 20/1 slit for Alka- 
thene  W J G  11 a t  190 ~ The associated apparent  shear 

rates (Ds) are indicated 
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Fig. 2. As fig. 1 only with Marlex 6050 
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Fig. 3. As fig. 1 only with Marlex 6002 
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Fig. 4. Pressures for 1 m m  radius capillaries for Marlex 
6002 a t  190 ~ The associated apparent  shear rates (Dc) 

are indicated 
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bution is not always linear over the whole 
length of the viscometer channel. 

Fig. 4 shows the pressure plotted against 
2 L/R for the 1 mm radius capillaries for 
Marlex 6002. I t  is clear from fig. 4 tha t  the 
driving pressure of a zero length capillary 
accounts for the end correction: it is also to 
be noted that  none of the capillary experi- 
ments were conducted in the pressure region 
where pressure (compressibility) effects would 
be noticeable. The stresses at the capillary 
wall (Vw) were evaluated as the slopes of the 
lines shown. 

I t  was found that  neither n, the entrance cor- 
rection nor ~w the shear stress, were influenced 
by  changing from flat to conical entrances. 
I t  should be noted that  Alkathene W J G  11 
was not examined with the 0.5 mm series. 

Different slits are compared for the three 
polyethylenes in figs. 5-7 (not the 30/1 slit 
with Marlex 6002; in fact, with the latter slit 
the pressures obtained with this material 
would be sufficiently high to damage the 
extruder screw). The pressure (P) is plotted 
against Ds for each slit at the same value of 
L/a (or the same reduced distance from the 
exit (cf. equation [3]). An inspection of all 
the graphs reveals no significant change with 
slit occurring; except perhaps with Marlex 
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The cylindrical capillaries and the slits are 
compared in figs. 8-10. r as evaluated by 
formulae [5] and  [6] is plotted against vw. 
There may be a slight tendency for the slit to 
give higher vw values than the capillaries, but  
the difference is certainly not so largo as had 
been found for Alkathene in an earlier publi- 
cation (3) (the earlier publication's slit results 
for this material completely agreed with those 
of this investigation, the capillary results 
seem to be incorrect). 

In  fig. 11 are plotted the end corrections, n, 
as a function of ~w, from measurements with 
the 1 mm radius capillaries. Agreement is 
obtained with the result of Bagley (4, 5) tha t  
for low melt indices n tends to 2 as ~w tends slit 1011 

slit  2011 tO 0, apparently irrespective of the degree 
slit 30/1 of branching. For higher melt indices n 
capillaries 1ram radJus approaches a much lower limiting value more 

capillaries OSmmradius in agreement with the Couette correction for 
Newtonian liquids. Not enough speeds were, 
however, evaluated to give certainty to the 
linear extrapolation to ~w = 0. 

For comparison, data of Arai and Aoyama 
(6) on the same materials (only at 155 ~ are 
included. The rather strange variation of n 
with melt index, is perhaps reflective of the 

' uncertain nature of n itself. 
lO The effect of pressure on the materials as 

obtained by calculation from the 20/1 slit 

t t 

0,1 I kg Icm 2 10 

Fig. 10. As fig. 8 only with Marlex 6002 
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results are given in table 1. The values of 
density at atmospheric pressure (~0), and 
fractional increase in density per unit in- 

d~ crease in pressure (-)-~), have been calculated. 

A linear relation between P and Q was assu- 
med, and the line of regression of e upon P 
was found. The standard deviation (S.D.) of 

~o and of ~ have also been found. The 
1 d~ 

compressibility (/5) is then given as o~ d--P" 

Values of this quant i ty  are given in table 1. 
The accuracy of this method of measuring 

fl is not very good. More experiments would 
doubtlessly improve the results, especially in 
the case of Marlex 6050; with this latter 
material the statistical analysis was based on 
fewer experimental points than with Alka- 
thene W J G  11 and Marlex 6002. 

Only two, rather old now, papers are 
known to the authors concerning the com- 
pressibility of polyethylenes at this high 
temperature. Parlces and Richards (7) ob- 
tained a value of 1.4 • 10 -1~ cm2/dyne (on 
extrapolation to 190 ~ and Spencer and 
Gilmore (8) obtained a value of 1.0 • 10 -10 cm~/ 
dyne. These values are in fair agreement with 
the values in table 1. The only other check is 
on the density of Alkathene W J G  11 at 
atmospheric pressure by  D.T.F. Pals (9), 
whose value of  0.761 gram/co is in good 
agreement with the one given. 

In conclusion: The important result of 
this s tudy is to negate the finding of the ear- 
lier investigation (ref. 3.) on one polyethylene 
by  showing that  shear stress/shear rate plots 
of three different grades of polyethylene are 
essentially the same under cylindrical capil- 
lary and (three different) rectangular slit con- 
ditions. I t  is noted, however, that  the slit 
measurements in ref. 3 are in excellent agree- 
ment with those in this investigation. 

