DEGRADATION OF ADDITION POLYMERS BY

ULTRASONIC WAVES
&
THE ROLE OF CAVITATION

ERRATUM,
In captions of Figures (53), (54) and (58)

Case 1 should read Case éi)
Case 2 should read Case (ii)

— R —— A THESIS
Submitted to the University of Glasgow

for
The Degree of Doctor of Philosophy

in
The Faculty of Science

By
M. A. K., Hostafa
Department of Natural Philosophy
Royal College of Science & Technology

Glasgow.

1957



" # # $$ %&''&

- () = + -
) ) ) - -
) 1 2 / 1+ ) ) ; ’
) 2 -) /
$$345 6/ 3 ,* + 7 ) . *
/
")). ) 8 - ,* . . # 91 %. &)
-t ' ; $$3/
$$3/
O 1 .2 ) 02)*
[l ;<

l " -



ACKNOWLEDGEMENT,

The author is indebted to Prcfessor J.S. Rankin

for his kindness and inspiring encouragement.

The author also wishes to thank Dr, Bengough,
¥Mr, Ben Noble, Mr, T.Boag, Mr. S.A,McLaren and Mr., C,Weaver

- for their stimulating discussions and helpful comments,

The author alsc wishes to thank Mr, M.Hamilton and
the staff of the workshop for their help.

Finally the author wishes to thank Miss E,S.Duncan
for the care she took in typing this thesis.




(1)
CONTENTS,

' CHAPTER I, CRITICAL SURVEY,
Critical survey.

Factors controlling cavitation.

CHAPTER II, ULTRASONIC GENERATOR AND CRYSTAL

TRAIVSDUCERS,
Ultrasonic generator,

Crystal transdncers,

CHAPTER III, LEASUREMENTS TECHNIQUES AND
APPARATUS,
Intensity measurement,
'Point source' probe.
Radiation balance,
The inverted funnel,
The condenser microphone.
The thermoelement.

Viscoslty measurements,
Referee viscosity.,
Rolling sphere viscometer.
Modified Ostwald viscometer,
Calibration of the rolling sphere viscometer.
Referee viscosity measurements.

‘Measurement of number of broken links,
2, 2' Diphenyl-1-Picryl Iydrazyl (D.P.P.H,)

Absorption and calibration curves,

Page,

19

31

31
43

53

53 -
58
60
61

69

7L
71
76

8b
86
88
88

91



(i1)

'CHAPTER IV, DEGRADATION OF ADDITION POLYMERS BY
ULTRASONIC WAVES - TIEORETICAL,

General solution of kinetics of random d egradation.

Applications,
Case of homogeneous polymer sample.
Case of heterogeneous polymer sample.

CHAPTER V, DEGRADATION OF ADDITION POLYINMERS BY
‘ ) ULTRASOUIC WAVES « EXPERILENTAL,
Verification of theory.

Factors affecting ultrasonic degradation,
Simplified formula.
Effect of intensity of ultrasonic waves,
- Effect of initial chain length.
Effect of frequency of ultrasonic waves,
Effect of Cavitation.

CHAPTER VI,  COMMENTS,
Kinetics of degradation.
Factors affecting degradation.

Mechanismiof degradation.

APPENDICES,
Appendix I,
Appendix II,
Appendix III,
Appendix IV,
Appendix V,

Page.
96

96

106
106
107.

117

119

139
140
143
160
166
186
195
196
198

201

2156
219
224
286
230



CHAPTER I,

i

CRITICAL SURVEY,




CRITICAL SURVEY:

Tarly experiments on the degradation of high polymer
solutions showed that violent mechanicel shaking of the sol-
:ution for a period of a few hours resulted in a decrease in
its molecuiar weight. The fact that this degraded polymer
showed no tendency to revert to its original molecular weight,
on precipitation and redissolution without shaking, provided
strong evidence that true chain scission was involved.

Barly experiments in 1934 by Staudinger and Heuer(l)
on so0lid polymers showed that grinding polystyrene in a ball
mill for a period of 40 hours resulted #a a fall in molecular
weight from an initial vslue of about 450,000 to ablimiting
value of about 10,000, It is almost beyond doubt that the
considerabie amount .of heat developed during that process
was'tﬁe main factor causing this degraaationQ although mech-
canical degradation is not completely'éxcludedOf

Their experiuments on a solution of the same polystjrene
sample in tetréline, on the other hand3 showed that by creat-
ting a turbulent flow by forcing the sqlution‘through fine
nozzles where cavitation undoubtedly ocdi:lrss the pqumer was
degraded, The fall in molecular weight was not so marked
and the 1imiting valﬁe of the molecular Wéight was found tb

be 380,000
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Although these workers concluded that the breakdown
was caused by the sheagring forces produced by the ﬁurbulenﬁ
flow) yet one can infer from their experiments that:

1. Thermal degradation plays a less important role; and

2. Cavitation produced by the furbulent flow is likely to
be playing the main role in causing degradation. liever-
:theless mechanical degradation cannot be ruled out,

Almost at the same time in 1933, Szalay'?) on the one
hand and Flosdorf and Chambers(s) on the other, reported that
1t is possible to break down large molecules into smaller
molecules by the use of ultrasonics or intense sound waves,
They had observed that the viscosity of different solutions of
starch, gelatin1 rubber, agar-agar, formaldehyde polymerisatesj
‘eﬁco, decreased gradually during strong sound treatment
(10-15 Xe/sec. ). They explained this decrease of viscosity
as depolymerisation.

