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Influence of nozzle geometry on polystyrene degradation in convergent flow
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I. Introduction

Abstract: Polymer degradation is readily observed in flows where the extensional
component surpasses the rotational component of the velocity gradient. This type
of flow is conveniently obtained by pushing a liquid into a convergent channel
across an orifice. Kinetics of chain scission is sensitive to subtle modification of
the coil conformation, which in turn depends on the details of the pervading flow
field. By changing the orifice diameter and the conical angle of the inlet, it is
possible to modify the spatial distribution of the velocity gradient, and hence, the
residence time of a fluid element in the high strain-rate region. Degradation
yields, measured under #-conditions in decalin by Gel Permeation Chromato-
graphy, showed a strong dependence on the fluid velocity at the orifice, but not on
the magnitude of the strain-rate. This result is contrary to the common belief that
assumes viscous friction, proportional to the strain-rate, is the determining factor
for the scission rate of a bond under stress. Rather, experimental findings tend to
indicate that the driving force for chain scission was provided by the energy
accumulated in the coil during the flow-induced deformation process. The sharp
propensity for mid-chain scission was maintained regardless of the nozzle geo-
metry.

Key words: Convergent flow; nozzle geometry; mechanochemical degradation;
polystyrene in decalin

mental realization and its frequent occurrence in
several areas of rheology and engineering. Velocity

A number of stress-induced phenomena, such as
chain orientation [1,2], stress-induced diffusion
[3,4], and mechanochemical degradation [5, 6],
have been observed in polymer flows with a large
velocity gradient.

In order to study these processes, several types of
equipment have been developed to create selected
types of flow field under well-defined conditions:
simple shear, pure shear, or elongational flows.
Recent interest has been focused on the use of
elongational flow as the one being capable of
achieving a large degree of chain extension [7].
Within this latter category, convergent flow as-
sumes a peculiar position due to its simple experi-

fields in convergent flows have been investigated
both for Newtonian and viscoelastic fluids under a
variety of nozzle geometries ranging from abrupt
contraction [8, 9] to diverse forms of conical, hy-
perbolic, or wedge-shape [10-12] tapered inlets.
In this study, we will examine some typical
features of convergent flow with a particular em-
phasis on the processes of chain orientation and
degradation. Axisymmertic flow across a narrow
circular orifice will be used: such type of flow is
capable of creating velocity fields with elongational
strain-rates exceeding 4 - 10° s~ ! and has proved to
be particularly valuable for the investigation of
mechanochemical degradation in solution.

*) Dedicated to Prof. W. R. Pechhold on the occasion of his 60th birthday
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II. Experimental

Degradation apparatus

With the exception of the nozzle component, the degrada-
tion equipment is similar to that used in previous studies [3, 6,
13]. Two types of nozzle geometries have been selected: the
abrupt contraction and the conical inlet (Fig. 1). Four different
orifice diameters (0.35, 0.50, 0.68, and 1.00 mm) were used in
the abrupt contraction flow; with the conical inlet, the orifice
diameter was kept constant at 0.50 mm while the angle of the
entrance was changed from 5° to 14°. The angle of the
divergent outlet was maintained at 5°, except for one series of
experiments (abrupt contraction with orifice diameter
0.50 mm) where it was changed to 14° to check for any
detectable influence of the downstream region on the degrada-
tion yield.

All nozzles were made of stainless steel precisely machined
by electroerosion; the inside geometry was controlled by using
the silicon resin imprint technique. Orifice diameters were

filling and
exit port

1.065
cm

displacement
and pressure
transducers

iy

Fig. 1. Schematic representation of the degradation apparatus:
¢, = 180° (abrupt contraction), 14° and 5° (conical inlet);
¢, = 5° and 14°. (See text and caption of Fig. 4 for experi-
mental values of the orifice diameter; figure is not drawn to
scale)

determined by a measuring microscope with an estimated
precision of + § pum.

Chemicals

Polystyrene is a Gel Permeation Chromatography (GPC)
standard from Polymer Laboratories with a molecular weight
at peak maximum of 1.08 - 10° and a ratio of weight-average to

number-average molecular weight (Mw/Mn) < 1.05. The
solvent, decalin, is a commercial mixture from Fiuka AG
containing 41% cis + 58% trans-decahydronaphtalene and
1% of tetrahydronapbtalene as determined by gas chromato-
graphy. It was vacuum-distillated prior to utilization.