Table 1 
Densities and  eompressibilities of the  three polyethylenes 

used at  190 ~ 

Material ~o grams/cm a ~ sec2/cm ~ fl cm2/dyne 

Marlex6002 0.745 9.8 • 10 -s 
S.D.=0.006 S . D . ~ I . 2  • 10 -s 

Marlex6050 0.752 13.4 • 10 -8 
S.D.=0.014 S .D.=7.2  • 10 -8 

Alkathene 0.763 8.6 • 10 -8 
WJG 11 S.D.=0.007 S .D.=2.7  • 10 -8 

where 00 = density at  1 a tmosphere 
P = pressure 
fl = compressibility a t  1 atmosphere 

S.D. = s tandard deviation. 

,'--,1,3 �9 10 -1~ 

N1,8  �9 10-1o 

,-~ 1.1 " 10 -1~ 
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[]ao Hortex 6050 170~ 
= = =  Hartex 6050 190~ 
v v v  Hortex 6050 155~ 
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2" % 

0 
0 (~5 1,0 kg/crn 2 

Fig. l l .  End  correction (n) from capillary experiments 
for Marlex 6050, Marlex 6002, and  Alkathene W J G  11 

as a function of vw and  tempera ture  
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Summary 
A comparat ive s tudy has been carried out  on the  

flow behaviour  (shear ra te  v. shear stress analysis) of 
some different polyethylene melts. For  the  purpose, 
viscometers of the  cylindrical capillary and  of she rect- 
angular  slit type were used. Comparison has been made 
between rectangular  slits of breadth /width  rat io 10/1, 
20/1, 30/1 with (A) each other, and  (B) with the  cylindri- 
cal capillaries. 

I t  is concluded t h a t  under  these differing conditions 
the  flow behaviour  for the  rectangular  slits is compatible 
with  t h a t  for the  cylindrical capillaries. 

I t  was also found possible to  est imate the  isothermal 
compressibilities of the  materials examined. 
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B o o k  R e v i e w s  
Rheo-optics of Polymers. ( Journal  of Po lymer  

Science, P a r t  C, Po lymer  Symposia ,  No. 5.) 
Herausgegeben  yon Richard S. Stein-Amherst~ 
Mass. (USA). VI I ,  192 Seiten n i t  zahlreichen Ab- 
bi ldungen.  (Easton/Pa. ,  London  and New York  
1964, In terse ience  Publ. ,  J o h n  Wiley  & Sons). 
Preis : kart .  60/ - - .  

Der  hier vor l iegende Ber ich t  fiber das zu d e n  
Gegenstande  yon der Abte i lung  der Hochpo lymeren -  
physik  der  Amer ican  Phys ica l  Socie ty  gemeinsam 
n i t  dem Po lymer  Research  In s t i t u t e  der Un ive r s i ty  
of Massachuset ts  abgehal tene  eint/igige Symposion 
bes teht  im wesent l ichen aus den 14 vorge leg ten  
Mit te i lungen ohne die gewi$ lebhaf t  gewesenen 
Diskussionen. Es  handel t  sieh u m  eine wesent l ich 
US-~mer ikanische  Konferenz,  zu welcher nur  eine 
Arbe i t  aus e inem englischen Ins t i tu t ,  zwei Mit- 
te i lungen aus japanischen  In s t i t u t en  kamen.  Bei 
der Ffille des vorge t ragenen  Ta t sachenmate r ia l s  
ist ein n/iheres E ingehen  auf  Detai ls  der diskutier-  
t en  P rob leme  nicht  mSglich, nur  eine Besprechung 
in grol~en Zfigen n a g  zur Orient ierung des Lesers 
erwiinseht  sein. 

Ganz so neu, wie der  Herausgeber  ann immt ,  ist 
der Terminus  der Rheooptik nun  durchaus  nicht.  
Veto  Refi  wurde  der  Begriff  mindes tens  seit d e n  
zwei ten  in te rna t iona len  Rheologen-Congress  (Ox- 
ford 1953) i n n e r  wieder  gebraucht  und  au f  die 
quan t i t a t iv -op t i schen  Un te r suchungen  bei rheo- 
logischen Vorg~ngen an der Materie,  also Flie~- 
und  Deformat ionsgeschehen,  mannigfacher  bio- 
logisch-medizinischer  Objek te  bezogen (Nachweis 
yon Rheodichroismus ,  Rheoelas t iz i t / i t  u. v.  a.). I n  
die R h e o o p t i k  gehSrt  aber  au2er  St rSmungsdoppel-  
b rechung und  Fliel3dichroisnms auch Rheodif-  
f rakt ion,  d. i. n i t  rheologischen Prozessen asso- 
ziierte Beugungspolar i sa t ion  (Dityndall ismus),  fer- 
ner  Beugung  yon RSntgens t rah len ,  H. Ziegen- 
specks Difluoreszenz, S t reuung yon  Lich ts t rah len  
aller Wellenli~ngen und Polarisationszust/~nde, so- 
weir sic sieh ffir ein bes t immtes  rheologisches Ver- 
ha l t en  als charakter is t i seh  erweisen. Manche dieser 
Arbei tsfe lder  konn ten  nach  d e n  S tande  unserer  
Eins icht  noeh gar  n icht  bei d e n  Symposion  be- 
rf icksicht igt  werden.  

