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Since Newton's definition of viscosity does not lead
to 8 useful description of non-Newtonian flow, two other model
1liquids, the Maxwell liquid and the Prandtl-Eyring liquid ave
discussed. Equations describing the flow behaviour of these
liquide in naxrow capillaries sre derived and discussed.

. A thorough analysis is given of corrections that are,
or may be, necessary in cspillary viscometry, and the
influence of non-Newtonian flow on thessa corrections is
discussed, both for cylindrical and spherical bulbs.

. The significance of measurements of non<Newtonian
flow in dilute solutions of macromolecules is discussed in
terms of recent theories. It is shown that a capillazy
viscometer has inhezent limitations for such measurements,
but that a properly designed capillary viscometer can give
precise and reliable data at shear rates down to 50 ma“l.
provided that the system is not too shear-dependent.

A new varisble shear capillary viscometey-~s modifl-
cation of the Ubbelohde suspended level viscometer--ig
described. It wae designed to be rugged, convenient and
precise, to eliminate or minimize the kinetic enexrgy correct=
ion and surface tension effects, and to permit dilution of a
solution while in the instrument. Three different viscometers
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of this type have been constructed, calibrated and tested,
and proved sound in design and convenlent in usa,
_The usefulness of the viscometers has been demon-
strated in three diverse investigations: (i) the shear
- dependence in aqueous solutions of a high molecular weight
dextran, {ii) the temperature dependence of the zero-shear
“intrinsic viscosity in.a good solvent of a. very high mole~
- cular weight fraction of polystyrens, {iil) the shear
‘dependence of the interaction coefficient k' in the systems
-polystyrene-toluene and poly(n-octyl-methacrylate).
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INTRODUCTION

The measurement of the dependence on driving pressuxe
of the viscosity of a dilute polymer sclution, when flowing
through a narrow capillary,has received more and more
attention in recent years. '

Until about 1950 this effect was almost completely
ignored. Even now thorough and precise investigations are
still lacking. The most complete investigation is still that
carried out in this laboratory by Sharman {(S*) and Sones (6:),
using a range of polystyrene fractions and a variety of
solvents at seversl different temperatures. Although this
was an extensive rather than an intensive investigation, the
‘results have been widely used to test various theories that
have been developed ( 8, 2¢.47, 74 ), The reason for the
paucity of studies of shear dependence of viscosity is that
this is exhibited only in systems in which the polymex
molecules are stiff, or flexible and very large (moleculsr
weight > 106}. These polymers have only recently bacome
objects of sclentific intexrest. Now they axe of'grozt
interest indeed.

On the basis of the various theories proposed to
account for the shear dependence of the viscosity, it became
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evident that measuremente should be made at extremely low
driving pressures, since the quantity of interest is the
limiting viscosity at zero shear stress. The results of the
early experiments were in flat contradiction with the
predictions of theozry, which requires s quadratic dependence
on the shear stress to account for the fact that the viscosity
of a liquid does not depend on the direction of flow. In
early experiments a linear dependence was found in the lower
shear stress range. Gradually it was realised that the
measurements had not been extended to mfﬂa&mﬂy low sheax
stresses. In order to make these measurements it was
necessary to modify the teehniqm or, better, the visco-
meters, to permit applying a wify low, steady pressuze.
Little or no attention has been paid in these adaptations to
the question whether or not the viscumeter used was able to
give meaningful dsta in this very low range of shear stresses.
It was, therefore, decided to make a thorough study
of the viscometry of non-Newtonian liquids at low driving
pressures (particularly in capillary viscometers) and try to
develop a capillary viscometexr, capable of giving precise
reliable data at very low driving pressurss. This thesis,
then, is concerned with the conclusions drawn from and
prompted by a thorough review of the literature, with the
designing of a v;slnhie shear viscometer,and with its testing
and use in typical studies of the ﬂm behaviour of dilute
solutions of high polymers.



Chapter 1
DEFINITION AND MEASUREMENT OF THE COEFFICIENT OF VISCOSITY

1. Newton's Definition of Viscosl
of viscosity is due to Newton., He considered the following
cases’

A volume of liquid is sheared betwesn two parallel
plates of ares f , which are separated by a distance x .
'The velocity of one plate relative to that of the other is v .
Then the force xesisting the relative motion of two adjacent
layers in the liquid between the plates, can be expressed as

Fwy 25§ {2 ~ la) gv, velocity gradient in a
? g% ) dx di:qctigh normal to the
direction of flow
Nt coefficient of viscosity

F/f represents a shearing stress. Rearranged (I - la) becomes
B/f utudvldw {1 - 1b)
This may be rewritten in the form

T mwng (X - 1lc) T 3 shear stress

q ¢ shear rate, or
shear gﬁadient

The coefficient of viscosity is thus dafined as the
ratio of the shear stress to the shear rate. It represents

3
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a meaningful physical property of thé‘liquid only, if this
ratio remsins constant for varying shear stress or shear rate.
Liquids in whichv , thus daflnsd. is constant are called
Newtonian liquids, those in which » varies, non-Newtonlan
liquids. | | ‘

Since this definition is not based on any theory of
flaw, it is of no help in understanding why some liquids are
Newtonian and others are not. In order to arrive st a more
useful definition of viscosity, we must make some assumptions
about the mechanism of flow. We will briefly outline two
quite different descriptions of flow, that lead to more
adequate definitions. One ie due to Maxwell, who considers
flow to be analogous to the relaxation of stress in an
elastic solid; the other is due to Eyring, who treats flow
as a rate process.

- 2. Maxwell's Treatment of Viscosity {{9). Let a distortion

or strain e be produced in a body by displacement. A state
of stress p 1s thus established., The relation between stress
and strain can be expressed as

. ’ﬁﬁ nrid o€

p=ce (1 - 2) €1 Modulus of elasticity
If no relaxation of the stress occurs, p will remain equal
to € e and hence
Peel (1-2)



If howaver relaxation does occur, p will tend to disappear
at a rate dependent on the magnitude of p and proportlonal
to po Then (I - 3) becones

g% - ¢ g%iim“g (x ~4) e ggngggt. with dimensions

I£ we now consider a system in which the stress is

maintained constant and in which, therefore, there is a
continuing displacement or flow, (dp/dt = a) therefore {1 - 4)
becomes

pwexﬁﬁ (x - 5)

mu is the desived stress strain relationship.

" We may therefors define the coefficlent of viscosity
as the preduct € X . In this product ¢ is the modulus of
elasticity and X is the relaxation time for the stxess p .,
as can be sasily derived from (I - 4). Equation {I - 5) 1s
equivalent to equation (I - 1b), for de/dt = dv/dt = q, and
p= T, Hence Maxwellt®s definition of the viscosity, as
being the product of ¢ and X , corresponds to Newton *s.

If ex zm&m constant with varying shear stress the
liquid is !lwtonim. 1f the 1&@&&& is Non-Newtonian it is
because ¢x does not remain constant, which is not inconceiv-
able, since many *constants* arze frequency dependant.

If equation (I - 4) is mq:mﬁée& ;nﬁ;i;i. for convenience,
vewritten using the mﬁgﬁaquﬁp‘ééﬂ in this thesls for shear
stress and shear rate ( T and g ‘}’xﬁﬁpﬁﬁﬁi‘nl’vh it becomes
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Evzingd Izeatment iscosity (%o}, Eyring pustulates
}tha% there M an Mxegulu lwt:im structure in o 1iguid.

In this lattice many equilibrium positions will be empty.

Such & system, when subjected to stress, will be readily |
‘deformable. The assumption is that the molecules jump from

one equilibrium position to sriother. As long as the stress acts
‘on & body, jumps will be favoured along the dimction of stmu.
‘and hence flow will occur.

- Consider now such & system in which shear occurs along
sots of parallel shear layers. Let A, be the distance between
the layers, A the distance between two equilibrium positions
in the direction of shear; A, the distance between two
nelghbouring molecules and A, the mean distance between two
i‘lmﬂ.ng particles in the moving um in a direction perpendi-
‘culw to the shear. ‘!‘hen the following expression for the
shear rate can be ubtaimd

gm X2kt ginh AN | f (-7 f1 shear force/
x 2 ki area
~ k': rate constants
for the jumps

I ' »* ‘
withs k* w K5 axp ( -aF) o%% fres energy of
- % P activation

If the viscosity is defined as the ratio of shear stress to
shear rate, one obtalns for the viscosity
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-] e at AN A

A g k=t
e =[32%]
The properties of the hyperbolic ﬁmfmtmi are
L TP P wl ‘
“lim gmh____e_n L 1 lim ainh - a
q7o , Pq “_(51-7%-«—;-&-2-3 4.
‘ \‘iha;:;efnm at very .Mu stresses

At the limit of low stresses ,thtn. the viwmiw is canmnt.
‘Tha ls.quid is Nmtnnim.

In Ghaptat 1T we will .tndiclta haw nen—ﬁmtanim fiow
in dilute polymer wlnt&nm can ba demﬂbad }.n terms of this
thaozy.

 As awly ae 1929, Wandu. pmpmd qn aqmﬁon nf the
same form es (x - 7), based on almost the same mnuiduutiem.
but w&thaut tho intmduatian of an abwluti mtt for the basic
flow process. Bﬁcmtw waymnm (7 ) has nmhimd the two
appmnchn :nd ahmm thm to bu eomplamntnw. Pundtl s

equation is |
q = C sinh 'UM | (I;' - 10) C,At constants to be
‘determined by
experiment

which for 1éw stresses reduces to
v = ALC (z -11)
ﬁh&ah is aquivahnﬁ to (I - 9).



Derivation of Poissuille®s Eguiation. Since we will be
aomemaﬁ mkh ﬂm :ln AATTOW’ cnpimaries. wa will gwﬁ the
‘derivation of the necessary equations on thé basis of all
three treatments of flow. Even though the derivation of
Polseuille®s equation for Newtonlan flow can be found in
mV textbooks, we will still derive it in order to make
explicit the assumptions involved.

Consider & cylinder of liquid with & radius » and
length L . If in flow all energy is dissipated in over-

coming the wiscous resistance, we may write
nrép - ﬂﬂrk’cﬁ 0 (1 - 12)
This gives the following exé*éesuian for the shear stress:
Tw %? (1 - 13)

We can now calculate the velocity distribution across the
capillary, in a liquid flowing through a capillary tube, if
we assume the velocity at the wall of the cylindrical tube
to be zero. The velocity of & cylindrical annulus of liquid
of radius r is

P (R* ~ p* I - 14) R: radius of the
V= a%: ( ) { | capillary

The volume Q flowing per second through a cross-section of
the tube is then
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. ﬂ“ﬁ@ R ,'t« (I lﬁ)

where V is the volums of 1&qu&ﬂ flouing th:augh 8 Crogg~ -
section in t seconds,
ket us now consider al& the. mt&umptiana that have been
explicitly or implicitly mades.
1) ALl energy is used to overcome the viscous resistance.
{This is certainly not correct, for the liquld acquires kinetic

energy. Moreover other possibilities of energy dissipation can

oncur. for aﬂnmple 8 daamaaae in the antropy of the solute
whan auhjacﬁad to a she:xing stmaas‘)

&i) the flow is leminar (this is trpp(ﬁbr pure liquids in
the range of shear ﬁtﬁeiséﬁ ccnﬁi&éﬁéd.'fxt may, however, not
be true for a dispersed system, in which, in flow, local
turbulence may occuxr: bscause of the rotation of the dispersed
particles.)

111) Thexe is no slip at the wall.

iv) %he fluld 1 iacﬁmprau!ihla.‘

v) The £luld will flow, when gubﬂactad to tbe smnlleat
stress, the viscous resistance being proportional to the
velocity gradient. Or, in other woxds, there is no “yield
value®,
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wi.th :mspwt to time can ha mplamﬂ by 8 derivative with
respect to the direction of flow, multiplied by the velocity
distribution pezpénﬁ&auﬁw to the dizection of flow, or -

Ina capillgry we h@w f:m ﬂw shear stress

p'R 1 -18) ° pt=92 . the x-axis points
T= "z b ) U= in the direction
of flow

Substitution of (I = 17) and{f - 18) in (X - 6) and subsequent
rearrangement :gi.vaar ¥

g = g[e. B e | ) p %&

l:f we now assune the sma valmmw pmﬁlﬁ u :tn (1 - 14),
@ne ob‘mmn from (z - 1‘3} on mbuﬁ&tuﬂen |

This can also be azprmm ase
g w(pP-m] G-

‘We can now calculate Q' in the sdme way a8 in Section 4.

nﬂw‘(vxdruzngi;,ﬁ[géﬂwexp!»g;ﬂ_ﬁ) Eﬁ'} (I 21)

O
which gives,after expansion of the exponential,
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_%g_v. 'a x coses ] {1 - 22) Xt 'm:xntim
- From (1 - ..gm.m femma that, in principle,one could avaluate
the second term if one knew the value of abfﬁi.s'»z Equation (I -
22) could then be solved as an oxdinary differential equation
uith ‘respect to dp/dL. |

This derivat&@n iﬁ moxe esnat than tbe one givan above
for the Maxwell liqnid. ninaa the vnlaeitv profile 1s not
astumed to be paxuhnlic. but is derived fxam the flow-law
itta&f. - . | . |

The velocity pﬁnfiie”iﬁ éiieuﬁiiéé‘aa follows. For @
?randtinﬁvxing liquid the axpreaaion for the shear rate is

%aCsinh &— tﬁ%ﬁ p' & d

- Hence R
Cwlz) = [ dv = g‘- (cosh«R « coshur) (I -23) x = %
which is the desired expression for the velocity profile.