These observations have been confirmed several times
in the following years and have also been extended. In
1937 Freundlich end Gilling(4) showed, by detailed experiments,
that the simple explanation of the decrease of viscosity as
a depolymerisation effect is doubtful and that it cannot be
applied in some cases. It became evidentﬁ by that time?
that the decrease of viscosity in some solutions (mostly in

gelatines) was entirely recovered after having been lefi
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alone for several hours at the end of the scnic treatment,
“Furthermore3 since it had become known from earlier experi-
sments that thixotropic gels could be liguified by ultrasonics,
apart from depolymerisation, Freundlich énd Gilling got the
impression that the decrease in viscosity could not be inter-
:préted wholly as depolymerisation buticouid be either a change
in the structure of ihe solution or aﬁﬁributedlﬁo the thixo-
:tropic characteristics of the sdlutiono |

On the other hand3 there were cases whéré th¢ tearing
of macromolecules by,ultraéonics could be proved beyond doubt,
Brohult(s) for instance, usihg a frequéncy of 250 Kc/sec.,
proVed by measurements with thevultracentrifuge that the hée=
:mo¢yénin molecules were split by ultrasonics into fractions
of 1/2 to 1/8 of their original size. No tendency to recom-
:bine was observed in this case, It was concluded that an
»actual break down of the molecule had taken place. Whether
this breakdown was duec to the ultrasonic waves directly or
could be attributed to the cavitation mechanism camnot be
stated from the data availasble. In fact, Freundlich and
Gilling found that by applying a pressure of 10 atmospheres
above the_solution = presumably to inhibit cavitation the
decrease 1ln viscosity failed completely to appear in four ocut
of six solutions while they observed a slight reduction in

the viscosity of the remaining two which were gelatine and
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agar-28ar, The question whether you can tear blg molecules
into smsller ones, purely by the ultrasonic vibrations alone,
remained ungnswered, | _

In 1938, Thieme(8) obtained a similar fall in viscosity
with solutions of gelatine, agar-agar and gum arabic. Thieme s
work was based on measuring the change in the relative viscosity
'1;’ of the polymer solution. Thieme also tried to discover
an empirical relation to fit his degradation results, His
interpretation of the resultis were not altogether correct and
it was shown later by Schmid that this was due to Thieme's
graphlcal representation of his resulis,

The polymers used by the majority of the above workers
were all natural products of i1ll-defined chemical composition.
Schmid and Rommel(v) realising this fact, used solutions of
various synthetic polymers., These synthetic polymers which,
according to Staudinger are chain thresds held tozether by
primary bonds3 have the sdvantage that only one main nond has
to be dissolved in order to split the molecule into two parts,
while in natural polymer molecules (vranched), more than one
bond would have to be dissolved, Another advantage is the
accepted relétion found by Staudinger between viseosity‘and
chain length of the molecule which helps to follow with a
higher degree of certainty the process of degradation of these

synthetic polymers;
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Sehmid and his co-workers carried out extensive tests
on synthetic polymers such as polystyrene, polymethylacrylate,
polyéthylacrylate and polyvinylacetate. The results of these

experiments are given below in a classified form:

i ;.Pblymers do not degrade to the monomer but only to an
intermediate chain length,; independent of the initial chain
length but dependent on the power output of the ultrasqnic
source, the solvent, and the déncentration of the polymer
solutions, Fig.l, which is taken from Schmid's results,
illustrates the above statement and represents the degrada-
:fioﬁ curves of‘three samples of polystyrene in toluene of

different initial molecular weight.

2, _Schmid(s) assumed that the rate of breakdown is propor-
:tional to the difference P-Pe and gave his initial express-
tion in the form:

ax

i = K(P—Pe)

where at is the average number of broken molecules per

litre per'mino, i.e., the rate of d egradation;
is the average chain length at time t;

Pe is the average chain length at the end of
degradation;

K is a constant usually known as the rate constant.
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He then proceeded to develop a theory to account for the ultra-
{sonic degradation of long-chain mnlecules, which is repre-

:sented by:

Me Me Ne
=== o log(l-i=) = ( ==) ot - g - 1og(l
- Mg ( My m M o My

ﬁhere Me is the molecular weight'corrGSponding to the average
chain length at the end of degradationg

Mt is the average moleculcr weight at time t3

Cm is the concentration in base moles per litre,
and‘ Mo is the initial average molecular weight, i.€.e
at t =

Schmid did not take account of the size distributions

dbtained‘during the degradation process nor did he make clear
distinctions between number and weight average molecular weights.,

Although by inspecting his derived formula Mo should be, cate-

igorically, a nuiaber average molecular Weight, yet in verify-

He

t 88 the weight average molecular weight obtained from vie-

:ing his equation he plotted #= + log(l- Me) against t, taking
M
:cosity measurements. NMevertheless he obtained straight lines
as required by the abwve equation and as shown in Pig.2 for

a sample of polystyrene in toluene, Schmid's theory will be

discussed in more detail in Chapter V.,

8o Schmid(s) investigated theoretically the possibility-

that the macromolecules are broken bv frictional forecess. A
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frictional force can exist if there is a relative motion
between the solvent molecules and the macromolecules. The
relative motlion can be set up as the result of the propagation
of the ultfasonic waves, He assumed that a polymer molecule
can be represented by a frictionless thread to which are
attached, at regular intervals along its axis, spheres of
radius equal to the radius of the benzene ring 'S A,U.' (case
of polystyrene). Schmid, then applied Stokes formula 3

: ,fo' = P,6 R V, to estimate the frictional force that mey
be developed if VP is the relative velocity. He found that
the frictional force is of the same order of magnitude as

the force required to dissolve a C-C bond, The relative
motion developed between solvent molecules and polymer mole=-
scules can be due to either the inertia or the rigidity of
the macromolecules. Schmid therefore, conducted a series of
experiments with a view to throw more light on the effect of
these two factors, Unfortunately his interpretation of the
results of these experiments did not take into account the
effect of mixing solvents on producing nuclei for the inception
of cavitation, Of all of Schmid's experiments those contem-
:plated to show the effect of inertia failed to pror-ide con-
:clusive evidence, flevertheless Schmid attributed the exis-
:tence of relative motion to the ri:idity of macromolecules

in solution, and explained most of his results on the basis of

that conception,
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4, Schmid's(g) experiment on the dependence of degradation
of polymers on the frequency of ultrasonic waves showed that
within the range 10-300 Ke/sec., the degradation is independ-~
tent of frequency. Adcording t0 his mechanism for degrada~
‘tion, the rate of degradation is anticipated to decrease
"with the decrease in frequency as the rigidity of the macro-
tmolecules becomes less, Again since all his experiments on
that aspect were carried out in air under atmospheric condit-
:ions cavitation taking place is more than likely to play a
major role in the degradation process, Since frequency
dependence of cavitation is likely to exist in such a way as
to offset the effect of the rigidity of macromolecules, this
series of experiments failed again to add any conclusive
evidence to support his hypothesis° A copy of his results
is given in Fig.3. which showéthe degradation curves for a

0,3% solution of polymethyl methacrylate in benzene.