Molecular weight determination

Molecular weight distributions of virgin and degraded poly-
mer are determined by GPC on a Waters 150C equipped with a
variable wavelength UV-detector (Perkin-Elmer 75C) and
modified to permit data acquisition and processing on a per-
sonal computer (Hewlett Packard 9816). A set of Ultrastyragel

o

columns (2x10% A + 1x 10° A) was used for the separation.

Degradation conditions

All the degradation experiments are performed at 14.8°C,
which is the 8-temperature for the system decalin/PS. The
polymer solution was pushed at constant velocity across the
contraction and is collected for GPC analysis after a single
passage. Both the piston velocity and the pressure drop were
recorded for each run. No attempt was made to degas the
solution: the dissolved oxygen, which acts as an efficient
radical scavenger, is used to prevent any secondary reactions
of the macroradicals formed during the degradation process.

Degradation is concentration dependent [14] down to the
ppm level. To avoid this complication, the same polymer
concentration of § ppm was used throughout the experiments.
Such a low concentration prevented intermolecular entangle-
ments and insured that each macromolecule acted effectively
as an isolated entity.

II. Flow field analysis

The local molecular stress of a flexible polymer
chain is directly related to the degree of coil exten-
sion by the stress—strain curve for a single chain
[15]. Because molecular conformation depends on
the details of viscous coupling between the mono-
mer segments and the surrounding solvent mole-
cules, a comprehensive flow-field analysis is a pre-
requisite for any attempt to understand the process
of chain degradation in flow. Two quantities are
particularly relevant in this respect: the magnitude
and the spatial distribution of the velocity gradient
inside the flow tube.
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1. Molecular extension and residence time

A flexible polymer chain tends to be deformed
from its equilibrium conformation in the presence
of a velocity gradient. In terms of the linear elastic
dumbbell model, it can be shown that the molecu-

lar coil is easiest to distort in a purely elongational

flow [16]. De Gennes predicted a coil-to-stretch
transition in elongational flow at a critical strain-
rate &, [17]:

&s ~0.5/1,, (1)

where 7, is the longest relaxation time of the chain.
This is given by Zimm’s relation [18] in the non-
free draining limit:

T, = M”Is[’?]/AxRT > (2)

where #; is the solvent viscosity, [#] is the intrinsic
viscosity, M is the polymer molecular weight, R is
the molar gas constant, and T is the absolute
temperature. The theoretical value for the dimen-
sionless coefficient A, is dependent on the model,
varying from 1.18 in Zimm’s calculation [18] to
2.36 in some later papers [19]. Dynamic light-
scattering measurements in the quiescent state [20]
as well as birefringence measurements in opposed
jet flows [7] give values for 7,, which are somewhat
lower than predicted from Eq. (2). In the absence of
any definite experimental values pertinent to transi-
ent elongational flow, we prefer the original theor-
etical value of A; = 1.18 for the following discus-
sion.

The strain-rate criterion given by Eq. (1) is a
necessary, but not a sufficient condition for large
chain extension, because the accumulated strain
during the transit time in the region of high velocity
gradient should exceed the maximum extension
ratio Ap,, of the considered coil:

l = lmax/RO ’ (3)

where R, is the rms end-to-end distance in the
equilibrium state, and /,,, is the maximum ex-
tended length of the polymer chain. For the
1.08-10° PS, I_.,, is equal to 2700 nm. Ry, = 70 nm
is determined from intrinsic viscosity [21],
Jpay = 39,

It is found that the degree of coil extension is
sensitive not only to the strain rate, but also to the
relative magnitude of the extensional flow compon-
ent with respect to the rotational component. In
terms of the velocity gradient, this means that

max

the rate-of-strain tensor § = Vv + (Vv)T must be
greater than the vorticity tensor @ = Vv — (Vv)T
in order to deform the molecular coil:

17l > llel . )

With an increase in flow vorticity, nearly full chain
extension is still possible, although at the expense
of a rise in strain rate [16]. In the extreme case
where vorticity and extensional rate are equal in
magnitude, as encountered in simple shear flow,
the coil rotates in the transverse velocity gradient
and interacts successively for a limited time with
the elongational and the compressional flow com-
ponent during each turn. Because of the finite
relaxation time of the chain [t, from Eq. (2)], it is
believed that the macromolecule can no more fol-
low these alternative deformations and remains in
a steady deformed state above some critical shear
rate (7*) [19]. Simple shear flow is therefore much
less efficient than elongational flow in promoting a
large degree of coil extension:

7*=n/1,. (5)

All of the previously described situations are ac-
tually encountered in a convergent flow: the flow
field is purely elongational only along the sym-
metry axis; the vorticity component gains in im-
portance with increasing distance from the center-
line, and the flow becomes a simple shear next to
the walls. The flow field remains, however, “pre-
dominantly elongational” in most parts of the tube
at sufficiently high fluid velocity (sink flow). This
flow field inhomogeneity can best be described by
using the Giesekus criterion for local flow character
[22], or it can be accounted for more quantitatively
from a detailed kinetics analysis [23]. Experimental
results and kinetics calculations showed that the
experimentally determined spatially-average degra-
dation yield is sufficient for a correct description of
the degradation process. The most essential feature
of convergent flow is the lack of a stagnation point:
the flow is transient along any streamline, and
chain extension is therefore limited before the point
of rupture.

2. Flow field calculations

To investigate the effect of flow field on chain
degradation, different nozzle geometries have been
selected permitting to alter the experimental flow
field within some certain limits. All the flow-field
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calculations reported in this section and in the
ensuing discussion are performed with the flow
simulation program POLYFLOW [24] on an
APOLLO DN-3000 station. We applied the hypo-
thesis that the polymer solution was incompress-
ible and behaved as a Newtonian fluid with a
density of 0.890 g-cm > and a shear-independent
viscosity #, = 2.77 mPa-s. At the present state of
dilution (5 ppm), it is probably a fair approxima-
tion to neglect viscoelasticity at the macroscopic
scale. Even if some non-Newtonian effects could
already be observed at the ppm level like in drag
reduction or in the “bathtub” vortex [25], the
present studies suggest that it plays only a second-
ary role for chain degradation. At the molecular
level, the energy to distort the molecular coil
should be taken from the surrounding fluid; as a
result of this mutual coupling, it is expected that
the velocity field at the vicinity of a stretching chain
will be somewhat different from the bulk macros-
copically-daverage flow field.

a) With abrupt contraction flow, most of the
fluid acceleration occurred within ~ 1 orifice dia-
meter in front of the orifice and gives the character-
istic spike-like shape for the longitudinal strain-
rate distribution. In Fig. 2, we have plotted the
elongational strain-rate along the centerline for
different orifice diameters. As usual in this type of
representation, the coordinates are made dimen-
sionless by dividing the variable under considera-
tion with a conjugated parameter (the subscript
“>” indicates the dimensionless coordinate, r, is

O
!exx
o
o
1

0.4
0.3
0.2+

0.14

dimensionless strain-rate

e

the orifice diameter, and 7, is the volumetric-aver-
age fluid velocity at the orifice) so that

x'=x/rq, (6)

v = Vy/Ug , 7)
and

Erx = OV [0x" = Exr/(Vo/10) - (8)

Another quantity of importance for determining
residence time is dimensionless time (') defined as

t'=t/(ro/vo) - 9)

Within computational errors, all the calculated
strain-rates for the different orifice diameters are
exactly superposable onto a single curve with a
maximum &, (max) given by

&,y (max) = 0.56 -vy/7, . (10)
For a given fluid velocity 7,, the strain-rate dis-
tribution function reaches its highest value with the
smallest orifice diameter, accompanied by a con-
comitant decrease in the spatial extension (Figs. 2
and 3).

b) Conical inlet

Abrupt contraction flow is characterized by a
recirculation vortex surrounding the nozzle, which
increases in importance with viscoelastic fluids. To
avoid this problem, it is common to use a conical
inlet instead of the abrupt contraction: it has been
shown experimentally that the recirculation eddy
could be suppressed by using a tapered inlet with a

Fig. 2. Entrance elongational strain-rate (£}, ) cal-
culated along the centerline of the flow tube for
the different nozzle geometries. (The origin of the
»  abscissae is taken at the orificeé entrance.) ( )

40 -8 -8 -7 -6 -5 -4 -3 -2
dimensionless axial distance, x’

abrupt contraction, (———) 14° conical inlet, (---)
5° conical inlet
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Fig. 3. Compressional elongational strain-rate
(£%y) calculated along the centerline of the flow
tube for the different exit geometries. (The ori-
gin of the abscissae is taken at the location of the
- divergent outlet.) ( ) free jet
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conical angle less than 40 ° [8]. In the present study,
using a conical inlet has the added advantage of
providing a simple means of modifying the velocity
gradient distribution by a proper selection of the
entry angle (Fig.2). Compared with the abrupt
contraction at an identical flow-rate and orifice
diameter, the conical entrance provides an increase
in spatial distribution of the strain-rate distribution
function by a factor of 3 with the 14° inlet up to a
factor of 8 with the 5° angle. This increase in width
is accompanied by a decrease of roughly the same
factor in the amplitude of the fluid strain-rate:

¢, = 14°, (11)
and

¢1 =55

c) Flow field at the outlet

A divergent outlet was used to suppress back-
flow of the solution, and to prevent shear degrada-
tion from high shear buildup at the walls (Fig. 3).
From the Stokes’ reversibility principle, it is pre-
dicted that the streamline pattern of an incom-
pressible Newtonian liquid will remain unchanged
when the flow direction is reversed. At a given
conical angle, the extensional strain-rate in the
convergent flow becomes a negative compressional
strain-rate at the divergent exit of practically the
same amplitude, as found in the former situation.
Strain-rates of such a magnitude could be sufficient

to induce chain scission so that the geometry of the
exit should be designed with the same care as for

éxx (max) = 0.17 . 170/7'0

&, (max) = 0.07 -5 /7, . (12)

1 (7o =35m-s 1), (-—-) 14° conical outlet, (---)
5° conical outlet

the entrance to avoid uncontrolled degradation. To
verify whether any observed degradation could
occur in the exit section of the tube, we used two
different divergent angles of 5° and 14° for the
outlet. In yet another series of experiments, the
polymer solution was allowed to spring freely into
a large reservoir after the orifice. Here we take
advantage of the capability of the POLYFLOW
program to handle the presence of a free surface.
The results showed a contraction of the free jet
after the exit following a rearrangement of the
velocity profile. The velocity gradient is dependent
upon the Reynolds number in the free jet, and the
dimensionless representation is strictly speaking
not applicable in this case.

Although the exit-flow fields were markedly dif-
ferent in these situations, the measured degrada-
tion yields were identical. This supports the idea
that most of the degradation effectively occurs in
the high strain-rate region in front of the orifice.

d) Role of turbulence

Turbulence is known to be a source of polymer
degradation during drag reduction. In pipe flow,
the transition from laminar to turbulent regime
occurs when the dimensionless Reynolds number

(13)

is greater than 4000. In the vicinity of the orifice
(r ~ 7o), the values of Re relevant to the present
experimental conditions are all much greater than
4000, and turbulence could well be induced in the
narrowest section of the tube. We believe, how-

Re =2u0rp/n,
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ever, that it will not affect the degradation results in
convergent flow for one good reason. During a
previous investigation on the effect of solvent vis-
cosity [21], the degradation yields were measured
systematically over a large range of Reynolds num-
bers extending from 2 - 10? to 2 - 10°. No significant
deviation from the observed trend was detected
around the critical Re of 4000. In the absence of
external disturbances, laminar flow with a
Reynolds number in excess of 40000 has been
observed in a smooth tube. It could be that the time
scale in transient convergent flow is simply too
short to promote the development of turbulent

eddies.

IV. Results and discussion

Chain scission through frictional loading model

The proportion of polymer molecules degraded
after a single passage across the orifice was deter-
mined by Gel Permeation Chromatography. Bi-
modal distribution of the GPC traces reflected the
precision of the midchain scission, which remained
extremely sharp regardless of the nozzle geometry
(standard deviation ¢ = 7%). In conformity with
our previous publications [6, 13], we have reported
the degradation yields as a function of strain rate
for different nozzle geometries (Fig. 4). The fluid
strain rate that marks the onset of chain fracture is
denoted as &;. Due to the molecular weight dis-
tribution in the undegraded polymer, &, refers to

scission yieid (%)