G can now be calculated in the usual way

ﬂazwjv:dzm&ﬁthuﬂuﬁsinhu&*-b(msh«n* 18

{X - 24)
which may be written in a simpler fashion as
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ca=For® . aqla) a\QfEEl
TR ag N
2la) =1+ 25+ 555
Or

....] {1 - 25)

We have given three different derivations of the
Poiseuille equation biiéﬁieﬁqﬁﬁéﬁéfaifféihdiféaneeﬁéisﬁs~ﬁf‘
the flow of s liquid. It is instructive to compare them.
For a Newtonian liquid we have

For a Prandtl-Eyring liquid
TR?pt €

Since we have shown already that for low shear stresses the
Maxwell liquid and the Prandtl-Eyring liquid reduce to a
Newtonian liquid, the equations are equivalent in the limit

of gero shear stress, At finite shear stress, there is an
interesting possibility of distinguishing between the different
zheological models, if one could measure dp/dl. For a
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Newtonian liquid dp/d& is'constant and equal to p/L. This
does not hold for the two other liquids diﬁntai‘é&; In
principle dp/ﬁ& should be measurablé. In practice, however,
its muummmt is mmm. asi.mu it has to be performed in
vary narrow cxpﬂiu&u without disturbance of the flow unu.
So fm nnly Echuiuﬂﬁzum {52} bu wcaudcd in mnmx&ﬁg
dp/dh, mplwlng dalicuu straingauges. simlw type of
viscometer is being developed at the Hatlonal Bureau of
Standards by Suiudﬁlh l ¢6)s It would m a major advance if
these techniques could be developed for liquids whose viscosity
is in the centipoise range, since M; would make measurements
on Non-Newtonian systems more sccurate and reliable snd much

easier to intexpret,

In Qectlon 4 m

hwu nmd tha vuiens a«mpt&om m&ﬁc in ﬂw dexrivation of
the Poiaeuilh uquation. ~In oxdex in be ab&u to apply this
equation to actual meuuxmanta. eamm modifications of it
have to ba mde as to tako wmunt at‘ m mmtlc a:mgy
s.mpirtad t@ t.he uqnid. ai mu tffucu lnd of the mui.blu
au:utmm of u yuld valm. A

_effec m k.'lmtia energy imparted

a) The kinetic eneray effect
paz: nécmd to the .uquid cm be uspmuw u

%m v ? %(d . )v {1« 26) = 4t density
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After substitution of (I - 14) in {I - 26) and evaluation of
dQ/dx, one obtains

3 ] o .
Kinetic enexgy/second »w d[;%ﬂ z mamﬁ - ,2}2 dy
(1-27)

which on subsequent integration gives

p 13 8 4,13 ‘ 3
Yimakt, e , P B™ _TTRP : - qa g
Kinetic energy/sec. » nd[ﬁﬂ 2 wﬂv-ﬂ ;g;; #
(x - 28)
The work done per second in overcoming the viscous resistsnce
is

QxP . P, the effective
eff. eff. driving pressure

If a pressure P was afpplimi only & part of it, fﬁgﬁ, is used
to overcome the viscous resistance. The effective driving
pressure then is calculated as the total applied pressure minus

(I-29)  P: total applied
pressuxrs

Substitution of P .. in Poiseuille's equation gives

Zd.) mat = oy

which can be rearranged to a moye familiar form of the modified
Poiseuille equation

. a?f% 1 (1- 30(a))
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In the evaluation of the kinetic energy correction, the
eﬁfoat uf tha ahcpa of tha capillery ends was ncglectud. vma
sztunataly ﬁhit affect has not been calcul;ﬁcd tign:oullv ind
instead is taknn care of by the 1ntrnﬂuetiou of an emp&mical
constant o

et -agft wemen

The value of this censtunt must be detcxmlncd by a calibration
with liquids of known visaasity~ (ﬁbr enpillarien with R
trumpntashapgd ends, the value of m has been found to be
1.&2.} |

“ Because of the uncnmtginty 1n.thn vaiuu of m » vitgo«
meters should be desioned in such a way as 0 make the ntcond
tem in {1 - 30(b)) nagngib;u. e ‘

b) mum ‘the mumpuon that tmm is no slip at
the wall is not always valid; moreover the wall may distort
the flow pattern in the liquid adjacent to it,

When the flowing liquid is s solution of flexible macro-
molacules, the molecules may tend to draw away from the wall
because the shear gradient is grester: at the wall than in the
body of the liquid. HRence the layer of liquid closest to the
wall has essentially the viscosity of the pure solvent, The
rate of flow of liquid through the tube will thus be greater
than expected from its actual viscosity, since the flow at the
wall depends on the local viscosity only (M ). If thils effect
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oceurs, it would be difficult to detect in a non-Newtonian
‘ltquid, s&nca its vine@nlty decreases for increasing shear
stress, The anly umy ‘to determine whether of not a wall
effect uuistn, 15 to compare the viscosity measured at the
same shear stress in viscometers with caplillaries of diffexent
radius. If the v&nﬁosity is the same, thaxa is no well
effect, For stresses. amalier thin 103 dynow/%m the walx
effect can be ncglentad.;:_. o -

_Anomalies may ‘also arise fxam mbnozpt&on of smluta
on the ‘capillary wall. Absozption will result in a decrease
of the radius and hence an increase in the viscosity. This
effect 1s aignificant‘cniy”if'the‘mad&uﬁ‘ig smaller than
0.025 cm. |

| [he vl ald ‘Lﬁﬁ}; xf the 1iqpid anhlbitﬁ a yi&ld value,
1thmt ia, 1f tha iiquiﬁ flouaxanlv nftar s utwtas of & cﬂmtain
‘magnitude has been spplied, suitable corrections can be made,
‘but they are rather éuﬁﬁéﬁﬁamd.”‘ﬁ%‘u&ii*n&ﬁ*dincuﬁnvthaﬁe
corrections, because the liquids we will be desling with do
not exhibit & yield value. For an exhaustive treatment of
the yield value one is rveferred to Reiner's book Deformatior
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possibla to det&xminﬂ the viscosity of a liquid by studging
its flow behaviour in fine capillaries. Capillary viscometers
may be divided into two classes, absolute viscometers and
relative viscometers.

o From measurements made in these
instzuments the viscosity is calculated with the help of

equation 4

The accuracy of such n'datezminatiun depends on a precise
knowledge of all inetrument dimensions and a detailed
theoretical description of the flow behaviour within the
instzument. The absolute calibration of these instruments
is very time consuming and exacting.

i} xal DEO ‘ & Lo A:?.'l.’*, ' 5 3

Relative viscometers. In these viscometers one compares
the viscoslty of a liqniﬂ with that of another liquid, the
viscosity of which is sccurately known, If these instruments
are so designed as to make the kinetic energy correction
negligible, the ratio of the flow times of the two liquids is
equal to the ratio of their kinematic viscositles. (The
kinematic viscosity is defined as the ratio of viscosity to
the density, /d.) The calibration of these viscometers is
carried out with a liquid of known viscosity, which enables
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one to calculate the wﬁarﬂui congtant: w *Eﬁxg/&\m o

It should be realised, hmmam. that the ratio of
the flow times does not represent the ratio of the kinematic
viscosities of the two liquide if the flow bshaviour of these
liquids is not identical. (For example a Nawtonian liquid and
a non-Newtonian liquid, liq*nid in laminar flow and a liquid
in turbulent flow, etc.) A detailed description of the many
different kinds of viscometers is not necessary here. Most
of the more useful viscometers are fully described in Barz's
*"Monograph on Viscometry®,



Chapter II
NON-NEWIONIAN FLOW AND ITS INTERPRETATION

The flow of a non-Newtonian liquid is such that the
coefficlent of viscosity decresses when the liquid is
subjected to increasing shear stress. The most obvious way
to describe this behaviour mathematically is to express the
viscosity, or rather its reciprocal, the fluidity, in a power
sexries in elithexr shear stress or shear ﬂt«.. One may exclude
the odd-powsr terms in this expansion, since clearly the
viscosity of a liguid should not depend on its dirsction of
flow. The following expression is thus obtained

bmg ¢ E%l "ok ok (11 - 1) ¢ ¢ fluldity

$ ¢ fluldity at
zero shear rate

This expression can be valid only at low shear stresses, since
it does not indicate the experimentally obsexved constancy of
the viscosity at high shear stresses. Reiner {UQ) therefore
proposed, as the simplest algebraical expression for the
observed flow behaviour, the following

"7&’-

- 4’0‘ Qo » 'L - 2
ol WE-2)

This empirical equation fitted remsrkably well the data
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obtained by Reiner with rather concentrated solutions of
rubber in toluene. The disaﬁvmt;ge of (II - 2) is that it
has no theezetical bnis, it summarises i:he ﬂw bahwlcur
but is of no help in mtmmtiag ik,

Theories of Hon-Mewtonian Flow " In' thc last ten years a
nmnbez: nf ﬁhwri.w hw& ‘been pm;mud. on the basis of which
an ulmmt qumﬂ:hﬁw dnterpretation of non-Newtonian flow
cun bn givcn zln ﬁnazm of" the pmpwt&u of the solute,

. ﬂ} h_;,;e;_’ ‘ ’ id_Euhn and other: A theuw limited
to muta wlut&.om nf palymr m).amtu M one that has been
dmlopad mtinlv by Knlm and i(uhn ( 33 ). Peumlin {43},
meem (% 3. Bomn (so }. mrkmod {M,so), Zimn ( 75 ) and
aerf (f: 'o).

The polymer molecule in solution is sssumed to have
a "shape resistance®, closely related to the "inner viscosity®
in the domain inside the palymx coil. This *inner viscosity"
i.n a mmlt of hyamdynmia interaction between segments of
the molecule and restricted rotation of the segments around
the valence bonds. It makes the mﬂhﬁu&p more o léns rigid.
In flow this rigidity prevents the molecule from belng
completely oriented in ﬁe direction of the shear stress. As

the shear stress increases the molecule becomes more oriented,
and hence offers less resistance to flow, {(or in other words,
it has a smaller viscosity).
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During flow & hydrodynamic torque induces a zotation
of the particle., As mmchn {3 } has shown, this will lead to
& periodic compression and dilntian of the mimnh. If the
molecule were wfaau? elastic this altmnt&ng compression
and dilation would not involve a lnu in enefgy. Since most
wlucuuu #ze not perfectly a&uﬂe a aamin amount of
energy will be dissipated in rotetion md hence the vigcosity
will be greater. As the molecule bscomes more and more
oriented in the dizection of flow st higher and higher shear
stresses this effect becomes lass and less and the viscosity
decresses. In a perfectly flexible molecule the effect of
deformstion just compensates the effect of orientation and
no shear dependence will be obsexved (15 ). In all other
cases the effect of aﬂmtﬂian wtﬁi.ghs the effect of
deformation and hanea a net ﬁwx&am in the. v&mcsiw is
abuqu.

This theory, and its m&iﬂutiom. 81l lead to a
final equation for the dependence of the wviscosity on the
rate of shear of the form |

e (W) [1-pd ] {11 - 3)
The coefficient } 1s expressed in molecular paremeters. For
the exect form one should ¢onsult the nrigiﬁil papers.
The expression nxﬁv«! at far the intrinsic viscosity
are of the form ‘
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: - 9 (11 ~ 4)

| fﬂqud = 1 ecmﬁnnt[ Jo M h}%& (11~ 4)
Tha qnantiﬁv in brackcta ma:elv‘xapxasauﬁs thu naﬁia q/b&at'
uhaxe Dot 1o the :ntnt&nnal diffuainn aonfficxant. ﬂlﬁ@& )
the rotational diffucien cosfficiant is &nvq:imlv pmapazﬁianal
to the viscosity of the solution, we can rewrite {1z - 4) in
tazmﬂ of shear sﬁwass. as was first pointed out by J. Hw@mans
Sr.(tﬁ)

i 1 mns‘h.. [gq-—-l - 3. - comt, {--?% = 1 - const. T2
.“71"'@.,{ . mw)
?rvm this it 1a claaz»that 1ntxinnie v&anasiﬁias. and azse |
specific viscosities,ehould be compared st constant shear
glress, nﬁt'it\geﬂatnntmshaarazgigmuma 1nuthu‘uaual practice.

.. The theory as briefly outlined sbove upplimg only to
nxtmﬂmclv dilute solutions. In considering more concentrated

solutions, one should also take into account inter-molecular
interaction. For very concentrated solutions promising

results have been obtained by Lodge {25 ), who assumes o
neggngk tn>bahuiltup.;n:tha liquid, due ta\antnﬁglamanﬁs‘af
the polymer molecules. The “average lifetime" of the network
junctions is dependent on the shear stress. The problem in
concentrated solutions is made simpler since the hydrodvnamical
intersction between the molecules can, to a first approximation,
be ignored, . ST | ‘ .
“The point of departure in tha theories described above
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was the polymer molecule itself. One may take a different
approach, and try to account for non-Newtonian flow on the
basis of some more mechanistic concept of flow. We will out-
line two such theoa&m; one by Eyring and Ree { 43 ), on the
basis of the "hole® theory of liquids, the other by Oldroyd

and othexrs { 4,37 ) on the basis of & generelised Maxwell 1iquid.

ywory bagsed on the Evring concept of flow. In Ghaptax I
we have g&v@n ﬁh& damiwbian of Eyﬁng s anpwuiqn for the
coefficient of viscosity |

Vs P g"’m‘ -1 Cg

o oY

The flow of polymer molecules is described as a movement not
of whole molecules but of parts of molscules, a group of
segments. Such a group of segments is called a flow-unit.
The size of a flow-unit depends on the degree of segmental
cooperation, and this can be characterised by a certain
relaxation time. The final equation is a series of hyperbolic
sine functions, whose argument depends on the relaxation time,
and hence on the segmental cooperation in flow within the
molecule, Each flow-unit contributes one texm to the series.
The expression obtnimd M

where: X ¢ fractional area occupled on a shear
" suxrface occupied by the nth group

@+ relaxation time

(11 - 6)
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| Yn’ mean wmilabh emrgy ?m tm nﬂ‘
‘group’ R I N T N

Tha fizﬁt term xepgasentn a thtnn&un unit, the uﬁlvant. ﬁhe ’
a%har texms xnpaasant ‘the nnn~ﬂeutonian units, RS
“ Eqput&an {11 - 6) exgxaaaus ‘an astonishing variety of

phennmsna fznm glantic flaw'in,mmtuls or tmﬂx@hanu solids to -
ncnanautnnian flow in cenﬁipoina 3&quida. and it does so with
va:y gand pmani&inn and @@nsistenﬁv. ‘The basic di;advtntnge
of equation (II - 6) is the 2 priori impossibility of predicte
ing how many flow units are required, and how they are related
to the structure of the molecule. Since, as the number of
flow units increases, the number of adjustable parameters also
increases, the question arises as to whether or not the
~ excellent £it obtained is fortuitous.

The intuitive model for liquid flow, as developed by
Eyring, has been employed by Unstitter et al { 7/ ) and by
Schurz (-5t} to give sn intexesting interpretation of the
flow curve, which is a plot of log shear gtress versus log
sheaxr rate, |

Unmstitter { 71 ), has shown, that one can identify the
shear rate which has the dimensions of a frequency, with the
frequency of segmental jumps. Therefore, as the shear rate

increases the frequency of the jumps increases also, The
greater the shear rate, the faster the molecule is led by flow



25

to. the place vacated shortly before by another molecule. Hence
the disturbance of the flow becomes less and less; when the
shear rate reaches the value at which & molecule is caxrried by
the flow to the place that another molecule is just vacating,
the changing of places occurs with the smallest possible
disturbance, The frequency of place-exchange {segmental
jumps) has m:mm a m’mm!. frequency of the system. At this
uhew Tate *!:ha ehgmgu s.n v&was&w \si‘hh ahetr rate has its
uzgaat value, This u&n correspond to & point of inflection
in the flow-curve, The point of inflection will depend only
on the size of the structursl elements in flow and the
wviscosity of the solvent. Since the size of the structural
elements will depend on the molecular welght of the solute

one should in principle be able to calculate the molecular
weight from the messured point of inflection. ' This molecular
weight will only represent the molecular weight of the solute
if the solute molecule is the fundemental unit in flow, an
assumption that seems to be valid when dealing with stiff
molecules such ss the celluloses. Only for celluloss and
cellulose derivatives does this description seem to be useful
and is substantisted by a latge amount of experimental
evidence, due mainly to Schurz {5+.5) snd Edelmann (4 }. It
does not agpmm 0 bi satisfactory for dilute solutions of
flexible molecules, since these molecules presumably do not
have & unique flow-unit. | |
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Since the poiﬁt of inflection occurs within 8 range
of shear stresses manﬂily obtainable in capillary viscametara.
further 1nvait1g;%16; of the validity of this empirical treat-
ment would be of great practicsl value. It would mean that,
in oxder to characterise a stifﬁﬂmalecﬁle. all auﬁ‘wnnlﬂ have
to do would be to measure ite flow-cuzve.