6. Schmial0)

carried out another series of experiments on
ﬁhe degradation by ultrasonics of nitrocellulose in n-butylac-
tetate and of polystyrene in toluene at temperatures of 400,
60°, 80°, 100° and 120°C. At the same time he examined their
- pure thermal degradation at the same temperatures, In inter-

:preting his results, he considered the two types of degre-

:dation, i.e., thermal and ultrasonic to be gdditive and by



subtracting the thermal effect from the combined degradation
he obtained the degradation due to ultrasonic waves along.
This was shown to decrease quickly at higher temperatures and
to stop completely at a remarkably higher molecular weight.

In trying to explain his observations according to the con-
iception of rigidity of macromolecules he atrriovuted the
decrease in degradation to a decreass in viscosity of the
solution at higher temperatures, but he admitted the difficulty
of giving a correct explanation of the main reason for the
decrease of degradation at increasing temperatures, Once
again, it seems feasible to assume that cavitation is the

~ reason, The severity of cavitation is known to decrease with
inereasing temperature, This fact is a consequence of the
effect of temperature on the vapour pressure of the solvents.
Vapour pressure increases as the temperature increases and the
collapse of the cavitation bubbles will be less violent. This
results in a great reduction in the severity of cavitation if

not a complete change fromdé@structive to non-destructive

cavitation.

6. In order to suppress cavitation, Schmid(v) conducted
several experiments under high external pressure in a Berthelot
steel Bomb at a temperature of 65°C, The external pressure

above the free surface of the solution was applied from
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compressed oxygen cylinders in some experiments and oxygen-
free nitrogen cylinders in others,

In one of his experiments on nitrocellulose the degre-
:dation was linhibited completely by applying a pressure  of
8 atmospheres while in the other two experiments on polystyrene
the application of 15 atmospheres resulted only in reducing
the degradation as shown in Figures 4 and &,

Weissler(ll) questioned the findings of Schmid and his
claim of suppressing cavitation by applying a pressure of 16
étmospheres on the free surface of the solution. He indicated,
ﬁbweverq that under the experimental conditions used by Schmid
the pressurized oxygen will be forced into solution according
to Henry’s Law, Therefore, when the-instantaneous pressure
ia reduced by a few atmospheres during the negative part of
the sound wave cycle, oxygen will come out of solution and
bubbles will be formed in the liquid. Weissler's statement
is most likely to be true, although there is no reason to

expect this degassing to be true cavitation,

In a later contribution by Schmid(lg) he examined the
products of degradétion of two similar unfractionated samples
one under thermal and the other under ultrasonic conditions.
By fractionating the resulting polymer at the end of degra-

:dation in the two cases and plottingz their distribution
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curves which showed a marked difference, as shown in Fig.8,

he concluded that the degradation produced by ultrasonic waves

could not possibly be considered to be due tp thermal effects.,
' So far, it would appear that degradation of macromole-

:cules by ultrasonic waves is mainly a result of cavitation

inception in the solution. although frictional forcés may be

playing a minor role. This view point is confirmed by

Prudhomme(ls)

who has been convinced that together with the
strong action of cavitation there also exists a weaker effect
of the so-called 'frictional forces',

Another interesting contribution is the work of H. W,

Melville and A.J.R. Murray(l4)

which proved that, apart from

the strong action of cavitation, a strong degradation of long
chain polystyrene molecules was detected by irradiating the
solutions in an evacuated reaction vessel, after suppressing
cavitation, Furthermore, it is quite possible that cavitation
can lead to oxidation processes, even in the presence of
nitrogen or an inert gas, after eliminating any traces of oxygen,
R.0. Prudhomme and P. Grabar(ls) in France and P, Gunther(16)
in Germany have found that the oxidation effect is not due to
activated oxygen, but probably to the liberation of O.H.
radicals as an effect 6f cavitation, The chemical action was

always closely related to a weak luminescence resulting from



the collepse of bubbles, probably either due to the adiauatic
compression of the gas inside the bubble or due to some
electrical phenomenon. Flectrical discharges 4o occur as

a result of the electrical potential built up between oppos-
:ite walls of the cavity. Purthermore, the addition of a
few drops of liguilds of high vapour pressure such as ether

or acetone usually inhibits luninescence or reduces it to a
great extent with a consequently similar effect on the chem=
:ical action. Under these circumstances it becomes doubtful
again whether degradation of macromqlecules i8 basically due
to mechanidal friction or simply due to cavitation and its
associated effects.

Wiessler(lv)

added a little more to the perplexity of
the problem by reporting that no degradation took place when
he irradiated a 1% solution of polystyrene in toluene which
was given a preliminary treatment of degassing by boiling
under vacuum, He concluded, emphatically, that cavitation
is the only cause of degradation, and that the opposite con-
:clusion arrived at by earlier investigators is attributed
to their inadequate methods for - eliminating cavitation.

He also inferred that oxidants, known to be broduced by ultra-
:sonic waves in solutions containing dissolved oiygen or

nitrogen, cannot be responsible for the degradation because

substantially the same amount of depolymerisation occurs
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even when helium is the only gas present,

Based on the findings of Schmid, Jellinek and his co=
:workers(ls) developed a theory of the degradation process
of long-chain molecules by ultrasonic waves, His theory
applies only to a homogeneous polymer. It gives the size
distributions at various stages of the degradation from which
the average chain lengths and molecular weights at definite
stages of the degradation can be calculated. He found
satisfactory agreement between experiment and theory for the
main featurasof degradation.