U n t e r  den 14 Konferenzbei t r~gen  s tehen natur-  
gemS1] diejenigen der S t rSmungsdoppelbrechung 
oder  f iberhaupt  die n i t  polar is ier tem Lieht  arbei- 
t enden  Methoden  in vorders te r  Reihe.  Hie r  geht  
es urn die E r m i t t l u n g  spannungsopt ischer  Koeffi- 
z ienten (Philippoff), u m  den Vergleieh im Verhal-  
t en  yon  rein Newtonsehen Flfissigkeiten, kol loiden 
LSsmlgen und  Po lymeren  (Wayland), urn Messun- 
gen an einer Farbstoffsuspension des Milling 
Yel low mi t  Zyl inderpolar iskop (Peebles et  al.), u m  
Doppe lbrechung  zur Dars te l lung des dielektr isehen 
Tensors als F u n k t i o n  der Yerformungsgeschichte  
(Dill), u m  die Re laxa t ion  der Spanmmgs-Defor -  
mat ion-Ze i t  polar isa t ionsopt ischen u  yon 

�9 B u c h b e s p r e c h u n g e n  
photo-elas t ischen Kunsts tof fen  (Amba-Rao) und 
u m  die Tempera turabh/ ing igke i t  der  Orientierungs-  
doppelbrechung yon Po lymeren  in glasigem und  
kau t schukar t igem Zus tande  (Andrews et  al.). 
Wei te r  wurde  yon Read die dynamische  Doppel-  
breehung bei amorphen  Polymeren ,  von  Yamada 
et al. bei einigen Hochpo lymeren  zur  Bes t immung  
komplexer  Koeff iz ienten und des Elast izi t / i ts-  
moduls,  yon Sasaguri und  d e n  Herausgeber  bei 
Olefmen und yon Takayanagi et al. in Anwendung  
auf  ein konst ruier tes  Modell neben  der nicht-  
kris tal l inen Phase  untersucht .  Neben  Arbe i ten  n i t  
polar is ier tem Lieh te  kamen  auf  der  Konferenz  
auch solche der L ich t s t reuung  zum Vortrage,  so 
e twa fiber die TeilchengrSBe an Dispersionen zweier 
flfissiger Phasen  (Lindsey et al.), fiber die Relaxa-  
t ion in gedehnten  d ~ n e n  Poly~.thylenfilmen 
(LeGrand et al. ) und s tark  eingeschr~nkte Kristal l i -  
sat ion der F i lme  mi t t l e ren  Molekulargewichts  
(Moore et al.) oder  fiber Geschwindigkei ten der 
Sph/ i rol i thdeformat ion bei ver l / ingerten und ken- 
t rah ie r ten  Proben  yon Po ly~thy len  und  Po ly - l -  
bu ten  in Kle inwinke l s t reuungsd iagrammen mit te ls  
Rubin laser  (Erhardt et al.). 

Auch wenn andere  Methoden  an rheologisch 
beanspruchten  Po lymeren  noch nicht  behandel t  
werden konnten ,  beweist  die Gesamthe i t  der Mit- 
te i lungen doch bereits  die groSe F rueh tba rke i t  
dieses rheologischen Arbeitsfeldes.  ]:)as gu t  aus- 
ges ta t t e te  Bfiehlein enth~l t  eine grebe Fiille 
grundlegender  rheologischer Uber legtmgen,  yon 
denen sich alle Rheologen und  nicht  nur  die n i t  
ihren Unte r suchungen  auf  das rheoopt ische  Ver- 
halten der Materie eingestellten Forscher befassen 
sollten. Mit der dankenswerten Drucklegung der 
auf dem Symposion vergetragenen Mitteilungen 
werden nicht nur die Teilnehmer beschenkt, son- 
dern ist aueh einem weiteren l(reise yon Rheologen 
die Beachtung des Gebietes m6glieh. Naeh dem 
Themenkreise werden dabei sowohl theoretisch 
interessierte Benutzer als auch experimentell auf 
die Anwendbarkeit ausgerichtete Leser auf ihre 
Kos ten  kommen.  H . H .  Pfeiffer (Bremen) 

C o r r e c t i o n  
of the paper 

On the Use of Power Equations to Relate 
Shear-Rate to Stress in Non-Newtonian Litluids 

By G. W. Scott Blair  (Reading/Enland) 
l%hcoh Acta 4, No. 3, 53-55 (1965) 

The middle sentence in the paragraph headed "shear 
thickening liquids" should read: "As shear rate in- 
creases, the duration of contact between the particles 
would decrease and hence, by an entirely different 
mechanism, there would also be a diminishing increase 
in n . . . "  
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