_ As already indiaited in ﬁhnptus I. flau can be
tmaated as 3 deformation phencmenon. A certaln stress induces
@ corresponding strain, and the problem 1s to find the most
general stress strain relationship. In Newtonian flow, there
is strict proportionality between the stress and the rate of
deformation, In non-Newtonian flow, the proportionality
constant-~the viscosity-~is found to depend an‘ﬁha stress,

To a first approximation the xate of deformation may be

axpressed as a power series in the stress. ﬁuﬂh & relation~
ship is written down for each of the @ﬂmpﬂnantq%nf the rate
of deformation and for each of the components of the stress.
The question arises s to which coordinate system to choose,
since the deformation is referred to the dﬁfamﬁad,atat& and
the stress to the undeformed state. Which cholce is the
correct one is still not clesr (37 ). Maseava# aven when the
reference coordinate system is chosen, the transformation to
this coordinate system is not unique, since the only require-
ment is that the resulting tensor should be symmetric, thus
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1e&§&;ngi an arbitrary combination: of malaic. quantities .
undataminsd. \ ﬂwpﬂheinn. sons umfm aqumiom have baan
pmposedg at’ theu we w.n unly menﬂ.m th& nquauan damved
by Oldreyd ( 4o ) for 3 geneml&md Mnmn Mquid

# M - ")(q ¥ Ng) (II “9Y  AAg relaxation

times
Thi.s &quatim has been shown by Toms et al. (68), to

represent the flow behavicur of not too ¢oncentrated solutions
of poly(methylnsthassylate).

mm It has been ahm that ﬂ.mpamnt information with
mapmh to the structure of the m&acula can be obtained from
the mnmmant uf’ non-Newtonian flow in dilute solutions of
mwmmalmalm. ‘!‘hw mqu&m& dsta can to a lavge extent be
oms.mﬂ by mams af aaplmm vimmtw. at lesst for stiff
molwui&u.

With saspeeﬂ *&e the mauhmlm of non-Newtonlan flow,
no information can be obtained with the present technique of
capillary %nﬁomm. since this would require the measurement
of dp/dL. v | v

| 'In order to establish eritax:&a for the applicability
of an equation of £low as the generalised Maxwell liquid, to
noh=Newtonian flow in polymer solutions, capillary viscometers
fall short, since the mmim dynam;lc: measurements cannot be
m&de ina capulm viucbmata:r.
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A varisble shear viscometer 1s essentially

an abﬁaluta 1nstrumnnﬁ. since one is interested in determin-
ing the viscosity as one varies the driving pressure. One
therefore has to ascertain whether the geometricsl head does
indeed represent the effective hydrostatic head, whether the
volume of the liquid discharged in flow corresponds to the
volume found by an independent calibration, etc. Ordinarily,
one is not so concernsd with these questions since these
effects are supposed to be all lumped together in an apparatus
constant, which will cancel, if one is only interested in
relative measurements when the kinetic energy correction has
been made negligible by suitable design. From a consideration
of Poiseuilles®s equation in its ususl fomm

gelhthod

it is clear that we are concerned with the radius of the
capillary, R, the effective hydrostatic head, h, the effective
driving pressure, hgd, the volume, V, and the length of the

-1l .y

capillary.

28
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The radius of the caplllary should be uniform through-
out its lmgth. ‘E‘Ma z'equirmant is easily met by the use of
precision bore tubing. The radius should not be too small,
otherwise dust particles will too resdily lodge in the
aapulary and nbsaxpﬁen may significantly diminish the radius.

The affe s _hydrostatic head requires careful
eansidaxaum. Poieeuﬂle's ama-!:im is derived for measure~

ments at constant pressure, In ordinary viscometers the head
changes continuously during a measurement as the meniscus is
falling in the efflux bulb., We have to derive therefore an
expzesaicn for the time average head.
Ihe effective driving pressure will be equal to the
product h off. gﬂ u the hydmstutiq head is not too small. If
howsver, the value of this product is such that the potential

energy avallsble for flow is of the same oxrder of magnitude as
the energy of the liquid surface on the inside of the efflux
bulb, serious difficulties arise. To fix ideas about the
oxders of .maigﬁitude involved, we will consider & bulb with a
volume of 0,20 ml and an inner surface of npémuimwaly 2 en?,
let the effective hydrostatic head be 2 ¢m of mtem. The
potential energy for flow, then, amounts to 0.2 m % 981
dyne/gm x lgnw:m X 2 ¢m = 400 dym eme The angy of the
lﬁ.qui.d laver aﬂher&ng to the wall af tha bulb will be, in the
case of an aqueous solution, 2 em? x 72 dyne/cm = 144 dyne cm,
Since this energy will not be available for flow, neglect of
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this effect introduces a considerable errzor. It is also clear,
‘that at ordinary hydrostatic heads, which are of the oxder of
10 to 20 em, this correction becomes quite unimpoztant,
particularly ss thé. volume of the: buib' is, fum othexr reasons,
larger when the head M imge:r. In the viscometry of ﬂw@m&m
Hﬁuids thi.s tmmwtion hnm m):y baau considered in the vez:y
agcﬂrata unxk af’ﬁﬁ&nﬂalls (65 }. on the ﬂntﬁxminntian of the
abaolute viacasiw of mtaz,at the mtiaml Bu:uu of Stméaxda.
The actual Jw;;:;fM; L\a4sa14,can nin&!v be fﬁund by
a suitable eammm. but this volume is not mmmzy |
aqml to the volume in £low. As is well known, a certain
amcum of uquw u left bahiaﬂ ifﬁw *lata“ discharge.
Ii: cm be shm that thiu munt is indapnn&ant of the M.quﬁ.dg
it‘. but aniy 1£. tha uqu&d falls under M:Q rmn wa&ght.
the iiquid La &1tnhnged under external pweasuzn. ai%hﬁm
pmiti.w ar nagaﬁveg a d:mimge cuwwtian must be sppned.

xn pactiae. _,;._ lenath of the capillary appears to be

sﬁgmly hrgaz than the mm&m&d lengthu This is attributed
to the inertia of the liquid. On leaving the caplllary the
liquid flows on for & while as if it were still in the
capinm.. | o “ ”

. Ve ahall now diacuas qumﬁiutivaly t.hg mmmetiona
_*.hat nust be aonwidetea sm applying Pﬁiamula 's equnuon to
data obtained in a capillary viscometer.
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2. Absorption Effects in the Capillary. Ohrn. {39 ) has:
focussed the attention ona pmn&bm explanation of the .
anomalous valuss of the reduced spevific viscosity observed
with polymer solutions at very low polymer concentrations.

‘Absorption of polymer molecules at the mp&.n:mr wall would
have two effects SIS Sl
a4} decressing the concentration of gmlmt in m:luum,
o and hence decreasing the flow tims . | '
. b)Y decreasing the capillary radius, and hence inamming
the flow time,
Considering only the influence of & smaller radius, Chzn
derives the expression S | ‘

S (Wre M —%a  am-2)

whezes (%)% & pasent reduced npeas.f:!.c
iscosity

%/, & actual veduced specific
viscosity

‘at thickness of the absorbed
layer -

Whén the thlcknen uf m abaurbed Myax M much smallar tban
the radius of the capillary (a & R) the second term may still
be appreciable at small concentrations. Equation {111 - 2)

is borne out by experiment., The effect is not uigﬁifiemt at
the concentrations st which messurements ave mually made in
atudying the viwneuy of dilute polymer mlutiom, provided
that the radius of the capillary is .m.azsim greater. This
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radiuvs then represents the lower limit for any viscometer
ldeslgned for dilute sclixtian measurement, ﬁ capillazy of -
this {ox gmaatew) radius has another adﬂﬂt&ge. it is not
likely to be obstructed by occasional dust paxticles. ' .~

Q 1 1 t!wh tha *effeatm' h@&d in flw ﬁm mt neaaﬂwﬂy
aqua:t to the ulgebmic uwmge of tha initial and final heads,

!@!#ﬂ ,ﬂm h!? _xmqaedqﬂ f?ﬁ »MM %ﬁ %?rltmts ﬂm ‘tis;n;ea),
exact analysls mveali that the effective head depends upon
the shape of the bulb.

. For the cylindrical bulbs Barr {2) derives the
foilmving mla*bian

{12z - 3) Pyt initial head
bl  hyt final head,

- Fox sghaﬁml bulba, ‘the average mean head is
mlanlatad in the following way.. . |
. 'ﬂm volume of a spherical segment ai haight b m
a nphem with radive R, is

VedvtPar-b) (1mz-4)
Pifferentiating this éﬁpﬂaunn with respect to b oives

aV = (2%Rb - TH3)db  (III - 5)
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If the kinetic energy correction is negligible, we have f;tom.
Polsquillels equation

Equating (III - 5) and (III - 6) gives the differential
equation |
, 4 o
(200 - wb?)ab = FRE at (11 - 7)
We now express the hydrostatic head in terms of the geometry
of the bulb, After half the volume is discharged, we have
h= ha
hence at t=0 h=h +R and Pu P =gd (h, + R)
at t=@ P =P, - gdb.
Suhatitminn of thiu in (m w. gives
{(2Rb unbﬁzdb ““@E‘E (®, - dgh) n"ﬁ‘d Dh +R) - "j
(111 - 8}
Orx, after rearrangement
y _ d
d8 = &A& Thy &hﬁ; - b
R4
where: A = -65%9-
When this is integrated between the limits 6 1 0 -» ¢ and
bt0«» 2R the result can be expressed as

(111 - 9)

h = MBB— . (ur-10) cmge

2¢ = {¢2 - 1)in 5—%
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This is the expression for the effactive hydrostatic heud, for
flow out of a spherical bulb { * ).

Since in this derivation, dV, obtained from the
geometzy of the bulb, was equated with dV, obtained from an
aipwé&aiun describing the flow, which is only valid for non-
Nﬁumunian liqu&dﬁ$ the zalntiaaahip uhtnzaad u&il not be valid
for nan-ﬂamtanian 1&qnidﬁ.

Tuynman { 64 ') has taken into considerstion non-
Newtonian behaviour and derived expressions for viscometers
with cylindricsl bulbs.

For the case of relatively laxge shear gradients,
for which the viscosity depends linearly on the shear rate

qw %aﬁl &u%)

Tuynman obtained tha axpwaaainn 3
Ll In g2 - *Sgm—s| - (P - ) (132 - 11)
.ﬁhﬁﬁai Eﬁw E&g@ t w0

Pt Pattet

The second term represents the influence of non-Newtonlian
bahaviour. SRR TR

Fur the case of low shear ggaéiantt. for which the
viscaaity has & quadratic dependanu on the ﬂhatz rate
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W"zr,[“ P(%ﬁ

he abta&ned tha axpmnsim
m., B 410

Ham too, the second tezm m&pmbenﬁs the inﬂmme a%‘ non~
Newtonian behaviour, “Tuyniman®s m;amuiom apply anl*f to
viscometers with cy&indzical bulbs. I have derived the
analogous axpxauiom fop vi,aeomamu with aphaximi bnlba.
by the method outlined nbmm. - ' '

" For large shear mtes the expression is

- B
pavh2-omd), ato “R) 4 gty -B
*"'g"“""‘“"'a . Mn #a'wmh “ « R

.
wheret 1&1_&"““

T

RY = radiug ef spherical bulbs
. For low shear rates, the expression ﬁ.u
L 8*)2 ¢ cth 2 - a'a) 4TR*h

t = gl : M -
& Alh, - R")Z + Gin,: mn'm A

{11 - l4)

The expression for a Hewtﬂnim 1iquid is obtained by setting
BaCw=s 0
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This can be shown to be &q&ivalsntfﬁa'ﬁﬁxi - 10},

'As is evident the expressions are rather cumbersome,
but they are given for the sake of completeness. The relative
importance of the non-Newtonian terms cannot be readily
indicated, since relisble ygiuei‘qf a and b could not be
found. When those values are obtained, it would be rather
interesting to calculate the non-Newtonian terms. In this
thesis the effect of the non-Newtonian behaviour on the
effective hydrostatic head is ignored, mainly becauas of
othexr corrections, that are ceztalntv orders of magnitude
laxger. AR

Suzface Tension ection. Thia comwectian has received
mulatlva&y 11%%13 attenﬁian, even though it is the major
corzection at low hydrostatic heads. There are two points of
view on how to calculate this correction. If the effect could
be qaantitutively accounted for by the liquid layer adhering
to the innexr surface of the efflux bulb, it would be relatively
easy to eliminate it-~at least in an Ostwald viscometer--by
making the upper and lower bulb of exactly the same shape and
size. Sprokel {6 ) designed a series of Standard Ostwald
viscometers, for which the surface tension correction was taken
care of in this way. He showed that, taking also into account
the so-called "filling-erzor* {an exxor that applies only when
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Qstwnld aﬂd'@iﬁwlldrﬁwpﬂ v&nnomaturn are not filled with a
vulumattie pipet) the aurfaaa ‘tension effect was eliminated
if the following expression 1s valid |

m «0 (11X - 16)
Y

where: Ayt area of upper bulb
A, area of Jower bulb
Toap® Tadius of capillary ,
Tyt radivs of cylindrical lower bulb

¥y,* radius of limb extending from
" lower bulb

The first term takes asccount of the differences in inner
surface of the upper and lower bulb, the second term arises
fram the filling erzor.

His calibration with watux. sucrose solutions and
organic solvents confirmed the abmaneu of a surface tension
effect in his viscometers. It should be pointed out, however,
that the average hydrostatic head in his viscometer was 12 cm.

The other point of view is that of Barr (3 ). He
calculates the mean capillary rise in the bulb and subtracts
this from the average calculated head. The mean capillary
rise is evaluated as

{131 - 17 "
i';- AV" ’ Z‘:AVL

The required hy can be calculated for any form of vessel, with
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m. m& of the w;m celeulated hy mﬂxfam and Adams h |

determination of the absclute vimniw of mﬁ*xﬁ, and found

sxcellent mt hnmm the so calculated correction and
the experimentelly obsszved one. Therefors we have followsd
Barr®s procedure to correct i‘@m the surfsce tenslon effect.
The method is as follows. .
In ordex to bu able to caiw&um the caplilary rise,
one has to krnow the redius of curvature of the meniscus. The
sntour of the meniscus is nhagﬁﬁt&xim by the mmha

B = bﬂ dg | (m m? bi radlus of curveture
' y——=r L at the vertax O

- &t suxface temsion

En ttw uhln of mmam» and Adems the mﬂu’i mfb and /b
axe given for values of P renging from 0.123 to 100. 1If the
surface tension and density sre known for a liquid, each
value of b Mmimu » value of B , and hence a series of
values of x and z . These valuss are listed for steted
valuas of the angle & betwaan the vertical through the axis
of revolution of the wenlecus and the nozual to the bounding
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siu@face.tthw vﬁum of $: éwemng- *&Sﬁe iﬁngaﬂ” to lo An fﬂ.va
degree’ intemalﬂ. Fox. eyundxmal bulbs this angle is 90°,
for spherical bulbs the: angh varies. from 0° to 180°.