Furthermore,“Jellinek(lg) pointed out the fact that
neither the frictional forces as suggested by Schmid, nor
the impact forces as an alternative mechanism for breaking
the maéromolecules,'can explain his results, An adequate
theory of the mechanism of breakdown ought really to. take
into account the many entanglements which must occur in the
solution and closely affect the viscosity of the solution
which depends, besides other factors, on the concentration of
the sample,

Je11inek(®9) aiscussea the possibility of the ultra-
:sonle degradation being thermal in origin. Knapp and

Hollander(zl)

showed experimentally with the aid of a high
speed camera that the collapse of -a-bubble is very rapid

indeed, of the order of a microsecond, This experimental
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observation was confirmed later by Noltingk and Neppiras(zz)

in their theoretical analysis of cavitation produced by
ultrasonics, The collapse of a cavity was considered as an
adiabatic compression and the gas temperatures inside the
collapsing cavity can reach very high values (10,000°K)
depending on the compression ratio of the collapsing cavity
and on the nature of the gas, Consideration of this aspect
1ndicates that, if ultrasonic degradation is thermal in
origin, the rate of degradation of a solution saturated
with monatomic gas should differ egppreciably from a solution
saturgted with a diatomic gas provided that both gases have
similar solubilities in the solvent.

The experiments conducted by Jellinek(go) on 1% sol-
:utions of fractionated polystyrene in benzene, after bubbling
different gases in solutions for 20 minutes, and those con-

- sducted by Melville and Murray(l4)

~on two samples of copolymer
qf polymethyl methacrylate-acrylonitrile, proved that ultra-
:sonlec degradation is not thermal in its origin.

Jdellinek, following Noltingk and Neppiras theoretical
treatment, worked out the velocity developed in the solution
in the neighbourhood of a collapsing cavity and then applied
Stokes' law to calculate the frictional forces acting on a

chain molecule touching the wall of the collapsing cavity.

He found that this frictional force is sufficient to rupture
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a C=C bond. The observed rates of degradation for solutions
saturagted with monatomic-and diatomic gases were in agreement
with the conception that degradatioh is effected by cavitation,

It can be concluded from Jellinek’s work thét although
he was in favour of accepting cavitation to be the cause of
degradation, yet he was not entirely convinced that pure
ultrasonic waves do not produce degradation in the absence of
éavitation° Furthermore, he secmed to agree that‘mechanical
forces and not the heat assoclated with cavitation, are the
origin of ultrasonic degradation.

It is worth mentioning at this stage that the role of
pure ultrasonic waves in the degradation o: long chain mole-
tcules is far from being clearly defined,

It even becomes more ill-defined when the results of

the experiments of Alexander and‘Fox(ga)

on polymethacrylic
acid are considered. HNo degradation under vacuum wae& Observed,
indicating that ultrasonic waves alone are incapable of rup-
:turing the polymer éhain and that cavitation is essentiali

for any process of dégradation° Their experiments on solu-
:tions of molecules 6f different shapes showed that the more
coiled the molecules the less is the resulting degradation,

This seems to indicate that the degradation is of a mechan-
tlcal origin as the frictional forces are dependent on the

shape of the molecule,
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Swraing up, it is generally agreed that chain sciss-
tion is a consequence of the strain placed on the polymer
molecules either by frictional or impact forces, These
forces can be a direct effect o the ultrasonic waves or due
to cavitation which is initiated by intense ultrasonic waves.
As the external pressure is increased, the rate of degradation
gradually decreases as a result of the smaller tendency to
cavity formation, Even at pressures as high as 15 atmos-
:pheres, however, a residual rate of degradation remgins,

Many earlier workers (Schmid and co-workers, Melville and
Murray), seem to have accepted this result as sufficient evid-
tence of degradation in‘the absence of cavitation, most pro-
tbably as a result of frictional forces between solvent and
solute molecules, But, if Schmid's results are considered
from a different angle and the rate of degradation is plotted
as a function of the applied external pressure it can be
noticed from Fig.7A that the rate of degradation of gun
cotton at the beginning of degradation (i.e., at t = 0)

. decreases linearly as the pressure increases, Furthermore,
the degradation ceases completely at a pressure of 8 atmos-
:pheres, The same linear relation appears, from Fig,7B, to
exist in the degradation of polystyrene. The value of exter-
tnal pressure at which the degradation ceases is found by

extrapolation to be somewhat higher and, in fact, it is
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almost three times (24 atmospheres) its value in the case of
gun cotton, This result indicates>that there seems to exist
a critical external pressure beyond which no degradation takes
place, This can be interpreted in two ways. On one hand,
it can be said that cavitation is completely suppressed and
from this it follows that cavitation is the principal and only
factor causing the degradation. On the other hand, since
cavitation can be suppressed, at least theoretically, by the
application of much smaller pressures than those applied
during the experiments, 1t may be inferred that the excess
pressure is, presumably, needed to increase the rigidity of
the solvent molecules and thus the relative motion between
solvent and solute will decrease resulting in reducing the
frictional forces velow the minimum value required for effect-
:ting degradation, This implies that degradation produced
purely by ultrasonic vibragtions cannot be completely excluded.
As mentioned before attempts have been made by kelville
and Murray to eliminate cavitation in a polymethyl methacryl-
:ate solution in benzene by evacuating the system of permanent
gases on the principle that the cavities once formed, would
not collapse, Their results, shown in Fig.8, indicate that
the rate of degradation is only reduced but degradation still
continues, On the other hand, Weissler carried out experi-

:ments under similar conditions of vacuum with polystyrene
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in toluene and found no d egradation, as shown in Fig.9.
Similarly, Alexander and Fox could detect no degradation on
irradiating evacuated agueous polymethacrylic acid solutions,
Hence, it can be stated that despite the various claims, there
is no real evidence that degrasfation can talke place in the
absence of cavitation,

Furthermore, the only detailed theoretical treatment
expressing the degradation of polymers by ultrasonic waves is
that given by Jellinek and it is only limited to homogeneous
polymer samples, Obviously this limitation is a serious
drawvack in the study of ultrasonic degradation of polymers.
This is mainly due to the fact that proper fractionation is
a very complex process, which inspite of all precautions
results in a heterodisperse fractions,

Up to the time this work had been undertaken, no
general solution expressing the kinetics of random degradation
of heterogeneous polymer samples had been developed. However,
in view of the fact that the most commonly used polymers are
heterogeneous usually prepared thermally, this work has been
contemplated mainly to develop a complete theoretical solution
of the problem of degradation of heterogenecus polymers, The
general solution can be applied to express any type of random
degradation, In the course of this wor!: thie reneral soluticn

will only ve applied to the case or addition poljmers (prepared
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thermally) and their degradation by ultrasonic waves,

Factors Controlling Cavitstion.