the highest molecular weight present in the sample.
The effective £F for the molecular weight at peak
maximum (1.08 - 10°) is slightly lower than &, and
corresponds to a scission yield of ~ 7% on the
degradation curves of Fig. 4 [23]. The most appar-
ent feature from the reported data is a lack of any
coincidence between the critical strain rate for
chain fracture (&) and the fluid strain rate (&).
This result is in clear disaccord with the model of
chain scission through frictional loading (also
known as the thermo-mechanical activation
model). In this model, mechanochemical degrada-
tion is treated as a chemical process promoted by
thermal fluctuations in which the activation energy
has been reduced from its equilibrium value by the
presence of mechanical stress. The rate of chain
scission is given by an Arrhenius-type equation [26]
and becomes appreciable only when the locally
applied stress approaches the breaking strength
(Fp) of the bond under consideration. Overall, the
molecular chain behaves like a macroscopic string
with a mechanical strength given approximately by
the maximum of the derivative of the Morse poten-
tial (ca 4-6 nN for a C-C bond) [15, 27]. In dilute
polymer solutions, the transmission of force in a
stationary situation is thought to be provided by
the viscous friction between polymer segments and
flowing polymer molecules. According to the
Stokes’ law, this hydrodynamic drag force is pro-
portional to the relative velocity between a mono-
meric unit and the bulk fluid velocity, and hence, to
the fluid strain rate & The observed dispersion of

Fig. 4. Degradation yield as a function of
maximum entrance strain-rate (&,,) for
different nozzle geometries: (%) abrupt
contraction, 7 = 0.175 mm; (A) abrupt
contraction, 7, = 0.25 mm; (O) abrupt
contraction, 7, = 0.34 mm; () abrupt
contraction, 7, = 0.50 mm; (@)} 14° coni-

Y

4
strain-rate, £,(10°s"

cal inlet, 7y = 0.25 mm; (A} 5° conical
inlet, 7, = 0.25 mm
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the degradation yields in Fig. 4 suggests that the
scission event is not controlled by the frictional
stress at the point of fracture, because the same
molecular breaking force must be involved regard-
less of the nozzle geometry. A possible explanation
to reconciliate with the frictional model would be
to use a nozzle-dependent coil-expansion factor.
The latter quantity will be discussed subsequently
in more detail for two reasons: 1) results of flow
field calculations show that the residence time, one
of the key parameters for determining the degree of
coil expansion, also changes with the nozzle geo-
metry (Fig. 2); 2) &} varies with M~ indicating
the scission of a non-extended coil [13].

It is usual to model the deformed coil as an
elongated cylinder of length L and diameter d.
Results of slender-body hydrodynamics give a
parabolic distribution of stress along the body with
a maximum at mid-coil equal to

Fmax=[(2n/1n(L/d)]ns8L2/8 (14)

The probability between F,,, and &-L?* could be
used as an argument to rationalize the experi-
mental results, because a more expanded coil could
also be fractured at a lower strain rate. More
detailed analysis showed, however, several draw-
backs of the proposed model.

a) Polymer dynamics results, supported by
rheology measurements, confirm that the molecu-
lar coil starts to be deformed only at & > &, (“‘cs”
referring to the coil-to-stretch transition) and slow-
ly retracts at &€ < &. Due to an hysteresis effect, the
critical strain-rate (&) for the stretch-to-coil trans-

ition is smaller than & by an amount that depends
on the degree of chain extension. Its exact value is
irrelevant for the present purpose, because the fluid
velocity v, corresponding to &, is always close to
v, (max) following the sharp decrease of &, behind
the orifice (Fig.5). From Egs. (1) and (2), the
critical strain-rate & for the PS sample calculated
with the available experimental data [21] is found
to be equal to 11400 s~ 1. At a given average fluid
velocity 7, the amplitude of &, is highest with the
abrupt contraction and with the smallest orifice
diameter (Fig. 5); therefore, &, would also be
reached at a lower value of the axial fluid velocity
denoted by v, in Fig. 5. The maximum degree of
chain extension is bound by the ratio
j'fl = USC/UCS ~ 170/ch (with vg~35m- 3—1)5
this upper limit will be reached only in case of an
affine deformation of the coil with the surrounding
fluid element. The ratios A, obtained from the
computed axial velocity distribution, are given be-
low for the different nozzle geometries and show
that the achievable degree of coil expansion actual-
ly goes in a direction contrary to the expectation:

1) abrupt contraction, 7y = 0.0175 cm,

gy = 19.3,

2) abrupt contraction, 7y = 0.025 cm,
g = 14.1,

3) abrupt contraction, 7, = 0.034 cm,
dy = 114,

4) abrupt contraction, o = 0.050 cm, Ay = 8.7,
5) 14° conical inlet, ry = 0.025 cm, 44 = 3.3,
6) 5° conical inlet, r, = 0.025 cm, 4; = 1.6.
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The results obtained with the 5° inlet have several
interesting implications that may grant further in-
vestigations:

e The estimated maximum of possible coil exten-
sion at the point of fracture is a mere factor of
1.6. Following the discussion in Sect. I1I-1 and
depending on the exact value of A, in Eq. (2),
this factor could be even lower than the quoted
value. It is then legitimate to question whether a
polymer chain can still be degraded even if the
fluid strain-rate is below the critical value to
induce a coil deformation. The correctness of
this assertion could be verified by using a less
viscous solvent, such as ethyl-methyl ketone.
From a previous publication [28], it was shown
that &, ~ 17 %23, whereas 7, ~ 1, !; by reduc-
ing #,, a point will be reached where the
relation &, ~ 0.5/1, < &; would no longer be
verified.