_ The calculation. fxm spherical !mlbs was made as
followss . .. . ... .. . |

- For al} tnbuuteﬂ va&ms of p, b and l:'3 were
calculated for benzene and water at 20° C.. For a given size
of bulb .x was calculated for values of ¢ ranging from 165°
‘&gc ‘35". These values wm designated as x afquimd“

Since we had alrveady calculated sll the b values
for all the ¢'s listed, x/b was looked up for s certain
angle cp « This was mnltiplied by the known b ; and th& X~
velue so obtained eﬁmpﬂmd wlth the m@m uwnlnm By
trial and error these two x-values wers brought as close as
possible into agresment with each other. By linear inter-
polation & further approximation was obtained. In this way
the actual value of x/b was cbtained for fractional values
ﬁf ® . As an internsl. check this ﬂ!b value was multiplied by
n b v&lue cbtaimd *E’m our tmbhs. using *mn same inter-
palﬂian fmtem The valm of ‘% %0 abtainm was wmpuad
ta xuquhaaa; ‘m all r:am exeomma sgmamant betwsan these
valuas was obtained, ﬁaﬂng detam&md b the mPillW
::1“ wm g:uleulated PO

A “?% tm m
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TM nmt px‘ablem is to calaulﬂte ‘the amount of liquid
duchm:ged hetman tm succeml\re values of x , taking inta.
account ;bath.m volume of the "drop®. and the geometsical.
volume, The volume of the shaded portion of fig. can also. .
be calculsted from Bashforth and Adame Tables, inasmuch &s it
actually represente a drop upside down.

The values listed in the tables are the values of -
Wbs. corresponding to a2 given value of p » The geometrical
volume was calculated as the difference bstween the volumes
of the spherical segments with two successive x-values as
bage. The xaquimﬁ av can then ba calculated as

AV ® AV geom - Vp @x.‘) + Vp ﬁ@g) {11z - 20)

wheres zw geom = V gmm -V gaom

V,{x,) ¢ volume of “drop", uiﬁh
° ot ¥« 88 base.

This value of aV was multiplied by hy , and the msan capi~
1lary rise was calculated according to {III - 17).

This eﬁmmman. &lmadv

ualaulated in the pmeﬁéing maptam. in axprmaaﬂ by a term

“mET e %

in fh& modified Poiseuille equation. The constant m has

to be determined by calibration, It is of the order of unity,
but it msy vary by more than 100% from one viscometer to
another. Moreover it is a £umt§m of the vajmiw of flow,
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as was firet observed by Swindells ( és ) in the calibration
of Bingham viscometexs. This makes the quantitative aspect
of the kinetlc enexgy correction rather uncertain. The
safest thing to do is to design the vhmatiﬁ so that V&L Lt
and hence the correction is negliglble.

¥hen, however, the correction must be spplied--as it
must at high external pressures--it is well to know how it is
affected by non-Newtonian flow, For convenience we will write
the Poissuille equation, corrected for kinetic energy as

(331 - 21)

where the quantity in brackets denotes the effective driving
pressure, We will now give the derivation, due to Herxmans
and de Wind {17 ), of an expression by which the kinetic
energy correction can be evaluated.

For high shear gradients it may be assumed that the
viscosity depends }inearly on the shear rate or shesr stress.

0 =9 -aq (35X -22) q"s apparent viscosity

This assumption ensbles us to calculate &, as
R 3 TJI L 4 ,

Q= 2n§ vidr = Eg'g m%(‘)d" Lm g - 2'?*¢!
> p* 4 |

Caxrying out the integration, one obtains
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%%[M%ﬁ%] (111 - 23) B.;mg

This can bs regarded nu 8 quqdwatic equation in p § solved
for p o it leads to

EETT %.1%& (113 - 24)

In order to take the kinetic energy into iééﬁﬁﬁi;‘wt zeplace
p by the effective éx&ving pranturu fmnm (XII 21). Thia
ieaﬂn tc tho oxp:uasion R : |

or: - ptmBe§  (uI-26) Cwg -,

The 1niarqst1ng ruculﬁ of this ctl@ulation is ihat. to s
first appmonimatien & Newtonian liquid gives rise to Jineax
pt vs 1/t plots. In order to separate the two contributions
to the slope of the pt vs 1/t plot one proceeds as follows.
. For the solvent a, = 0, hence C, = 0 and C; ocan

be calculated as the slope of & pt vs 1/t plot.

For a non-Newtonian liquid the slope C 1is determined
and C, obtained as (61 - C).

At low gradients (III - 22) s known not to hold and
has to be replaced by

§ =0 - aye?
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Proceeding as befors, ore obtains

and

?aking &ntu aageunt ﬁhu kinct&n on;xgv cuxxoet&un {11 ~ aa)
hacﬁmen

or
ptuﬁ%gl - e

;(if even txxm 29) faala to rapzastnt ﬁh& &mtm. 8 d&fforant
method can bﬁ‘lppliad- ‘For this m&thad. howevexr, the original
paper should be consulted { 1 }). |
' Equstion {III - 29) is seldom needed, since at low
shear stresses the kinetic antrgy eaxzcctzon will be nugligihle.
| 1 high shear stresses ama‘iahinvud with the sid of
external pressure, equation (IIT - 26) should be used with

csution, since the dralnage effect also makes & contributio
to the alopn of & pt e 1/% pi@ﬁ.

phenamanon in cylindx&cul tuban hau been made by Tuynmnn (63 |
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He derives for the volume of liquid left behind efter a time
t

Y S Rk ve & 2
AV = Sty (= {131 ~ 30
3 (”9"’ ) ) r 3 radius of the tube

For a given tube t v is constant, hence

av =23 m.a)

From this result it follows that, for free fall, V becomes
independent of both the viscosity and the density, and is
equal to

AV = %v %%)yz (111 - 32) Rt radius of the
capillary
An important consequence of this is that in measurements of

relative flow times ¢, ~- and thereforey ., Y, and (7] --
no drainage correction need be applied so long as the
measurements are made at free fall.

If, however, external pressure is applied, v becomes

porportional to p/ b o hence
2
avekVE  (m11-33) k=B yar
'8 - Voo

If we may neglect the kinetic enexrgy correction for the time
being, we have

DAY Ve sipzay2  pad
qw LY, VLo xpat? ’.5,&7%

ot + %%(V»ﬁa) r;,.%zl;% (311 - 34)

Oz
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Hence a plot of pt vs 9;12‘Shﬂu1d give a straight line,
with a slope proportional to 7/:‘11/ 2 and an intercept
proportional to Y. “

A more empirical treatment is due to Fuoss and
Cathers (24 ). They consider that V, the volume retained on
the walls of the viscometer bulb, should depend on the density,
viscosity and flow time in the following way

vep X (- 35)

The actua) working volume, then, 1% equal to
Vev |1 -8 {111 - 36 V.1 dry volume of
Substituted in Poiseuille's equation, thls leads to

pt w 81V, {; ‘] {111 - 37)

The drainage correction can in this way be evalusted from a
pt vs 1/t plot.

The influence of non-Newtonian behaviour of the liquid
on the drainage correction cannot be calculated t&gazmiznly.
An attempt was made to derive the drainage correction for
spherical bulbs, but difficulties were encountered in regard
to the sssumptions that one has to maske for a liquid draining
from a curved surface, It was therefore decided to treat
drainage in the manner proposed by Fuoss and Cathers.
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[he End-Correction. As already stated, this effect is due
to tha 1m;r:ﬂn of the liquid, when flowing out of an orifice.
Ber:auae the 1iquid tends to flow in the man mnmr as in tha
eupﬂlary for a short distance outside the mpillawa tha
napnlary appears to be lengw than mﬁmllv measured, The
corzection takes the form of "
R radius of the

- ns constant equal
- tol.64

This correction is significant only for short capillaries. -
With capillaries 30-50 ¢m long~~38 in our viscometers
tﬁmptex V)«~this corzection can ha uiaw igmmd.

iscussion. It is c:lnx from v&m‘k mi baen said in Section
1 mﬂ 2 that absorption and the calculation of the effective
hydrostatic head do not present any difficulties. Absorption
effects are eliminated by choosing radil laxger then 0.025 cm.
The hydrostatic hesd can be calculated. In section 3 we have
shown how tha mean capillary rise can be cslculated, but this
clluulatim 1s rather involved und time nonaming. hence one
should eliminste this correctlon, It was shown, how one could
sliminate this coxrection for an Ostwald viscometer. Since,
however, polymer chemists are not so much interssted in the

vélue of the viscosity of a& solution as in the dependence of
the viscosity of & solution on the concentration of the solute,
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il

1t 1s cmwanim’e to ha abla ta gltaw tha wmmtmﬁm by
making diluﬁnm in ﬁha vuwmem :i,th.f. m; M aot
pueticabh :!.n an Qmuld vﬂ.mamnter. In i-‘m‘h. the unly type
of vzkaeumtgr in uhs.eh thh ia pxlcﬁmhle :l.& a mspaﬁﬁﬂl«-
lwel beelahdq vimmtw. Ia Ma urigﬁ.ml pgpama Ubbazahda
sham thut ﬁm wrfww temim ﬁfimt can ba ‘eliminsted by
means of a curved suspended ﬁmml. wm@aa radius of curvature
is such, that the pressure exmm by this curved surface
exuctly balances the decrease in head due to the mean capillary
rise in the effiux bulb, He ‘further claimed that the same
curved surface eliminated surface tension effects for all
Liquids. | B o

| ‘Data obtained with the viﬁcﬁmtem demﬁhad in this
thesis clearly show that this is not the case at low driving
pressures. This ebmwﬂi.m Md us to design two different
series of viscometers, Series II for use with organic solvents
and solution in these, and Series II1 for use with water and
aqueous solutions, ‘The required zagﬂm of curvature tm |
calculated from the expression | i

| R R T
The calibration dats show that the surface tension effect is
indeed eliminated in the series II viscometers (1I-A and H-B).
and, for water in the series IIX viscometer.
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In Sections 3 and 4 we have derived sxpressions for
the dzainlga and ﬁhe kinetia anargy eﬂrraat&ons. Unfortunately
not only dralnage effeet& but kinatic enargy ﬂnﬂ non-Newtonian
effects as well can contribute to th& slope of the suggested
pt vs 1/t plot,

For high shear stresses, the combined equation runs -

t Gaz-40)

If & calibration is carried out with s Newtonlan liquid of
about the same viscosity as the non-Newtonlan liguid to be
studied, then the first two terms can be evaluated., The slope
s0 obtained can be compared with the slope obtained for the
non=Hewtonian liquid, the difference being the influence of
the non-Newtonlan term. ‘ |

For low shesr stresses, the drainage effect need not
be considered, provided one use¢ viscometers with a number of
bulbs furnishing s range of heads, for all the measurements
could then be made at free fall and hence no drainsge correction
would be necessary. Moreover the kineti¢ energy correction
could be designed out by a suitable choice of the volumes of
the bulbs.
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Chapter IV
THE ﬁIGNIFECANGE OF THE ME&EMH&MHRT OF N&ﬂ»ﬂﬁﬁtﬁﬁiﬁﬂ

In this chapter we will deal with the experimental
cbservations of non-Newtonian flow and discuss their signifi-
cance in terms of rocent theories. We will discuss first the
experimental evidence and then the experimental technique.

*Anomalous™ flow behaviour of colloidal solutions was
first observed in the early twenties by Wolfgang Ostwald {42 ).
Staudinger (63 ), in his researches on high-molecular weight
compounds, noted similar Yanomalies®. Since this flow behaviour
was attributed to the bulld-up or breakdown of a structure in
the liquid, Ostwald proposed for it the name "structural
viscosity® (Strukturviskositft). Staudinger saw in the
occurrence of structural viscosity additional evidence for
‘his contention that the compounds he was studying were high-
molecular weight compounds rather than association colloids:
at higher temperatures the structural viscosity persisted, as
one would expect if the solute particles were single glant
molecules, but as one would not expect if they were colloidal
aggregates. An excellent summary of the earlier work can be

49 s
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Induden (w:m. Ran-ﬂewtanien bahwiaur was obsezrved
with sll types of macromolecular compounds, whether natural

or wn:hhetm, provided that the molecular welght was
sufficiently high,

Philippoff ( ¥s } made a thorough study of non-Newtonian
flow giving considerable attention to the problem of describ-
ing it adequately. He and Reiner { 49 ) suggested that data
be presented in the form of plots of log t vs log q. The
general features of such a plot--which they called a *flow-
curve"~-for & non-Newtonian liquid are as follows: At low
stresses the slope is unity and hence the liquid is Newtonian;
at intermediate stresses the slope is greater than unity
{which means the liquid is non-Newtonian) and the curve passes
through @& point of inflection; at high stresses the slope is
unity and the liquid is agsin Newtonian,

This general shape could be accounted for in terms of
random orientation of the molecules at low stresses, increoas-
ing orientation in the direction of flow at intermediate stresses,
and complete orientation at high stressses. Additional evidence
for this orientation theory was found by Staudinger { 6% ) in
Signer's work on flowbirefringence { 59 ).

The flow curve reprssentation of non-Newtonian flow
offers three parameters for the characterization of & non-
Newtonian system, Both at high and low stresses the liquid is
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Newtonian, and hence two viscosities can be clearly defined.
The third parameter is the pu&,nt of inflection which occuxrs

at some definite thm ntraau. A correlation of these
mfamnca pas.ntu with thn atmatumx mmwlm af the molecule
could not be mﬂe, however, since no polymer samples character~
ised by independent measuzements were available. Moreover, a
general theory of solution behaviour of the macromoleculs did
not exist. Only recently has sufficlent theoxetical informstion
accumulated to gulde experiments and provide c¢lues to the
meaning of the experimental observations.

o We wm m ﬁinﬁii what i.@ﬁamnt&m can, in principle,
be ehtm!.nsd, and to what ﬁxﬁent the obtaining of this
infnmﬂim is panibh wi‘bh capillary viscometers.