In 1917, Rayleigh(zé) examined theoretically the
behaviour of an incompressible fluid in which he imégined a
spherical vold to be suddenly formed, Later, in 1942,

Beeching(gs)

extended Rayleigh's analysis by taking into
account surface tension effects, and the pressure of the
liquid vapour in the bubble, At the same time, Silver(zs)
introduced thermodynamic considerations, but several question-
table assumptions in his itreatment render his results doubt-
tful, The experimental results of Knapp and Hollander(1948),
using high speed cinematography, confirmed the existence of
very large radial velocities and accelerations during the
collapse period of a cavity, and consequently agreed closely
with Rayleigh's predictions. Further, in 1949, Plesset(®7)
developed an equation for the motion of a vapour=filled
bubble in a changing pressure field,

An gttempt, to define theoretically the conditions for
the appearance of cavitation in liquids subjected to alter-
:nating pressure changes, was made by Noltingk and I-Ieppiras(zaz
They found that the occurrence of cavitation is restricted to

a definite range of variations of the following parameters:
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1., The alternating pressure a.plitude of

ultrasonic waves, ' Po
2. The frequency of ultrasonic wave, w
3, The radius of the bubble nucleus, Ro

4, The hydrcstatic pressure applied to
the liquid, PA

Furthermore, they predicted that under certain condit-
tions, the change from non-cavitating to cavitating conditions
is found to be exceedingly sharp. This en&bled them to
express accurately and in simple terms the threshold for
cavitation inéeption° . o
| In order to get a clecarer picture of theaeffect of
eech of these factors on the inception of cavitation and the
role played by each in suppressing cavitation, a discuésion |

of each factor separately seems justifiable.

Thresholds for Ro°

Assuming that all the other factors are kept constant,
it is predicted that as Ro is increased from indefinitely
small values, the changes in radius are at first small and
the bubble motion is truly sinusoidal but 180° out of phase
with the impressed alternating pressure, From the energy
equation given by Noltingk and Neppiras, for which a number

of solutions were found using a differential analyser, the
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radius-time curves (Fig.10) show that as the lower threshold
of Ro is approached the curves become distorted. Furthermors
at the critical value of Ro (depending on the frequency,
hydrostaﬁic pressure and pressure amplitude COnsidered), a
‘sudden expansion occurs resulting in s sharp rise in the value
of the bubbles maximum radius Rm indicating the inception of |
true cavitation. Cavitation conditioﬁs continue, presumably
'with increased intensity, as Ro increases, On further
increase in Roc the intensity of cavitation reaches a peak

and then starts to decrease until.Ro reaches'and'passes its
resonant value corresponding to the freguency of the ultbasonic
waves, This critical frequency ’5%—“ has been expressed by
the following equation:

ng = (py + %§) - 28/310
0

where ¥ = pratio of sp. heats of gas
ineide the bubble;
and S = surface tension of liquid;
After passing through this threshold, no true cavit-
tation takes place. The bubble motion again beéompa sinusoidal

and can ve represcnted by the equation:

Ropo sin th

R = Ro =

3(p, + S2- )
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Threshold of w.

From the analysis of the effect of varying Ro, and

considering the equation of bubble motion at the upper threshold

of R o? it is apparent that any increase in frequency results
in a lowering of this upper threshold. Naturally, if the
frequency continues to increase, a value will be reached where
rthe upper threshold of R coincides with the lower limit.
Beyond that frequency true eav1tat10n can never occur, theor-
tetically, whatever the distribution of nucle:x,o .

However, cavitatlon effects are expected to fall off
‘With increasing frequency, and to disappear completely in the
region of frequency given by: .

W = §%§; ey (p, + %%) i

Noltingk and Neppiras® theory indicates no lower
threshold for w, implying that the caviiation intensity would
increase as w is decreasedo However, since'at low frequencies
the liquid will have time to follow the impressed pressure
variations, no sufficient tensions in the liquid will develop
and no cavitation will occur,

This frequency dependence of cavitation was later illus-
.trated by Gaertner W‘(gg) after introducing some simplifying
assumptione which seem justifigble, He emphasised the fact

that the effects of ultrasonic cavitation will cease above
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a certain freguency range as a consequence of the limitations
on the exparsion of the nucleus, . His discussion'gives a
strong indicétion»that the optiﬁum frequency for applications
of ultrasonics utilising cavitation effects lies below 2 Me
and most likely below 1 HMe at the intensities reached with
ordinary transducers. |
Although Schmid and his»cciwbrkers found that depoly-
tmerisation of long chain moleculéé is independent of frequency
in the range 10-300 Kc/sec,, yet, in viéw of the practical
importance of finding én optimum frequency for cavitation
effects, an experimental investigation of the problem seems

highly desirable in the range of freguencies 0.5 = 2 MC./sec .