@ By gradually reducing the angle ¢, of the conical
inlet, it is possible to make a smooth transition
from an elongational flow to a simple shear flow.
At some stage, it is predicted that the degrada-
tion yields will drop sharply, because little chain
scission is expected in capillary flow.

b) In a pioneering experiment, Smith et al. [2]
have determined the degree of coil expansion (4) in
abrupt contractional flow by light scattering. Their
reported value of A < 4 showed a limited degree of
coil expansion for PS with molecular weights rang-
ing from 1.7.10% to 4.8-10°. Indirect evidence
obtained from the concentration dependence of the

scission yields also tends to indicate a similar de-
gree of coil expansion under present experimental
conditions [14]. Replacing the different parameters
of Eq.(14) by their approximate values gives
Foax = 110711 N, which is over 2 orders of mag-
nitude below the actual breaking strength of the
C—C bond.

These facts tend to indicate that the frictional
model for chain scission is inadequate to explain
degradation in transient elongational flow, and an
alternative model is now proposed.

Critical energy model

Figure 4 reveals an inverse dependence of &, on
orifice diameter. The existence of a similar rela-
tionship with the fluid strain rate (Fig. 2} suggested
that a better correlation could be obtained by
reporting the degradation yields as a function of
average orifice velocity for the different nozzle geo-
metries. Figure 6 shows effectively that all the de-
gradation for the abrupt contraction as well as for
the conical inlets can be superimposed onto a single
curve. Although some dispersion is still present, it
is considerably reduced as compared to the plots of
Fig. 4. In part, this can be accounted for by the
imprecision in the determination of the orifice dia-
meters.

In convergent flows, flow-rate and entrance pre-
ssure drop are two dependent variables whose rela-
tionship is well-documented both theoretically and
experimentally for different nozzle geometries [28].

- Fig. 6. Degradation yield as a function of volu-
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Instead of reporting the degradation yields as a
function of v, the other alternative would be to
report the same results as a function of the entrance
pressure drop P, (Fig.7): a weak increase in de-
gradation efficiency with decreasing orifice dia-
meter is observed with this type of plot and may
have some importance in polymer flow across por-
ous media. The most remarkable feature is cer-
tainly the perfect coincidence between the data
points obtained with the conical inlets and with the
abrupt contraction of identical orifice diameters.
Although the velocity fields are quite different in
each case, the chains break with identical efficiency
at a given pressure drop (or energy input): such a
coincidence is certainly not fortuitous and conceals
a deeper underlying mechanism that still needs to
be sought. The shape of the curves in Fig. 7 satisifes
the intuitive idea that the number of broken bonds
should increase with the total energy input into the
flowing system; it also suggests the existence of a
critical level of energy, corresponding to
P.,~1latm or 7, = 35m-s !, below which no
degradation occurs regardless of the nozzle geo-
metry.

From these experimental results, it is tempting to
speculate that the principal factor governing the
fate of a stressed macromolecule is the amount of
elastic energy (E,;) stored in the deformed chain.
The energy stored in the chain evidently must be
strongly related to the energy dissipated within the
fluid volume element just circumscribing the mo-
lecular coil. This energy E, could be obtained from

eoﬁ

704

)
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<
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scission yie

the rate of energy dissipation (J) equal to the

product of fluid elongational stress (1., — t,,) and
fluid elongational strain-rate (£&,,):
J= I (Tyx — Tpp) "ExxdV . (17)
14

Alternatively, energy could be compared with the
average tension F(r) in the stretched coil:
Ey= | F(rdr .