;!t must be manud that the ‘theories dealing with non-
HMﬁMiﬁ ﬂw :m ﬂuuu polmr solutions are strictly
appiieabh ﬂnlv to w&.mium so dilute that the molacules may
be regarded as isolated mﬁiﬁu in solution that do not intexr-
act with mnh other. This means that the goncentration should
be well below the m-cﬂlmd *eritical eammttnﬂan* lees
ﬁha concentration st which the molecules just touch each other.
A camrmﬁ.ont way of calculating this concentration is given
by Mgﬁm (¢ ), who found the expression.

a.)

tn huld in a wide varinty of uyﬂemt. iﬂor mn—-ﬂmﬂenﬁm
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systems the intrinsic viscosity, [ 9], shovld be replaced by
the intrinsic viscosity at zerc shear stress, { e 11,,@; . For &
typlcal shear dependent soclution of polystyrene {intringic. .-
viscosity, 10 dl/om) this would mean that viscosity deter- .
minations should be made at concentrations lower thmi 0.00436
gms/100 wl. . Messurements at such low concentrations axe .
difficult to make with sufficlent precisions . the quantity to .
be determined is' %.-! /¢ and at very low concentrations both
N, 8nd ¢ are smell and smell errors in these lesd to
lurge errors in thelr ratio. Moreover the slightest amount
of absorption would affect the concantration, and hence the
flow times, very much. We will discuss the effect of sheax
stress on the intrinsic viscosity only, not on elther the .
relative viscosity or the reduced specific viecosity, since,
to. 8 flrst approximation at least, the sffect of iﬂt&ﬂt@tim
4s eliminated by extrapolation to zero concentration of dets
‘obtained at finite concentrations, usually well above iﬁo,
eritical concentration. There is snother reason to limit
consideration to the intrinsic viscosity. Since the depend~
ance of the viscosity of & solution on the concentration is
not understood in sufficient detail (>> ), because of the
diffiﬁulty\ of calculating the hydrodynamic interaction
between molecules, it would be hazazdous to try and interpret
the influence u&‘fnhm stress ém a concentration-dependent

- variable such as 9 or Yoo
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For rigid molecules {cellulose and polyelectrolytes,
for example) the theory has been worked cut in sufficlient
detail to allow a guantitative évaluation of the structurs}
parameters. Peterlin (4% }, derives for the dependence of
the intrinsic viscosity on the shear stress

fndg =[], (2 -

(BARE ) (-2

where: Rt root mean square end-to<end
distance

Dt rotational diffusion coefficient
Since the rotational diffusion constant also depends on the
size of the molecule and hence on the root-mean-square end-
to-end distance, the coefficient of T” depends only on the
size of the molecule, This dependence has been calculated by
Scheraga (51 ). Comparison of the experimentsily obsexved
shear dependence and the theoretically predicted one, leads
t0 a complete evaluation of size and shape of the solute.
The most itﬁik&ng_&l@uatr&ti@n of this can be found in the
work of Eisenberg {'9) on DNA, He determined the size and
shape of the DNA-molecule from an Qﬁuet_analysiu of the shear
dependence and from measurements of iighﬁ-saattazing and
sedimentation, and obtained by the two methods values that
were in excellent agreement. A study of the shear dependence
is especially rewarding with polyelectrolytes (at low ioniec
strength, when the molecules are rigid) since reliable light-
scattering data can be obtained only with difficulty, because
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of the impossibility of obtaining optically clean solvent. -
For rigld molecules st lesst, the theory is able to account:
gumt&tstﬂ.wlv ‘for the observed eaffects. SERE T

" The theory for flekible molecules is not as conclusive
as the one for rigid molecules. Besides orientation, one has
to consider deformation of the molecule: There are two
&ct&m ﬁppasing thia defamﬂ@n. one being the inner
vmmnitv {>»} of the mclmuln. pmmmmy ranulﬂng t‘mm .
the restricted rotation about the valence bonds, the other
the increased asymetric hydrodynamic intexaction in the
deformed at;te;&s;) A consideration of elthexr one of these
factors can lead to a reasonable description of the shear
dependence of the intrinsic viscosity of a flexible molecule.
ﬁ:_;wf(?m indicated how one could determine the relative
influence of these offects, if the sheer dependence is studied
in solvents of different viscosity, The innexr viscosity
depends on the viscosity of the solvent; the hydrodynamic
interaction does not, -.at least to a first approximation,
since it 1s merely due to a change in shape of the molecule.
If this plcture is correct, then it would lead to an interest-
ing way of detecting differences between branched and linear
molecules. It can be shown { tu ), that a branched molecule
has & higher segment density than a linear molecule of the
same size. If the intersegmental hydrodynamic intersction is
only changed by 8 change in shape, then one would expect the
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branched molecule to have a higher internal wiscosity than a
ziﬁ;nr one. : Investigations of the typa-ihdiqétaﬁ ahaﬁb’hava
not been conducted systematically, and the infoymation is
rather scenty.. . It would, however, be perfectly feasible tn
obtain the necessary data with a rellable capillary sheas
viscometer,

The qutntity of gruatant ‘Anterest to pnlymar chemists
is the intrinsic viscosity at zero shear stress, for this is
the quantity that provides a measure of the volume of the
molecule when undistorted by shear effects. ‘mu quantity
obvicusly cannot be measured directly, but it is obtainasble
by extrapolation from measurements st low finite shear stresses.
In order that the extrapolation may b&\zm}ig@la'tha mgaﬁura—'
ments should be made to as low a shear stress as possible..
We will now discuss how and td,uhﬁﬂ ~wt§nt this can be done
in capiilaﬁy‘vzuuamnﬁnx;. | - |

The shear stress at the wili nf a cnpiilarv tube is

giﬂ&n by s S

Hance a Ieuuz sheam‘ntrawn iu favauttd by (u) a smsller radius
@f tha cipilxary. (b) s graitar langth uf cnpillcrv tub&ng.
and (c) e smtllaz hydraatatic head.

the ggg;g;,uf the c&pillary should not be smaller ihnn
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0.025 ‘cm if difficulties due 'to abwrptidn and ‘dust particles
are tﬂ be a?aidéd (Ghapter b 294 PEREEN Heedin e
S THe ) t  of the capillary can be as large as daaimd,
arici‘ 1t should be long, to make the kinetic enesgy corraction:
(nv/BrLt) ‘small. ‘Thezs are two 1imiting factors, howsver;
the viscometer must be of manageable dimensions {not too long
to fit in a bath in which a gtmd uniform %mpem‘mw can be
achieved), and the hydrostatic head must be small.’ “
' With s capillary of fixed zadius and length.
¢ heads can be obtained AT :
hi by using & hozizontal capillary, The umiting head is
determined by the capillary rise in the bulb system, A very
long horizontal mxpnlm makes the vismmetar, howaver,

ww fragile, |
" {b) by tilting the viscomster. In this case the effective
head is givm byt i ‘ ‘ '

a:ﬁf L h msu e mgln uf £t

tha duadvmtuga nf thia mnthad !.a that dminage ui‘faetn mav
beamna mthax large and zmmlculabin. |

{e) By bending the upilluy in n shallmv halim. Hax:e
the liquid enters the helix from the bﬁttom. ﬂam ummda |
and at the top of the halin is taken dawn o tha use:woir
bulb, below the beginning of the hﬁim. | Eﬁﬂﬁiag the
cepillary has two diamvmhgu. 11:‘ tha vimomutw is usaﬂ
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at other than low driving pressures an apparent increase in
the viscosity will be observed, due to the fact that the liquid
will tend to oscillate in the cuxved capillary (512). Moreover
the uniformity of bore will certainly be partly destroyed in
the actual process of bending.

{d) By dividing the capillary into two vertical sectlons.
The liquid flows up in one section and down in the other., This
method, which is by far the most preferable, has been generally
overlooked, although it was used by Kruyt and coworkers {2/ )
as early as 1927. 4

It is clear then, that low shear stresses can be
obtained in capillary viscometers.

It is better to build a low hydrostatic head into the
viscometer than to depend on external control of driving
pressures, because of the difficulty of maintaining small
pressures with a manostat. The practical limit of hydrostatic
head is about 2 cm. This lower limit depends mainly on the
c¢apillary rise in the tubing connecting the bulbs., A common
diameter for this tubing is 0.2 ¢m. For water the capillaxy
rise is 1.46 cm, for benzene 0.66 cm. Since the meniscus
should fall at a perceptible rate when it reaches the lowsst
mark, the practical limit is indeed about 2 cm. Thus with a
caplllary of a radius of 0.025 er-and a capillary length of
100 em, a shear stress of 0.5 -d‘ynan/cma. or & shear rate of
50 sec™}, can be obtained for a liguid with a viscosity of
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one centipaise. These lower limits are mp@g{;g for not-too-
maw-dapmdent avﬂsmg.:? S

) ‘Ihe n;plnary v&su@aﬁw muld. Qhesrefum, ippeu ta be
a vgw suitable inwmt fow m;kmg melwmsntg m 1aw N
amaw stresses, And m wuid ha &f M, mm nﬁt for the '
surface tamion aﬁﬂnﬁ. As mueady indicnted. the surface
tension aamwbion may ﬁmunt to abaut 39% at these low
driving pressures, Another effect has to hg considered 1n
Ostwald- or U-tube viscometers, In these viscometers, the
liquid level falls in the one limb and rises in the other.
Precision measurements { > ) indicate that there is a small
yvield value associated with the advancing of the meniscus, due
either to incomplete wetting or to a difference in surface
tension between the advancing surface and the receding surface
{Co). This smell yield value will change the shape of the
viscosity vs. shear stress plot in such a way that an almost
exponentisl dependence is observed instead of a quadratic
dependence, Hence an extrapolation to gero shear stress will
become very d&ﬁf&éﬂlﬁ in these viscometers. An effect of
this nature is indicated in the work of Golub { ).

' Several different viscometers, and several modificstions
of the Ostwald-type viscometer, have been described and used
in shear studies. Most of them have drawbacks more or less
serious, We will discuss only the more significant of these
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variable-shear viscometers, limiting ourselves to Jow-sheaxr
viscometerss High shear stresses can be obtalned with almost
any viscometer, if one has a suitable manostat to meintain
aans,hnt high pressures and applies these sxternally. The
results obtained should, however, be mﬁwpz:qhd with caution,
since wall-effects and the influence of local turbulence may
be appreciable. With flexible molecules, one should not
exclude the possibility of creating a concentration gradient
across the capillary, induced by a free-energy gradient,
Since the shear stress across the capillary varies from zero
in the center of the tube to its maximum value at the wall,
the molecule will be deformed to different degrees at
different distances from the wall. Since deformation will
decrease the entropy of the molecule, an entropy gradient
will occur and hence a free energy gradient. This effect
was noticed by Garner, Nissan and Wood ( 25 ).

Ostwald viscometex hwa butn pmpoud bv mozy and m@mm
{ 32 ) and Wada {12 ), The Plory viscometer has a horizontal
capillary and only two measuring bulbs. Ho consideration was

given to surface tension effects, but these would not have

been of considerable influence since the viscometer was not

capsble of making messuzements at very low shear stresses.
Wada®s viscometer 1s designed for measurements at
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extremely low shear stresses, which can be obtalned by
$ilting the viscometexr. Surface tension effects were con~
sidered and eliminated, but no details of the calculation
have been published, ‘

{b} U-tube viscometers { _ J)s In this type of viscometer-
the decrease of the hydrostatic head is determined as »
function of time. As already pointed out, this viscometer

must be considered inadequate for operation &t extremely low
shear stresses because of the hysteresis effects associated
with an advancing and receding meniscus. Moreover, althouch
non-Hewtonian character of the flow is revealed by curvature
ina plot of Inh wvs t and the viscosity at s given shear
stress can be caslculated from the slope of a tangent drawn to
this curve, the plot is such that it does not provide s
sensitive indication of the shear dependence or yleld precise
values of the viscosity.
{c) Modified Ubbelohde Viscometers. The Ubbelohde visco-
metsr is almgat ideal for ﬂﬁluta solution work, since dilutions
can be made in the instrument itself. Moreover, since it has
& suspended level, there is no problem of an advancing
meniscus. By a suitable cholce of théAxaﬁiua of cuorvature of
the suspended level, one can eliminate the need for a surface
tension correction. The most widely used version is the one
described by Schurz and Immergut (5> }. It hes four closely
spaced efflux bulbs and a rather short capillaxry, which makes
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‘the ‘instrument not vexy suitable for messursments at low shear
‘stresses, - The instrument has bsen much used in shear depend~
ence studies with cellulose sclutions, R
“iAnother modification is described by J. J. Hermans, Jz.
{ %06}, Here the capillary is wound in @ helix, which, as we
have already pointed out,’ is not too desirable. The important
faature 1s, however, that the bulb system is xeplaced by a
eylindrical tube of constant cross-section,  This makes the
various corrections much easier to calculate, but reduces the
precision with which flow timés can be messursd,  No indicate
Jon in the origlnal publicetion is given as to whether or not
the suspended level was suitably modified to €liminate suxface
tension corrections. o
- {4} Bingham viscometers. This viscometer {7 ) was
>especia11y‘danigned fnw use with external pressurss, yet it
has not been widely used in shesr studies. The instrument is
cnpabla af high praciszan. and umw uiad to dqiawminq~tha
absalutu viseality of ww%ar.‘ Tha d&saﬁvanﬁuga fax iuwMthear

studiu ia that om tithw hu ta mnke the a.mtrumm‘h nnduly
lmg tn inaommte u mfﬁiciant &angth of cnpulm or appiy
(vm mu axtarml punsumt, wh&ah are dﬁﬂenm to ma&ntain
uonwhmt. | -
O J I capillary visco In thu wimmﬂw the
mwamen‘t ai’ 3 &olmn ui‘ nquid ia fousmd m i.t flmﬁ thmugh
an mlined etpiliﬁry. Be:maiu (6o} has axph:md tha
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.possibilities of such an instrument. ' In principle the flow
time should. not depend on the length of the column of liquid,
.but because of surface tension effects it unfortunately does.
Although Berneis was able to evaluate all the necessary-
corrections, one is left with the impression that the same
‘information could be more easily obtained with other visco-
meters. ‘ BRI B
Maron and Krieger Viscometer (38} In this viscometer
the. Mquié is i‘arcsd thmugh a mp&ll&w by & falling column
of mercury. Measuzement of the column height ss & function
of time gives both the pressure drop and the flow rate. Lower
driving pressures can be obtained with the aid of liquids less
danse than merxcury, This instrument does not function at’
very low shear stresses, but for shear measurements at
intermediate and high stresses it is very good indeed.

. This concludes the survey of the various low-shear
» but we ghould mention
one other method, which does not involve the use of an
especially designed viscometer, but enables one to determine
the zero sheax viscosity in 2 very elegant fashion. For any
viscometer with a3 negligible kinetlc energy corvection one
can derive for the relative flow time of & Newtonisn and &
non-Newtonian : |

viscometers proposed in the literatur

Pl ?"21 —
|I¢' ‘2‘*[“'&“ a.\_a-l
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Hence, if a series of measurements is performed on the same
solution in viscometers of diffexent capillary radii at the
same pressure, the resulting plot of t,/t, vs RZ will be a
straight line, The intercept at 2 =0 gives the relative
viscosity at g = 0. It must be pointed out that this
treatment is only sllowed if wall effects are absent; hence
measursments should be made at as low driving pressures as
possible.