Thresholds of pA And poo

Changes in the hydrostatic pressure Pp affects the
rapidity of the collapse of a cavitation bubble, It Py is
decresased the bubble will grow larger., If the bubbles become
very large the time required for their collapse may be so
great that the preésure begins to go negative before the
completion of the collapse. The collepse will tend to be less
violent, Obvidusly a‘lbwer threshold must exist below which
no destructive cavitation will occur, as the bubbles will not
have time to collapse completely, Any further reduction in

Py below this threshold will result in slower changes in the
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bubblé radius, A typical illustration of the effect of
varyiﬁg PA ie shown in Fig.ll given by Noltingk and Weppiras
in which the broken line shows the lower limit of Py below
which the collapse will not be completed before the end of
the positive half-cycle of the pressure wave, In addition
the figure shows that with increasing P, an upper limit will
be reached beyond which cavitation never occurs, Furthepr-
:hore, on considering the maximum fluid pressure P produced
by the bubble's éollapse, the steep front of its curve implies
a rapid change from cavitating to non-cavitating conditions.

The effect of varying the amplitude of the impressed
pressure waves D is best illustrated by Fig.1l2, which shows
a sudden expansion of the bubble when the value of Ps is
nearly equal to pA.

Although the graphs illustrate specific cases for
selected values of parameters, and cannot be braodly inter-
:preted, yet it can be safely concluded within the limitations
of the theory that cavitation can be suppressed either by
reducing P, to be less than Pys OF by increasing Py to be
greater than Pys even in ordinary 'gassy' liquids containing
comparatively large bubbles,

It is worth mentioning in this respect that for the
above conclusion to prove valid the pressure should be applied

directly to the liquid in the absence of any air or gas above
the free surface of the liquid.
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Object of Investigation,

' From the critical survey of past work on degradation
of long chain molecules by ultrgsonic waves, it.is quite
clear that in many of the published work the type of polymer
samples used in the investigatibhs was not clearly defined,
i.e., whether fractionated or unfractionated polymers were
used; Obviously, fractionation of a polymer samplé is 8
troublesome task, and it‘would be much better if unfraction-
:ated samples could be used, provided fheir degradation
characteristics can be predicted at the different stages of
degradation, | ‘

Furthermore the ultrasonic inteﬁéities in the polymer
solutions proper were more or less a matter of conjecture
‘than truly measured values,

The role played by cavitation in the process of degra-
tdation by ultrasonic waves is still, however, as it was
before, subject to controversy., In this respect it seems
possible'to conclude that more experimental work under more
cohtrolled conditions than had been hitherto the case is
needed on this aspect. -An investigation which can throw
more light on the'problem is; beyond doubt, relevant to the
cémplete underétanding Qf the mechanism of degradation of

long chain molecules by ultrasonic waves.
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Finally, from a practical point of view, it seems
desirable to investigate the existence of an optimum frequency
for the procesé of degradation as suggested by Gaertner.

With an aim to contribute to the clarification of the
abové mentioned points é programme for this work was contem=

‘splated to include the following:

1. To design, castruct and put into use an ultrasonic
generator of 1 KW, output covering a frequency range 0.5

to 2 MC/sec,

2o To construct, calibrate and put into use a simple and
rellable device for measuring ultfasonic inteﬁsity and

viscosity.

3o To develop a general solution forlfhe random degradation
of long chain molecules and to apply the theory to express

the degradation of addition polymers by ultrasonic waves,

4, To carry out experiments'on the degradation'of addition
polymers with the purpose of verifying the theory and check-
:ing the limitations of its validity.

- 5, To investigate the possibility of using D.P.P.H. to
detect any free radicals that may have been produced in the
solution during the process of degradation and also to supply

further evidence on the validity of the theory developed.
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6. To investigate the effects of intensity and initiel

chain length on the degradation process.

7. To investigate the frequency dependence of the ultra-
:sonic degradation of addition polymers in the 0.5 - 2 Mc/sec.

frequency range.

8. To suppress cavitation at least by one method in order
to determine the role of cavitation in the degradation of

polymers by ultrasonic waves,
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2, CRYSTAL TRANSDUCERS,



31,

1, ULTRASONIC GENERATOR,

A, Introduction,

‘It was neceeéary, for carrying out thie in&estigation,
to build a powerful ultrasonic generator. The power rating
of the ultrasonic generator was estimated to be about 1 KW,
Many types of oscillétors were studied among which are the
following: . a .

(a) resonant drive type (Hartley);

- (b) self-maintaining type (Pierce);

(c) push-pull type.

From the above mentioned three types, the push-pull
osciliator ericuit was accepted as the most convenient type
of ultrasonic generator. Some of the salient features of a
push-pull operation, which favoured 1ts selection, are summar-
:ised below:

l. The effective plate resistance is twice that of a single
valve, | » ' |

2 The powervoutput is twice that of a single valve oper-
:ating under the same conditions as either of the push=
:pull pair.

3, The'fupdamental component'of plate~current is that of

a single valve; the corresponding tank-voltage is twice
that for a single valve,
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4, The correct load impedance (plate to plate) is twice

that of a single valve, |

5. The total drive voltage (grid to grid) is twice that of

a single valve; drive power is also ddubledo
These features provide certain advantages of the push-
pull'tjpe of oscillator over other types of oscillators.

Some of these advantages are:

1. Increased power and frequency stability.

2, A1l oscillatory voltages and currents, with the exception
. of even harmonics, are symmetrical with respect to earth
~and to the D.C. supply. There are no A,C. components

in the D.C. supply, other than even harmonics, With
- exactly similar valvés there are no even-harmonic
~ components in the tank-circuit.
3, Valve inter—electrode capacities (grid to cathode,‘and
plate to cathode) are effectively halved, since they
are in series, This is a useful property when working
at very high frequencies, since valve capacities set

e limit to the frequency at which satisfactory oper-

- tation is obtained.

B, Circuit Diggram,
The circuit diagram of the push-pull ultrasonic gener-

tator is shown in Fig.13. The design, construction, mounting,
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connections, earthing and screening are all in accordance with
the conventional methods recommendéd in building such high
frequency oscillators(l’z)e

The impossibility of obtaining eiactly similar character-
:isties for two valves, and the difficulty of determining the
exact electrical centre of the tank-coil both make it desir-
:eble to include a H.F., choke(iZ) in the plate supply lead.