Ro

(18)

In the freely jointed bead-spring model, F(r) is
approximated by a Hookean force law at modest
extension ratio (A < 4) of the molecular coil and
Eq. (18) becomes:

Ey=3/2kT.)%. (19)

Eg calculated from Eq. (19) at A =4 is equal to
1.107*° J/molecule; this quantity is much below
the dissociation energy U, of the C-C bond, which
is 5.7-107'° J/bond or 342k]J-mol™! for poly-
styrene. It can be assessed, however, from the
occurrence of chain scission that the actual value
for E,; must be significantly larger than that given
by Eq. (19). The same conclusion was drawn pre-
viously under other circumstances:

a) It was determined that the elongational stress
[Eq. (17)] in convergent sink flow of dilute polymer
solutions surpasses the value predicted with the
Gaussian dumbbell [10]. The discrepancy with the-
oretical predictions was interpreted in terms of the
“yo-yo” model. Regardless of the validity of the

Fig. 7. Degradation yield as a function of experi-
mental entrance pressure drop. (Same symbols are

6 3 0 12 14
entrance pressure, P_(MPa)

ent

used as in Fig. 4). Curves for ro = 0.25 mm and
7o = 0.34 mm are experimentally indistinguishable
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model, the point is that the dissipated energy is
much greater than could be accounted for by the
rubber elastic Hookean spring.

b) The bead-spring model assumes that the
polymer is completely limp except for the entropic
spring force to resist stretching. At high strain-
rates, it is expected that the above model is indeed a
poor approximation to the dynamics of real mo-
lecular chains. In a preceding publication [21], it
was established that the solvent viscosity has only a
weak influence on the degradation yield and the
results were interpreted in terms of the internal
viscosity of the molecular coil. It is generally agreed
that internal viscosity stems mainly from two mo-
lecular mechanisms: the first was noted by Kuhn
one-half century ago [29] and comes from the
hindered rotation around the skeleton bonds; the
resulting force counteracts the deformation process
and is strain-rate and molecular-weight dependent.
The second effect, proposed by Cerf [30], takes its
origin from the intramolecular friction between the
sliding segments and depends principally on the
rate of extension [31].

It is usual to model the force law for a dumbbell
with internal viscosity as a Hookean spring with a
linear dashpot in parallel [32]: F(r) is now strain-
rate dependent and increases with the average rate
of extension of the coil. Within the range of high
strain-rates prevalent to the process of chain degra-
dation, F(r) and hence E_ could be much higher
than predicted by the simple Hookean law. Even at
modest extension ratio, it could be seen that the
energy accumulated within the coil is sufficient to
break the covalent bond, whereas the computed
stress at the same deformation stage is not.

The notion of a critical energy for bond rupture
is not new in itself and has periodically surfaced
over the years in the field of mechanochemical
degradation. From the standpoint of thermody-
namics, the essential quantity governing the course
of a chemical reaction is the chemical potential of
the system or, in the case of interest, the free energy
storage within the molecular coil. This quantity is,
unfortunately, difficult to evaluate and most
models on mechanochemical degradation relied on
some sort of empirical relationship existing be-
tween the rate of chain scission and an experi-
mental variable that could be directly measured,
such as, for instance, the rate of mechanical energy
input. To rationalize degradation results during
capillary extrusion of concentrated polyisobutyl-

ene solutions, Bestul [33] assumed that a polymeric
system under shear reaches a pseudo-equilibrium
steady-state condition with respect to the tempor-
ary stored energy contributed by the shear field. By
analogy with kinetics for thermal activation, the
following expression was derived for the prob-
ability that a bond attains the activation energy
necessary to be ruptured:

P=1/(kT — aJ) [kT -exp(—E*/kT)

—aJ -exp(—E*/a])] . (20)
In this equation, E* is the mechanical activation
energy for bond rupture (approximated as the
bond-dissociation energy U,), J is the rate of ap-
plication of shear energy that equals the shear rate
times the shear stress, and a is a coefficient having
the dimension of time (a is constant for a given
shearing condition but increases with the polymer
molecular weight). The product af gives the aver-
age amount of applied shear energy, which is tem-
porarily stored in bonds.
Under conditions where the thermal energy con-
tribution can be neglected, the rate for shear degra-
dation was given as:

— dN/dt = k,N = Bexp(—E*/a]) , (21)

where N is the number of undegraded polymers at
time ¢.

By plotting log &, as a function of 1/], it was
found that all the experimental points could be
fitted onto straight lines, in accord with the predic-
tion from Eq. (21) [33].