From these considerations it follows that the most
sstisfactory viscometer for shear measurements in the low
shear range would be a modified Ubbelohde viscometer, It
could be designed to eliminate kinetic energy snd surface
tension effects. It would permit dilution in the instrument.
It could be made rugged and compact, even with a long
capillary, by dividing the capillary as Kruyt did (21). The
variable sheaxr feature can be attained by incorporating
sevaral bulbs at different heights. At very low shear
stresses a cylinder of constant cross section might be better
but at intermediste shear stresses a bulb system is pui"w»
able, since, in oxder to obtain s sufficlently long flow
time, the radius of the cylindrical tube would have to be so
large that the rate at which the meniscus falls would be too
small to be precisely measurable.






Chaptexr V

'thc li.qum ﬂmrs ﬂm‘b thzaugh a capula:w the volume
discharged during @ given time ¢t being given by Poiseuille®s
equation, assuming » negligible kinetic energy correction, as

{v - 1) v = % : kinematic viscosity
After hwing the capillary, the liquid flows over a curved
" hemispharical surface at & rate, calculable from the equation

w . e g} 2Mg G fa , Lt thickness of the
Ve tb =4 N v-2) suspended level

!i ¢ radius of curvature
of the hemisphere

s see fig. (V = 1)

Ubbelohde derived this equation for laminar flow with a free
surface in a ploping channel, on consideration of Newton's
hypothesis. '

Equating (V ~ 1) and {V ~ 3) gives an expression for
the thickness of the layer ‘

1/3
t=Vn ¢ v-3) ce[fpeh
It is seen that the thickness is independent of the kinematic

64
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viscosity and only slightly dependent on the effective hydro~
static head h . This is mthsr fwlmmte since now the
pmm:mn of tha numpmdad 1&%& um be the same fo:: all
.mmida mﬂ uﬂl changa only M.ttla S.f thc hvdzauut&c ‘head
is sltered. This means that the suspended level feature can
be embodied in & variable shear viscometer, .. .. ...

... Ubbelohde then desls with the surface tension correction.
His treatment i, however, incorrect. His surface tension
correction is calculated on the basis of the extra amount of
liquid dxam up at the mus of the vessel,. me! mppw&ed hv :
the surfece tension {thi,a extra amount being that which is
above the horizontal glﬁm tﬂngmt'tn ‘the lowast part of the
curved meniscus). The liquid is drawn up in & direction of
the tangent to the curved surfsce where it joins the wall.
The verticsl component of the &uppoﬂiﬁg force is ihmfam
2nrycos$ . (See £fig.2) The amount of ligquid supmﬂa&
by the surface tension may ihen be calculated from the
relation

27 rycost = Tr*ah d

It is seen fxom fig., V =~ 2, that cos 5 = r/R, hence we obtain
for ah, which is the mean capillary rise of the bulb

ah=2f/daRY (V-4)

which means that one may treat a sphere as though it was a



66

cylinder, since the capillary rise in 3 cylinder of radius R
is exactly the same as (V - 4). This is clearly incorrect.
Moreover one is not intuutud i.n thw aupulm xﬁ.m of the
bulb, but m thc ﬂwlms wangnﬂ |
R (A& AL AV
0" 2= AV

Hence the surface tension was uﬂicn!nm in a manner already
described in Chapter I1I,. ﬂ '

A correction must also be made fm the capillary rise
in thd connecting ﬁubtng. m total correction for cnpuzm
xln bctmm the two fiducial mrks h givm hy |

‘ "“AVN- za AV;
AV, + 2 bV

h: 5)

whexes - AV, t volume of mnmating tubing
S AV.t volume of iphim

The required radius of ﬁhgﬁ .hmisphnm is calculated m’;

. a"ﬁ “"l“% <l!\x> W "H
it being the pressure exerted by a curved surface of radius R
It follows from Equation (V = 7) that R, depsnds on the surface
tension @nd that, therefore, one should have diffexent visco-
meters foz liquida of different surface tension, Ubbelohde
wmade the claim--based on his tmuxmnt of the surface tension
correction--that one value of the radius of curvature would
accomnodate all liquide. This is probably true for the usual
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Ubbelohde viscometer, which has s xelatively large hydro- . .
static head, but it Mmml? iu mt true when the head. is.
made smallew. o aae s a0

. This 1s mmmaw :Ln the fcnmg m&h where we
hawa :Lhteﬂ ﬂna pammma difference between the ratio of .
the flow times for two different solvents obtained at the .
highest head and the ratio cbteined at the lowest head in .. .,
one of the precursors of the viscometers described in this
thesis., It was a normal Ubbelohde viscometer modified to
‘hhe axtent tm it had a capillary going up and &m and a
bulb system wﬂh four bum:. the effective hydrostatic head
for the top bulb being 20 cm, for the lowest bulb, 3.93 ¢m,

System

% Difference | VT
in flow time  1.88 1.88 7.86 5.88 5.99
ratios S -

The surface tension of one organic liquid is vexry
nearly the same as that of another, and is much smaller than
the surface tension for water, Hence & viscometer designed
to eliminate the ;urfwa tension effact nith one organic

1iquid could serve equally well for other organic liquids but
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not for watex. Two series of viscometers were therefore '
designed, one {Series I1) for crganic liquids 'snd the other
{Series ;zm ,fpr watex und 'iqauﬁ‘n ’j’:ﬁlﬁ#iqr&i; ' The radius of
curveture was chosen to make the cozrection gero: for the
lowest (#ifth) bulb, since a surface tension effect will

have most influence here. 'This meant that theze was over~
correction for the fourth and higher bulbs but the calibration
showed that the effect 'of this over~correction on the -

measursment was negligible.

‘fm ﬁi@mﬂaﬁ maw d&ﬁgﬁaﬂ; Vi.mmm 11-4, a
mv thetx viscometer, covering the range 7.14 < 0.71 dymaf
) . and ?ﬁsmmim I1-B cwar&ng the range 3.?.9 2.38
dynes/en® “ {calculated for benzene). It was necessary to
design m vi-scmtwn. since the low range viscometer can
cover only one decade. This range was just below the range
usually covered. Therefors viscometer II<B was made to be
able to extend the measurements to this range and also to
provide overlap with II-A, in order %o have & check on the
consistency of the flow beshavicur in this type of viscometer.
The maximum shear stress cbtainable in 1I-B is about as high
as possible in a viscometer of this type which meets also
our other requirements. |

The flow ﬂma of 'the diffmant bulbs wers kept about
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the same, by keeping the ratio h/V essentially constant.

3. Desion criteris for Series 111,

Only one viscometer waﬁ-déaignad in this Series. The
bulbs have all the same volume {1.48 ml), This was done fox
two reasonsi (i) the surface tension correction is smaller
the larger the bulb, (ii) if one was dealing with systems of
varying surface tension, this effect could be calculated, and
the correction applied to each bulb. The latter consideration
was taken into account, because of the fact that many sub-
stances apprecilably lower the surface tension of water, when
dissolved in it. The shear stresses covered range from 6,25
to 6394‘an/%m2. The detailed design figures are listed in
Table



%apter vi

(1) Viscoms

‘Ehe viscomsters II-A, II-B and Il were uaed in the
work to be described. They were mounted 11: stainleas stuel
holdexrs, equipped with a cvl&nﬂximl pin Mmﬁ.ch fitted mugly
into & cylindrical slot in a stainless atul baz upanning
the viscometer bath. This insured a mpméucible. wmm
position,
(2) Manogtat |

The manostat used was essentially the one described
by Sones { 61 ).
{3) Ih ermostate

Two baths of the aquarium type were used for the |
tewperature range 20 = 40 C. These baths were fillad with
distilled water in order to discourage the growth of iigae.
For the 60 C work the bath was a cylindrical Pyrex Jar 18
inches hich, filled with clear mineral oil aT'n’d for ﬁza greater
part insulated with asbestos. In both typun of bath the
temperature was maintained uniform by thnmugh atimlng af
the bath 1iquid and was maintained constsnt within 0.02 C

70
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by means of a mercury thermoregulator operating through an
electronic relay. e
(4) Timers ~

Flow ti.mu waxre mgwm uim two Heuer stop-watches
{(Catalog number 906). - Times could be estimated to 0,03
‘seconds,  The watches were periodically calibrated against
an e&mmmfs 'eimwalihmting dev:!.ce. hy ans. Th. mn

" Bengene mm:l Go. of Ganade) AS.T.M. Industsiel
grﬁd% mﬂiu&uaé and dried over sodium.,  B.P. 80,5 €

W (Steel Co. of Canada) Nitration grade, re-
dhts.llad and dwim over sodium, B.P, 110 C

thyl Ketone {Shell 041 Co.) Technical grade,

driad over mhvmw caiaitm sulphste {*Drierite*) and ze-
d;ﬂ-s&i&lga@ B.Py 79,8 € o
" Hater. Ion exchange water was used.

A1l solvents, except water, were distilled through a
- three-foot column packed with glass helices. Condensate was
rejected until the bolling point zemained constant, One
batch of solvent was used throughout s given series of
 viscosity determinations.
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ggm_ The Dextran fuetien used was wppxﬂ.eé by
Dr. Allene Jeanes (thhem uuumwn Research Branch, U.S.
Department of Agmﬁaulﬁu&a. ‘Peoria, Illinois). It had the

follaw:!.ng specﬂ.ﬂmtionm

D’] qj}:,“ h‘;, -4 mﬁ

Jenma :ms~aa 0.92 95 5  appzox. 10 x 108 B-512-E
o Polyln-octyl-methacrylate). This fraction was |
wppli&d hy Br. S @him (masﬁ.ﬂﬁ Research Section,
Picatinny Arsenal, Dover, N.J.). Specificationst

oy A
COpOMASFL 2,75 12.52 x 0%

tyre ‘thu Falvuﬁwme mad was *Ema:}tion -5,

were pmmﬂd nﬁ TOOM temmm‘tum, by amwing the desired
amount of polymer to diuwm slowly in the solvent in a 50 ml.
volumetric flask {Exax). After complete dissolution the flasks
were £illed %o the mark with solvent in a 20 C constant
temperature bath. | ;

.. Bince the amount of polymer mwsmﬂl; the polymer was
not welghed out in the flask but in a light-welght aluminium
foll disk,
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} Determination of the concentration. Concentrations were
mlculatnd fmm tha smmxm; of polymax welghed out. At =
tempemmraa other than 2@ C the wnmmﬁmﬁm was calcuistad

as o ,
L IR | :

r ® Coso X 0 vz -1
Cp = Cas0 ﬁﬁﬁ )

Tests carried out in this labozatory (58 ) have shown that
using the density of the solvent in this calculation instead
of the density of the solution introduces an error that is
quite negligible. | et |

All concentrations are expressed as grams/100 ml of
solution. - {9/100 m1) Dilutions in the viscometer were made
with stock saivant kapt ﬁm the 2@ G% mnatm‘t tempgxatum
bath, the sama pipatta (ﬁxax 3 mﬂ wﬁs uaﬁd thmughuut ail
ﬂetaminatium. ‘
3} Flow times, Flow times were measured in duplicate or
m;suma. ‘Flow times were xeje@ted if thay did not agree
“within 0.2 secondss Clevia T iy

" With the nmultiple bulb viscometers, the same stop~

tch was used with a g&mn bulb: thwughw& a1l detemminations.

UII 33 N m scslutim ‘
o3 solvent
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The assumption has been made that the kinetic energy effect
has been eliminated. Then, at constent shear stress, we have

,=%
: 9
Or, if we considar ‘i:ha maximun shear stress at the wall
Vetg=(R) -3
, ak

The "nominal® rate of shear at the capillary wall is given as

The actual rate of shear at the capillary wall can be
expressed as (5 ),

9 = "[3*’ a\&o::z—-‘ (Vi - 4)

The only assumption involved in {VI ~ 4) is that there exists
a functional relationship between the rate of shear and the
shear stress.

Substitution of (VI ~ 4) in (VI ~ 3), gives

¥, %, ud
Kv'\tg .(;’-;)R -(@I)R [ 3y Alogd/alogre 1

Or

(), =& D . ooy

. \ -
For Newtonian flow 2egie =\ and hence "~ t
ol %BQ
For non-Newtonian flow b4k i » hence (%c <
A T R



()

Values of g* R #nd. . Uo were calculated from the musumd flow
times and plotted as Log q'p ve Log Tp o - This plot was
slways linear and the derivative was evaluated as the slops
of the least square fit to the um,.; o DT 5
5) Calculation of the Intrinsi ' The imﬁnﬁe
am 9—%’ Ve  C.

vﬁ.soauity WAS wnluated fmm a piat. af 9"

Both >\ and %% were calculated at fm,m: five different
concentrations. In all cases the plots were linear, and hence

ming the reletionships
- '7,—! . |

e R R 1> 2 VS
andt ¢~'k o
S =, 0] -(LN% Lo

ol E vz - 7)
the intrinsic viscosity and the slope constant k! and @ could
be evaluated from a least square anelysis.

It can be shown that ¢ and k' are $o velated that
their sun should be 0.50 { B + k%= 0,50), This relationship
was never observed. Since the values of § were more reliasble
{internally consistent) than the values of k¥, the k' values
were calculated from the @ values assuming the theoretical
relationship to be valid., This procedure is quite justified
if one is not concerned with the values of k' but only with
values relative to each othez. |



7%

:‘m annea af tha inﬁrimﬂ,u vhaoaﬁ.ty lrl: f&nﬁ:a ahaw
‘stress were pzqttnd agai;wt aheaz: atzeas and %:ha ezum was
;extmmlated t@ a Bbeax uta:aaa ef aem. )

was perfemed bv mnwring the flow times ni’ benzene and
toluene at several different tempmrﬂmm.

1f we rewrite Poiseuille's equaﬁm in its condensed
fam. we have

A = n‘E‘%hv .

3 = aVir L .
'l’he v.tacmetom wem deﬁ.gmd mth : mgligibla kinutic
emxgy coa:mctien. harma |

Ve At -%

T o~ ves AL CNin e e
xf the suri'aea tension effect has been elm&mtad, then the
ratios of the flow times for different liquids for the same
bulb should be equal to the ratios of the kinemstic viscosity,
and should be the same at different driving pressures (i.e.
for different bulbs), This is indeed what was observed (see
Table ). The ratios of the flow times for benzene and
toluene at 20° € (tpanzene”ttoluene’? averaged over all ten
“bulbs is equal to 1.0929 ¥ 0.2% The retio of the kinematic
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‘¥iscosities, as calculsted from Timmerman's Tables (&7 ) is
‘squal to 1,1000. The agreement is considered to be satis-
factory in view of the uncertainty in ‘the literature values.
coiease . The constants A and B m@»wﬂmm for each bulb by
means of the equation proposed by Higgins (s8),

The values ,»'Ee:: A and B, so calculated are listed in Table .
it ﬁ;hgae, values aze known we can calculate the relative -
corzrection in the flow time, due to the kinetic enexgy - -
correction, since it can be shown that it 1s equal to

%t wB A/ vz - 9)
These values are also listed in Table . |
Inspection of these values shows that the kinetic

enexgy p:@maaﬁm can be neglected. It should be noted that
the values of the constant B are not proportional to the
volume, This is wbximhﬁ to a change in the value for m
with driving pxessimu first observed by Swindells {és ).