This choke allows the H.F, potential of the feed-point to

vary somewhat, according to the degree of asymmetry of the

valves and circuilt.

C. Protection Systems and Relays.

i. Protection against sﬁdden loading at switching on.

It is essential for tﬁe long life operation of the
oscillator that thevfiiaments currents should be allowed at
least a minute to heat up the filaments before the ancde volt-
tage is switched on. A thermal bimetallic relay, a mercury
switch and a group of post office relays were connected, as
shown in Figure 13 (5), to cause a delay of approximately two

minutes before the anode voltage could be switched on.

ii, Automatic no-load proteétione

A reduction in loading of an oscillator delivering its

rated power output is usually accompanied by:
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8. a rise in tank circuit Q, voltage, current, and XVA.

b. an increased H.F. drive-voltage between grid and
cathode, since it is obtained from the tank.

Co a decreasé in peak and gverage values of plate-current,

d. an increase in grid current.

e an increése in grid-bias voltage consequent upon the
increase iﬁ grid-current.

With thé drive correctly adjusted for full load con~
:ditions, the accidental removal of load might result in
excessive grid-current., This in turn might lead to blocking
of the oscillator, and perhaps even melting of the grid wires.
As shown in the circuit diagram a post office relay was used
in conjunction with a high vacuum double diode (11) giving
protection against serious over-driving. The diode is
blased so that it passes no current unless the drive voltage
exceeds a predetermined value; . above this value the diode
load damps the drive circuit and minimises the increase in
grid-current, The relay operates and interrupts the H.T.

supply if the diode current exceeds a certain smount,

D. Interference Suppression.
To suppress interference, which may be caused by the

H.F. power being fed into the supply mains from the oscill:

cator and transmitted through the mains to other apparatus



in the neighbourhood, an electric filter was built and piaced
in the supply mains, at the nearest point to the oscillator.
This arrangement is shown in the circuit diagram under

symbol P,

E. Voltage Stabiliser. (ASR).

An ASR=1150 asutomatic voltage regulator was connected
on the input side of ﬁhe ultrasonic generator to maintain
the voltage from the supply mains‘conStant within 4 2.5% .
Thia was found essential due to the fluctuating character
of the supply voltage available. The stabiliser consists
of an autotransformer, which is provided with one input tapping
and three output tappings. Relative to the input voltage,
the output tappings'ﬁfOVide voltages which‘are respectively
7,56 above the inpuﬁ, '2,6¢)' above, and 2.5% below, The
tap changes are pefformed by means of microsﬁitches, operated
by quick-acting relay movements, which are controlled by an
electronic 'sensor' unit.

The actual time lag of switching is of the order of
only two milliseconds, so that the voltage stabiliser is
ideally suited to the existing conditions where sudden voltage
surges or drops are quite frequent.

Purthermore, during the brief period of: tap changing,

& resistance~condenser network, which is bridged across the
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micro-switch contacts, is employed to eliminate surges and

contact arcing,

F. Power Control. A

The R.F. output from an ultrasonic generator is usually
controlled by either of the following meth&de:

(1) variations in grid drive;

or (11) variation in load matching;
or (1ii) variation in filament emission;
or (iv) variation in H.T. voltage.

The first of these methods, as & means of varying the
output from en R.F. generator, is beset with severe limita-
stions. Load matching on the other hand relies upon reson-
tance effects in tuned circuits and consequently depends on
critical adjustment. Furthermore, it can easily permit over-
tload conditions to prevail.

It is not an uncommon method to control the power
output by varying the voltage applied to the filaments. This
method, however attractive it may look, is not altoiether
satisfactory, since it is inclined to overload the generator
with a bigger proportion of the power input dissipated at the
anodes,

In the ultrasonic generator bullt as part of this work,
the fourth method of power control was adopted. From an

electrical point of view variations in the H.T. voltage
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offeg the most ideal method of power control, From an
acoustic point of view since the power input to the quartz
transducer to a first approximation is proportional to the
square of the H.T. voitage, this method provides a rough
estimateof the‘power input to the quartz transducer,

A variac (1) in thé circuit diagram was used for that

purpose,

G, Metering.
In a push-pull circuit, where it is required that the

two similar valves'should be equally loaded, it is necessary
“to introduce two meters either to measure the grid currents
or the anode currents. Two ammeters were used to measure
the grid currents of the two valves thus providing a contin-
tuous check on the performance of the R.F. generator, An
electrostatic voltmeter and a D.C. ammeter which measures the
total anode current, were also connected. This provides a
rough estimation of the power input to the generator. Further-
more, the ammeter helps to indicate whether the generator
is tuned to the required frequency.

A hot wire ammeter was used in the load circuit which

assists in the proper tuning of the generator,
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H, Efficiency.

A loaded piezoelectric quartz crystal can be repre-

:sented by its eqnivalent_electrical circuit shown in Fig,

14, where
Rd represents the load imposed by dielectric
losses in the crystal and its holder;
Co is the simple capacitance between the two

electrodes;

represents the mechanical frictional resistance
in the crystal and holder;

RL is the acoustic load to which the crystal
is coupléd;

Cm and Lm represent with Rm the motional properties
of the transducer, |

Provided the transverse dimensions of a crystal plate
are larger than one wave length, the effective motional imped-

tance at resonance

RL ( = ZL) is given by
D 2,2
Ry, = at po»v°/4 8% s
where a 1is the compressibility of the crystal,
.t is the thickness of the plate,
Py is the density of the medium irradiated,

Yo is the velocity of sound waves in the medium
irradiated,
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& is the piezoelectric constant of the crystal,
5 is the radiating area,

Since the resonance frequency for a quartz plate is
given by t = g%§9 KC/sec, where t is measured in millimeters,
therefore, the iotional resistance falls off rapidly as the
frequency is raised. Consequently the same power can be
obtained from crystals with lower applied voltages.