More recently, in a series of intriguing experi-
ments, Wolf et al. [34] found that moderately
concentrated polymer solutions in laminar shear
flow do not degrade as long as the quality of the
solvent remains high; with decreasing temperature,
the rate of chain rupture increases steeply in the
vicinity of the demixing point and then decreases
again. In order to explain this complex behavior,
Wolf [35] proposed the formation of “grip points”
along the chain: degradation will be observed only
if the amount of stored energy per grip point is
superior to the activation energy E* for bond scis-
sion. The maximum in the degradation curve as a
function of temperature could now be envisioned
as a balance between the reduction in coil volume
and the increase in stored energy per macromole-
cule.

Although no intermolecular entanglements
could be formed at the low polymer concentration
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used in the present investigation, the possibility of
long-range intramolecular contact points and of
local “kinetic rigidity” implicit to the concept of
“internal viscosity”’ must be admitted; under these
conditions, stress accumulation becomes possible
and leads to bond rupture in a similar way as
through the “grip points” considered by Wolf.

The problem remains how the chain knows its
center during the process of loading to explain the
sharp midchain scission invariably observed. Al-
ready from purely geometrical arguments, it could
be assessed that bond rupture should be non-ran-
dom: because the chain ends are more mobile than
the inner parts of the polymer, they should be able
to relieve stresses more readily; bond scission, if it
occurs, should be found preferentially near the
middle by reason of symmetry. Calculations of the
stress distribution in an undeformed coil under
elongational flow indeed confirmed this intuitive
argument [36]. The estimated standard deviation
~ 0.3 is, nevertheless, much greater than the ex-
perimental values, which varied from 0.04 in the
good solvent methyl-naphtalene to 0.07 in the 6-
solvent decalin.

IV. Conclusion

For almost a decade, it was predicted and veri-
fied that flexible macromolecules in solution could
be stretched and fractured in a highly extended
state. The sharp midchain scission, as well as the
dependence of £, on 5, '-M ™2 found by Keller and
Odell [37] are correctly explained with the use of
the thermo-mechanically activated model for bond
rupture under stress. Ultimate mechanical proper-
ties of highly oriented polymer chains in bulk are
also accurately predicted with the above-men-
tioned model, leaving little doubt to its ability to
explain physical properties of polymer molecules in
the fully stretched state.

In a series of experiments performed in our
laboratory [6, 13, 21], it was shown that polymer
chains in a partly uncoiled state behave in a quite
different and intricate way from chains in a highly
oriented state. The following experimental facts
cannot be explained by the model of fully extended
frictionally loaded chains:

oMY,

o iy~ 025,

e Degradation yield is a fairly unique function

of (average) fluid velocity almost independent
of differences in elongational strain rate intro-
duced by nozzle geometry,

e Degradation yield is a fairly unique function
of entrance pressure drop and thus, of energy
introduced into the deformed liquid volume
element.

In order to satisfy one or the other of the above
facts, three hypotheses have been discussed:

1) The flow is not laminar but turbulent and the
flow pattern is not predictable from v, or an
apparent &, .

2) Coil dimensions and local viscosity depend on
strain rate and nozzle geometry.

3) The affinely deforming coil stiffens and is cap-
able of storing appreciable amounts of elastic
energy.

So far, none of these hypotheses can fully be proven
or disproven. All analyses of the occurrence of
turbulent flow show, however, that No. 1 is the
least likely explanation. The same is true for the
second hypothesis, which necessitates complicated
deviations from fundamental behavior without ex-
plaining the sharpness of midchain scission. In the
authors’ opinion the third hypothesis is the most
probable one: in an affinely deforming liquid,
chains are almost statically loaded from the surface
of the circumscribed volume element. Internal re-
laxation of the chain relieves some of the axial
chain stresses and contributes to the small
(A =1.6) to moderate (A4 = 19.3) elongation. By
inter-segmental interaction, stresses are transferred
from the surface to the center of the coil. It remains
to be shown why the “center of the coil” coincides
to such precision with the “center of the chain.”

Although significant insight into the process of
bond rupture has been gathered from the above
studies on degradation kinetics, it remains desir-
able at this stage to carry out further experiments
at a more microscopic level, for example by deter-
mining the degree of coil expansion as a function of
strain-rate inside the flow tube. Designing an ex-
periment capable of providing information on the
coil geometry in flow is challenging in many re-
spects (high velocity at the orifice, small sensitivity
due to the low concentration involved, inhomoge-
neity within the flow region). It seems, however,
this effort is necessary for a better comprehension
of this phenomenon.
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