~ The volumes were measured by eéllbmﬁm with water, |
the geometrical head with a precision cathetometer. The |
length of the capillazy ';vtiﬁ also measured, but this measurement
is quite arbitrary, because of the trumpet-shaped ends of the
capillary. These values, with the zadius of the capillary


http:Sntpect!.on

78

guoted by the makers of the precision bore tubing, enable us
to calculate the constants A and B, Comparison with the
actually observed values is satisfactory (see Table ).

b) Calibration of Sezies Il
designed for aqueous sykﬁema unly. another calibration

I11. Since this viscometer was

procedure was adopted. The flow times of water were measured
with and without external pressure. Assuming no kinetic
energy correction, the viscosity of water can be calculated
from 4 |
9= 5o pet (Vi - 10)

The caleulated values were
Bulb b § Il I v L4 AV,

O ) . :
72" 0.8910 0.8907 0.8908 0.8906 0.8906  0.8907

It is also possible to calculate the viscosity from a plot of
the shear-stress vs 1/t, since
Ay ‘ " :
'Cz-$§é§ Vi %' (VI - 11)
The relationship, calculated for 35 points, obtained with
external pressure only, is
Te 0.9866 x 103 . %‘

" The viscosity of water, calculated from this éﬁl&t&oﬂghip,is
0.8900 cp.
The constancy of these viscosity values, obtained over



@ wide renge of pressure heads proves that the surface tension
ﬁmcreatian ’hu indeed baan elim:l.mtad when the liquid is water.
mmhemom S.t shaua alsﬁ tlwh kimtia anengy- and enﬁweffmta
are negli.giblm N .

In oms: to deternine tm ﬂm extm ‘l:he surface
tensim wxractian is aliminated faz’ aqumm w&utions for
whiah the aumfma temimfdmgﬁy ;:atm u mnmhnt d&ffuxant
than it 1; fo:e mtcz-, mthﬁm aalibmﬁim was mmiad out with
g m% and w&th s 40% WEWOQ solution. ‘l‘hasa mlum@m are
Nentunim liquids mﬂ hame tha vuwa&w ahaum be iﬁdepmd-
ent af the uhear atweu. Any ehmga in tha mumrm vﬂmcaaity
wmh a :;hmgo in dxﬁ.%ng pmasum mulﬂ bu due to a suzfma
tamﬂ.on effect.

The viscosities calculated from the free fall data are

Bulb 1 s S 431 1w v
20% 1,696 1,700 1,708 1,708 1,723
40% 4,321 4,333 4,340 4,356 4,304

The increase in viscosity could be due to a surface tension
effect. Since this effect amounts to a correction in the :
effective driving pressure, it should become negligible at
higher hydrostatic heads. Therefore, measuremenis were made
with externsl pressures on the 20% sucrose solution. The
viecosities calculated from the pt vs 1/t plot were
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208 ‘156‘?9' 1\56‘?@‘ 1.67@ 1,678 1.6W L1675
The incmeatn &n viscouit? han d&tapganw&d. hnnﬁa we mny ;A‘; 
attxibtzta %g i.ncamm, mtad :m thu f’ma i*un dm, ta .
nurf&mu tanainn effact,

’ @7 ﬁm tﬁau atubmﬂan éata
we my «thsn mncludu thm-k t‘ha «deu&gn of thae v&wmetm (ﬁf

both ﬁaﬁew} is saund and ‘that they were cnnstwctaﬁ to
smcﬁ.ﬁcﬂmm. They do ﬂmiaad measure vimmmias ami the

bnthm:sama mmfwa tmnﬂm af@aat hﬁ hﬁm elimimted fw m B

ax'gmm aalwnt: m ﬁarim :m mﬁ fm: smtem ."m rswi.as m.

After calibration the viscometers were used in three
different research projects, tygiml of those &nwlvﬂ.ng non-
Hewtonian liqu&da. | | |

A neglmt ot‘ the ab:wsation for thaw uﬁ‘m‘u mz msult in
values of the intrinsic viscosity which are lower than they

~ ghould be~-and the discrepancy will be progressively larger
at higher molecular weichts, The plot of log [y] vs log M
will show a downward curvature in the high moleculay weipght
range {see fig.M ). Such a curvature may, howsver, also
arise from chain-branching, since ‘a branched molecule occuples
a smaller volume than a linear molecule of the same molecular

A\
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welght (bu ). If a decrease in the intrinsiec viscosity is to
be used as evidence for, or a measure of, branching in a
polymer, it is essential to find out whether all or part of
the curvature is due to shear effects, Curvature of this type
has been observed in the log [v] ve log M plot in the systems
Dextran - water (57 } and in the system poly(n-vetyl-methaczyl~
ate)-methylethylketone ( " ). We have therefore investigated
the influence of shear stress on the intrinsic viscosity in
these systems,

1) Measuzements with s hich molecular weloht fraction of
Dextran. Since shear effects are more marked in more econ-
centrated solutions, measurements were made on a Dextran-water
solution containing 0.9860 grams of Dextrsn per 100 ml of
solution. The viscosity calculated from the free fall data
were
Bulb 1 Ix 4 4 v Ave

0.2832 0.2842 0.2842 0.2858 0,2845 ¥ ,45%
The increase of 1¥ could be significant, In order to test
this, measurements were also made with external pressure.
The data ﬁamt corrected for drainage according to the
procedure described in Chapter III, plotting pt vs 1/t .
The least square equations for the five bulbs are
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Bulb : pt vs 1/t A calc, viscosity
I (pt)20™3 = 9554 - 0,3543 x 20° L 0.2845

11 {pt)10™2 = 9576 ~ 0,3588 x 10° % 0.285)

111 (pi)m"‘" = 9955 - 0,3627 x .1@5% 0.2852

v (pt)10”2 = 9601 - 0,3839 x 10° 1 0.2862

v (pt)10” = 9599 - 0,3980 x 10° 1 -0z
Av. 0.2854 (% .3%)
The cnlcuiated'&quationn fitted the experimental points very
well (better than 0.1%). As was pointed out in Chapter III
the expression for the slope is
sl PR B 2,

Y- B L ,
It is seen that the term representing the influence of the
shear dependence is by far the largest. Substituting the
actual values of the radius, volume and aapiliatv length, we
find a value of 0.298 x 1014 for this tem. The value
calculated from the least aquaxa analysis is found to be of
the oxder of 1@8 Hence, 1f we attribute the obsesvad slapa
to a shear effect, the coefficient 2; is found to be of the
order of 1@“6. which means that the effect of shear stress
is negligible for shear stresses ( 163. or shear rates < 104,
Since the highest shear stress at free fall is 6.68 dynes/cn?
we cannot attribute the increase of the viscosity to an effect

of the shear stress,
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tul We can conclude, thevefore, %ﬁ thé turvatire observed
by Senti et al (57 ) 48 net due to ahear effects and may be
‘a‘btmibu‘tad Lo hmncmng. RURCTNEINR T

hy Ir. 3. N. m:mi in ordax ta char:k cﬂmther mny ahm
dependence of ﬁhe intrinsic viwmii;y uould be nhaawed.
Measurements were made in both Viscometers II-A sind II-B,

,The data aze tzwoxﬁe& in Tablexil and Figs I . From these dsta
m &nta:imlc %wanity :t zero shear stress of 3.46 di/om was
abﬁaim& by wtmp@h%nn. datcxihad in Chapter V. If this
value of thc mmmw vimouity M plntttd on the log vs

log M plot, one abaemen thﬂ the cnrxect&an for the effect

of the ttwms dependemca removes th: enwﬂu:&. Hence we may
cnm:lude that the poly! m-mtyl-»msihwmyhtu} is essentially

a u.nm moluwle. L

intzimic v&umﬁ.ﬂy af u pﬁl‘ymaz molaeula can bv uxpz'ainad as

-3, i72
5'23 - K Mwﬁ B v - l‘.ﬁ? ( ¥ Tt root mean
square end-to~
end distance

T2 31@ . ..Mt mol. weight
Km} —g—- 23 Ploxry constant
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and ».@ﬁyﬁ ea. vol.

s) E% . llﬁ ‘ ' polymer

Y N ﬂ 2 T 65 - Aﬂ E
* “ i" 2 ﬁ ) ‘-vi:* upae. vole
*  of solvent

g 2 -3/2 aSt excess partial
{‘%) ISR molay entropy
| of dilution

" aAHt excess partial

‘molar heat
- of diJution

2:1 a g@od mlvent (A!’-i naggmw}. et 3.9 gzraa‘&w: the
mam negati.veAH is. AH shuuid beqma hw negatiw qs tha
tmpazatnm mareaam. hame ® ahmxw dmm&“ with temperatuxa,
(unlc“ K increaun anaugh to uamyenmta tha demsus. The
j%ampmmtum dnpendmcc af K shmid. hbﬁww, &xo vaxy ﬂﬂ.ght,
‘mince i.t dupendu oniy en tha mah@ulm waight. ﬁhinh h ’
clu::ly 3.ndepandmt «af tnmpam‘tumg amﬂ thu unpwhmm mot
mmm aquare en&»ta«-mﬂ d&ﬂﬁma, mm in pmt:iph u ﬂw
‘na‘t 1nﬁnancad bv 'tempaﬂmm. ’
| | En s puex sa&vam (AB pésitwa). the Mtzimic
,:vimeawhy ahauid inemm us.th tamy&x&tum. fmllming a similer
‘\ugmueﬁt. L
| 'I‘Iii& behwionr u ubsemaﬁ ﬁ.n mmw auﬂ for low
molecular weight polymers. ~Closer m;mimtian of the data
reveals, however, that aH and o5 sre dependent on the m&leauiéz‘
waigm. a fact which is not considered in the Fox~Flory thaosy
It was noted {30), that as the molecular weioht of the solute
molecules increased, a solvent which could be considered good
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for lower molecular weight molecules, became relatively poox.
1f this effect was reasl, it should be observable in the tempera-
ture dependence of the intrinsic viecosity. Since relatively
high molecular weight polymers are required, to get a measur-
able effect, the solutions become non-Newtonian. The increase
in intrinsic viscosity, measured at finite shear stress was
already observed by Sharman {58 ) and Sones { &! ). Their

data did not permit a relisble extrapolation to zero shear
atx;nu. With our Jow shear viscometers this is pasu‘.ifbh. and
we therefore messured*® the intrinsic viscosity of a high
molecular welght fraction of polystyrene in toluene at three
different tﬁmpnwituztﬁsin viscometers II-A and IX-B, The

data can be summarised as:

TABLE I

43 «40 2.35 3.2_8 9,33

2.32 9. m 2.30 9.13 2,22 9,20

1.16 1.15 9.00 1.11 9.03

048 8072 n‘B 3084 o*ﬁ 8085

I1-8 1%-%2‘ 9.21 1%' .gz 9,23 13’;3 9.24
554 888 5242 R 8.30 6.58

3.37 8.36 3.30 8.40 3.2 8.4

1.47 7.96 1.44 7.88 1.41 7.84

*The measurements were made by Mr. A. Tapajna, whose
able assistance is very much sppraciasted.
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From & plot:of these intrinsic viscosities vs shear stress,
we obtain for the intrinsic viscosity st zero shear stresss

' . -
Py VUL I
v

m g.w 9. '9;-44%

,me then dﬂm M fonaws ameluaiva&y thut tha &ntrinqic
viscosity at mero shear stress increases ﬂm.tmmmﬂ- )

uagtne () as
R - [714- wmﬁ m m

The :ign&ficnnm of this coefficient has been recently
discussed by Frisch and Simha (25). 1t ihuuld be recognised
that k* 1s & hydmdynm&e &nmautlm pﬂrmtto:r. Any change
in k¥ will be dua %o nhmgm in hydmdvmmic behaviour,
whethex indum by‘ a change in selvent or, in non-Newtonian
systems, by & change in shear stress. Theorstical cslculat-
ions on the concentrstion dependence of the viscosity of
suspensions lead to the following rasults

Particle Shape kt ‘ Reference
Sphere 0.745 1.17  with and without the
: effect of collisions
dumbell, rigid rod 0.77 ~ Simha
rigid rod 0.73 mtmr}: and Ullman

centrosymmetric flexible 0.60 Rizm:s and U)1lman
molecule ' o


http:vltcosS.ty
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We are interested not’ so much in the absolute magnitude of -
k¥ 88 in the changes in k.  From the data in the Table wa =
‘can conclude that, .o R R U
i a) k% dncreases as the particle becomes more rigid or
. more asymmetric. b RE

: h} k¢ -6&&2@&@& 8% the particle becomes more flexible:"
It is ﬁsﬁmed‘.v throughout these calculations, thst the
particles are orlented at random. This ralses the question
how k' should be calculated in non-Newtonian. ﬁ#ﬂmﬁ since
at finite shear the orientation of the particles is no longer
random.. We will assume that at finite shear the Huggins'
equation is valid for non-Newtonian liquids. Hence

9,—I) - [fﬂ 4 k f'ﬂ ¢ (w - 14}

Both k* and [ u:m fhnﬂmm of thu gheax* stress., In oxder
to eliminste the nhuz dﬁpandunt vari.abhs, we will m&ke the
fanow;ng mhstiiutim

I, = I, (- “t')

Mnce the effect af thw shoar stress will be to make the | |
particle more :eﬂ.gm and/nx asymmetric, Kk shwm be an C
incxemﬂmg function af the aheu: stress, we will make the
zﬂ'uztmr assumption tmt it is 2 linear furwtim of T,
Thexefore, | |

.,k’v =kt (1 «l—‘st}


http:Huggt.ns

g8
Making these substitutions we obtain

( vc k- E'n (‘ ‘“‘) +“' U*Pt) tﬂ"(\-av) S S

fummntimn of lﬁﬁﬁ& aggregatas. 1t will 1&*@1& be dnpendant on

ﬂw ahea:: ntmw. bince at h:lgher shear aﬁmuﬁc the formation
of these aggmgataa wﬂl hn impe&aﬂ. “This interaction 'Ehm
wﬂ.ﬂ make a nag@tiw contribution to the nuna&matmn tam
k® iq}a ¢ and be proportional to the first power of the shear
stress. Taking also inter-particle interaction into account
we. obtaln |

(o, ey g IR G T g

This can be rewritten in * more mmganbia form if we define

@ new wnstanﬁ wm« |
o ’ - ‘ | , . |
3 : a N — L \}' - /_,,'-rm' :“

| % 1o L'n - o

aetain&ng only the »Mmaz and qu:dutics tma :ln the ahm
stress, we obtain as our ﬁnal uqunﬁm

/A 2 \ | b ‘
(-"?)t = I, (1-o2) + <, D91} (}.‘,-, (p-y0T-2«T)C (y1 = 17)
Since we are not &nt@&ﬂmi in the cﬂntwibuﬁiﬁn of the

dependence of the intrinsic viscosity on the shear stress to -
the slope, but in the dependence of k¥ on T , we will divide
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the slope by [n]. .
' Hence we obtain the quantity
¥ [0 e(p-nt ]

From this it is clear thet k', can be obtained by extrapolation
of this quantity to gerc shear stress. This plot is shown in
fige. .

No dependence on the shear strese is obsexved at 20°C,
which can be interpreted by the fact that the increase of k!
with shear stress is offset by inter-particle interaction.
The increase observed at 40° and 60°C can be attributed to an
increased rigidity and asymmetry of the molecule at higher
shear stresses; the decresse of k' with temperature to an
increased flexibility.

A similar increase in k* was obssxved by Kuroiwa (34)
in solutions of polystyrene in toluene, but no explanation
was put forward to account for thie.



TABLES



01

Sheax V scongter F .';

J CRATIONE TOX VAriabig

capillary radius R = 0,025 cn capillary length L = 50 cm (2x25)

2

radius of curvature of hemispherical opening R, = 0.37 cm

Bulb } ¢

i1

I

v

v

h {em) 20

v (en®) 1.5
Tpuiplem) 710
A x 1073 4.01
B x 1072 +133

LBenzene 171.2

15
1.12

+644

4.03
«100
17&-4 h

10
0,75
«564

4,01

067

i71.2

8
0.40
+457
3.76
-036
182.6

2
0.30
«415
1.99
026
345.1




TABLE IIX

capiliary radius R = 0,025 cm capillary length L = 30 em (2x15)
radius of curvature of hemisphericel opening R, = 0.413 cm

Bulb I 11 11X k] v

h {cm) 30 20 1s 9 4
v {en®) 3.0 2.0 1.50 .90 .40
A x 1078 5,00 5,00 5,00 5.00 5.00
B x 1072 446 .297 .223 .134 .059

tpengenelsec) 137 137 137 137 137
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capiilary sadius R = 0,025 cm capillary length L = 40 cm '(2x20)
radius of curvature of hemispherical opening R, = 0.64 cm

Ty

B (cm) 20 15 10 5 a

v (o) 1,50 1,50 1.50  1.50 1.50

T plem) 0.70 0.70 0.70 0.70 0.70

A x 1070 5,00 3.75 2,50 1,25 0.75

B x 1072 167 167 ,167 167 167
bugggfi*ﬂ¢3 200 266 400 ﬁﬂéi 1330




Flow Times of Benzene and Toluene at Various Tempevatures

?’imﬁﬁ Ii-4

Bulb

Benzene 20°  Benzene 25°  Toluene 20°  Toluens 40°

Toluene 60°

1
Il

v

147.99
148,27
147.20
161.48
204,78

138,73
151.23
275.41

135,44

135,78
147,72
269,03

‘Viscometer 11-B

110.07

309,25
119.41

92.60
92,65
91.72
100,33
181.82

Bulb

Benzene 20°  Benzene 40°  Toluene 20°  Toluene 40°  Toluene 60°

1
1z

111
v

134.36

133.78
137.07
134,63
142.70

105.01

104,50
107.05
105.40

125.48
J23.16

110,07
110,31
109.25
119.41
215.58

84,37
83.68
85,51
83,70
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TABLE VI
calib:zatim Gonstan%s ‘from Higgins' Plot

Viacnmter II-»&

il s =5 L a2 o =T K.E. corz.for
Bulb Ax 10 Bx 10 AB x 10 # liquid with
N o 9 = 10~ &‘stnkes

I 5025 = 0.62) 3.2 e
Il 5,008 0.516 2.58 .26%
III 5,049 0,101 0451  05%
N
v

L 4,583 0.094 - 0.43 - «04%
2,503 0.093 0.23 : »W%

Viscometer I1-B

| B -2 7 K. B. corr. for
Bulb A x 10 B x 10 AB x 10 J..iqui.d with
\)u 10-2 ¢,Stokes

I 5.555 1.196 6.64 +66%
i1 5.563 0,929 5.17 «52%
5.497 0.520 2.36 «29%
5144 0.066 .34 -03%

< 2



ﬁm Times of Water at ﬂz"ﬁ at Various Shear Stresses
in Visﬁomem III e

‘Bulb

tlsec)

fdy;e‘:f&)

t{ saﬁfi

idyné#mz}

b (aynsssan?y

'taya

o e e s e e e

(v

es/cm

2)

1X
i1z

< 2

14‘?.?8
198.59
487,61
912.35

6,68
4,78
'3.33
2.03
1.08

8@.39
106,32
128.46
154,46
181.06

1l.04
g. 33
7,68
6.38
5.43

65,71

- 74,26
- 84,38

95.32

14.94
13,24
10,29

9.34

50,29
55.22
60,64
66,11

70.56

19.45
17.74
16.09
14.79
13.85

t{sec)

€ﬁ¥ﬁasf 3

t{ sag’,}

idﬁc@fmgi

tlsec)

16?:1&#’ }

tlsec)

T
{dynes/cn®)

=g

I

< <

34.76

36,93

39.19
41.50
43,08

29.30
26.57
24.92
23.63

28,91
30.35
31.82
33.47
34.48

25.42
26.47

28.90

29,60

38.83
37.12
35.47
34,17
33.21

[4
21.73
22.51
23.38
24.43

45,32
43.61
41.97
40,67

96
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TABLE VIII

Flow Times of 20% and 40% Sucrose Solutions
Without External Pressure

Bulb 20% Sucrose 40% Sucrose

1 260,61 716.8
1 351.0 965.9
111 524.3 144.3
v 865.8 238.4
v 163.3 450.1




ﬂm ‘l‘mes af a zﬂ% Stmmsas Seluﬁm ift ’?arim &m mgg

Bul

& |

?ﬁeﬂ

ewfmgl teee) {a

%#ﬁiﬂ

3

ied 3

@%Eﬂﬁ

2&6.@4

351.01
524,32

865.80

1633.8

| ?22
5,37
3,60
2.19
1.17

mm
139.79
160.7

183,32

203.76

B 15&1@‘
13,30
10.13
9:09

108,11
115,56
126,95
136,66

19.67
17.62
16,04
14,63
13.62

Bulb

tlsec)

%@mﬁﬁ

tt sac}

{sec)

T 5.

wM%

Ir

<2k

75,68
80,85
84,51

26.07
24,45
23,04
22,02

56,02

58,09
61.26
66.82

33.86
32,02
30.24
28,583
27.81

48,13

50,60
52.94
55,20
57,09

' 33;5}5 '
36.80
35,02
33.61
32,60

41.05
43,05
s
47.60

'43.33
#Lﬁﬁ
Aéﬁ‘olﬁ'

3‘9‘.13

86



. TABLE X-

Calibrated Dimensions of W.mpmtam m—s\. 31-B and 111

\Fiﬂmmtam 1!-& )
capillary rudiuu R= n.eas‘f N mpuluy lnngths 56.90 m

i _ . N o m

h tm§ 20,42 15,38 ' 10,39 5,23  2.17

v (cm 3 ' 1-573 1.187 0.794 0,439 0.33%
A x 1072 5,025 5,008 5.049 4,583  2.503
Bx102  0.621  0.516  0.101 0.094 0,093

L A
Benzene 149 00 148,27  147.20  161.48  254.78

20°C( sec)

Viscometer I1-B |
capillary radius R = 0,0256 = capillary length: 30.35 cm

i o o iy

Bulb 1 i1 11X v v

h{em) 3138 20,92 15,43 9.37 4,10
em) 3,144 2,086 1,573 0.936 0,434

Ax 107 5,555  5.563 5,416  5.497 5,144

Bx10% 1,196  0.920  0.752  0.520  0.066

t ,
Benzene  1a4.36 133,78 137.07  134.63  142.70
20°C(sec) *

continued
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TABLE'x - conﬁ&nucd |

Viscometer 11X
capillary radius r = 0,0263 capillary length: 39,78 cm

Bulb 1 I1 11 v v

h (em) 20,68  15.35  10.27 6,22 3,27
v (end) 1.584  1.585  1.581 1,584 1,583
Ax103 6,05 4,49 3,00 1,82 0.95
t

water 25°C 148.26 19970  298.36  493.06  938.69




TABLE X1
Flow Times of a Solution of & High Molecular Weight
F:m:ts.an af Dextran at Various Shear smuu |

101

Bulb +{ mm}

f

t( sec) s t{sec)
ynu/ 2 dynu/cm fﬁyms/mg
I 469.65 7»22 ﬁl@.?ﬁ J4.71 159,78 19.30
11 633.64 5.37 240,13 13,00 175.84 17.59
IV 1564.,5 - 117 312.19 10.05 212,25 14,64
Bulb t{sec t( sec) T . t{ sec T
e dvnn/ o dynes/cn® ) dynes/ ;2
I 90,57 33,5 T8, 74 38,25 66,75 44,71
1T 95.77 a1.8 82.82 36,53 69,63 43,00
111 100.99 30.1 86,62 34,88 72.34 41.35
Iv 106,02 28.8 00,42 33.59 T4.94 40,06
vV 109.54 27.9 93,02 32,62 76,81  39.09



. TABLE XII_

- Intrinsic Vimmity of Faly{nmatyhmthmwhtn)
m(mm - Fy)=-at 23°C in Methyl Ethyl Ketone

1n Vimametcx ;I-A

S

102

,Eoﬁ )

1 0.2049  1.861  1.858 3.023 3,28
" L 421 Q.lﬁ&? 1-659 1.55? ' ‘ L L
dynes/cn®  0.1366  1.533 1,530 :a.na B L %

0.7 Lias6 144 3. ga?.; o
dymﬁ/ 2 1.669 1.666 3.118 "
o541 1.539 3.156 o= 13
1.453 1.451 3.187
1.390 3,203
111 v,
T™w 2,14 2 1.882 1.878 3¢976 3.39
dynes /em 1.676  1.673 3.140
1.547 1.545 3.184
1.466 1.456 3.209 b= 14
1.395 1.393 3.239
v ' o
Tw 1,07 9 . 1.893 1089@ 3‘10?’ 3.45
dynes/cm 1.686 1,683 3.176
1.55% 1,553 3.222 ~
1,466 1.4&4 3.255 ?' 14
1.40} 1.399 3.281 :

v ‘ ,
T .446 1.895% 1:0892 G.J.m 3.43
ﬂymsf 1.688 1,686 3.187

1.554 1,551 3.213
1.465 1.464  3.255  @w .14
1.401 1.399 3.281



~={ POM/

= Fy)m-at m@c in Methyl Ethyl xat«m
in vzscometer u-n ’

TABLE XTII
Intrinsic Viscosity of Poly{n-octyl-methacrylate).

103

I |

S

Ta 1@. g
dvnas om

1’16'94
Ts 6,
dynes/en®

113

Tu 3.122

dyms

v
Tw 1,36
dvnasfc 2

Ey:.i’/"*z |

" 0.2040
0.1639 -

- 0,171 -
© 0.1024

L%ﬁﬂ

1
1 .463
1.395

T

l 497

1.

1.415
358

3-96
)3 “ 109
13,20

-3;_26 »
e 22
3.31
9 =, 19;
3.40

b= 14
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TABLE XIV

104

Intrinsic Viscosity of PS 15 at. 40°C in Misgémqten IX-A

H I A A

1“"»!@ :

inl

‘Cﬁﬁvéﬂa

dynae em”

o ! ~
dyﬁes}'cmz

1XX
T = 203@2

dyms/

vwa,m
= 1,15,
dy s/ o2

nes/cn

T 6.4
dynes}egz

40681

+0511

©..0409

.0340

8.022
8.219
8.330

V&MW‘

8,107
5-323 '
8-595‘

,8.86

. pm «15. ..

9.9@
P §3;5

9.4
Pa 16
9.36
9* 17
9.?33

pe G117
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TABLE XV
Intrinsic Viscosity of PS T5 tol, at. -m"c

105

Bulb

in Viwnmatw n-a N

T m 1 0
dynas Zné
,cxz? -
»
dynaa;’cmﬁ
zxx
ﬂ
yne

T a:égz |

dynes/

v
T= 1,44
dynu;'emﬁ

'422 ‘~

cﬁﬁ&l

»0511
«0409
+0340

P “ ~14
8.38
8,64

8.91
fm ,15

9.23



Intrinsic Viscosity of [ ] PS T5 tol. at 60°C

_in Visconeter II-A

106

dynes/cm’
'cmz

8 Le
dyma/za;u%

T I\’1 11
=
dynes/cm ne

v
Ta= @.4%
dynes/cm

«0568

+0426
+0340
.azawt

E:
1,278
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Intrinsic Viscosity of [ ] PS 15 tol. at 60°C

in Viscometer 1I-B |

Bulb
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3‘“"3/@

ivif

I
tﬁ: 10,78
dynes/en<

T g 7.18,
dynaa?c 2

m
T s 5,
dynes/cn®

.0568
<0426
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0284

? -QBB

7.80

Bt23
pe= .13

8456
p= .15
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| Mb i @ L M/G o
. X P o «
T 4,55 dynes/cn’ 0626 1,639 1,635 1.833 872
10376 1.362 1.360 8.178 ¢ .18
. 2 o , .< N
T = 3,43 dynes/cn’ 1.651 1.647 7,955  8.88
1,302 1.301 8.431 pw= .19
_m 2 | |
T = 2,32 dynes/cm” 1.668 1.664 8.134 9.12
B\ 2 ..

1.384 1.362 80606 Pw .17

T :43 dyn“/m .538 14683 8.31& 9.3&
1.388  1.386 g.asa pw .19
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TABLE XIX
Intrinsic \i’immity of ?-»3 ‘ts 1:1 xteluam ot 2& C.,

Bulb ot ne  la,

Te 11,27 dynasfﬁm 0626 hﬁ&d" 1,573 7.236  7.96
0470 1,425 1,417 7,415 |
0376 1.333' 1.326 bw .18
0313 1.272 1,268

44 . |
Tm 7,51 dynes/en? 1613 1,608 7.346 8.36
1.359 i.m 70864 {3 = +18

111 A
T = 5,54 ﬂynusfam i.ﬁgg 1.623 7.735 8.58

10295 1.290 B.205 o= .18
o 2 | |

1,375 1,360 8,35 pw .16

v, |
T = 1.47 dynes/cn® 1.680 1.668 8.174 9.2
1.388 1,382 8.606 (= .19
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Grounp glass jo\nf

A : Filling tube ‘ Sem
op:iem

B: Bulb system Horizontal Crvoss section

C: Air inlet fube
0D: 0.6 cm

F: OD:o6em
I.D: o4cm

F almost touches
the bottom of dilution -
bulb.

20em

«— dilution-bulb
F volume: 125 mil.

Modified Ubbelohde Shear Viscometer
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Dependence of the Intrinsic Viscosity on Shear Stress of Polystylene T. in

Toluene at Various Temperactures
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