For X-cut quartz plates in thickness vibration the

radiation resistance, at resonance, is given by

i7
RL = gﬁgg—z—%g—~ ohms,
, S. fR

where S is the effective area of the radiating surface

of the quartz crystals,
and ﬁR is the resonant frequency of the crystal.
This radiation resistance will be shunted by the reactance
of the condenser Co which will be considerably lower in
valué. This reactance is given by

i7
1 1.12 x 10
X = c—t— L
¢ 2% fR Co S fh

- Hence the radiation resistance of the crystal is about 8.65
times as large as the reactance of the crystal, and if the
crystal alone is connected to the oscillator it is impossible

to get all of the electrical energy into acoustic energy.
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Murthermore, the efficiency drops off rapidly for a & per
cent change in frequency away from the resonant frequency.

By using a coill to neutralise the static capacitance
of the crystal, the*region of high efficiency can be extended
over a wider frequency range, and the absolute efficiency of
conversion can be made considerably higher, Thisﬁcan be
done by using either a series coil or a shunt coil (3)0 The
series coil gives a low impedance circuit while the shunt
coil gives a high impedance cricuit,

It was found more convenient for matching purposes to
use a series coil in the crystal circuit. The introduction
of this coil showed a marked difference in the acoustic oute
:put of the cfystal.» The crystal, after inserting the series
. coll became a much more.efficient radiator transferring at
legst least 70 per cent of the electrical energy into acousiic
energy over a wider frequency band centred around the resonent
frequency of the crystal, compared to 10% energy transferred
without the use of the coil., Outsidé:this frequency band
the amount radiated falls off more rapidly than for the crystal

alone, |
I. Design Data and Operating Conditions.
Valves used < 2 Muilard V.H.F. power triodes
o type TY3 - 250,
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Valve ratings - limiting values -

With a eircuit transfer
efficiency of 80%.

Operating Conditions,

Va 1.5
Vé -120
Ié‘«d.c° 400
Igd.c, 80
Vin(pk) 298
Pdrive _ 22
Py | 176
Péﬁtpu‘b 426
ra 71
P 340

m. A,

Ve
waﬁts.
ﬁaﬁts;
wattsp.

%

watts,

A sample of the calculations for designing the push-

:pul; osciliator, shown in Fig.13, is summarised below:

Ddration4of anode current =

From valve characteristics

26a =
i

8pk.
8nax.

v =

&min.

<
n

140°

50 93’.400 = 1560 mvo

175 V.

250 V.

i = 400 m. A,

&ok

I =
d.C.

80 m, A,
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¢ = ﬁEf—m“»- = 1.9

B = 8.0

Vg = =120 V,

R, = 2,0KSR
Bopr Tank Circuit Components,

QoL = 879X2  _ 4040 ohms,

678
For a frequency 0.5 MC/sec. and Q = 12, tank coil inductance

is given by L = yhomc- = 107 u.H.

Required tank circuit capacitance at resonance = 9356 p.F.
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2. CRYSTAL TRANSDUCERS,

A, Introduction.

Quartz was used for producing the high intensity ultra-
:sonic waves required for this investigation. Quartz was
selected because it is physically robust, non-hygroscopic
and capable of withstanding reasonably high temperatures.
Although it has a relatively small piezoelectric constant,
it can be effectively employed as a powerful generator at
resonant frequenciles,

Crystals of 1' diameter were obtained from the quartz
crystal company. Both faces of the crystals were silver
plated, leaving an annular ring 1/16" wide at the circum-~
:ference unsilvered, The crystals were X-cut for thickness
vibration having resonant frequencies of 0,75, 1, 1l.2b,

1.5 and 2 Mc/sec.

The crystal was usually mounted in such a way that it
could be irmersed in a liquid medium which represents the
acoustic load. It was usually excited to vibrate at its
mechanical resonant frequency in order to secure the maximum
acoustic output. The generated acoustic intensity is pro-
:portional to the square of the product of appiied voltage
and operating frequency. High intensities are usually limited
by angupper frequency limit of about 2 Mc/sec. Above that

] .
1imit the quartz plate is lisble to0 mechanical fracture due
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to its decreased thickness., At the same time the tendency
for a voltage break down increases imposing an upper limit on
the maximum voltage which can be applled safely to the crystal
immersed in the medium without a break down taking place.

In view of these limitations the highest possible
efficiency must be obtained from the crystal transducer. This
implies that the mounting of the crystal must secure the min-
:imum damping of the crystal at its support. Furthermore, |
the acousting 1oading on the radiator should be concentrated
on one face only. In other words, the other face of the
crystal hes to be coupled to a medium of very high or very low
acoustic impedance. This was accomplished by immersing the
crystal so that its upper surfacé is in direct contact with
the liquid medium while the bottom surface is backed with

air.

B, Matching of Transducer,

In order to ultimately obtain large intensitieg~such
a8 required for the process of degradation of high polymer
solutions, the matching of acoustic impedances is a. necessity.
The specific acoustical resistance 'pe! for quartz is 146x10%
while that for a polymer solution in benzene is about llo6x104
giving an acoustical resistance ratio of 12.5. For such a

ratio only 29% of the mechanical acoustical energy will be



N

OOOOOOOOOOOOOOO

MAGNESIUM WAVE PLATE

N\
v

EEEEEEEEEEEEE

FIG.15. QUARTZ_MAGNESIUM WAVE _PLATE
TRANSDUCER.




45,

transmitted through thehpolymer solution if it is directly
irradiated by the quartz transducer.

A medium having a specific acoustical resistance equal
to the geometric mean of the above mentioned specific acoust-
tical resistances is ideal as a matching medium. Magnesium
is the nearest substance to suit this requirement. Using
magnesium as an intermediate medium between quartz and polymer
solution in benzene, 40% of acoustical energy will be trans-
:mitted through the polymer solution provided that the thick=
iness of the megnesium plate is a multiple of a halfwave
length.

An arrangement using magnesium as an intermediate medium
is shown in Fig.15. Since magnesium cannot be soldered, it
was first fixed to the quarté using silver cement IGR,72.

This method resulted in a discontinuous monomolecular layer

of air at the magnesium~-quartz interface which expanded by the
heat developed during irradiation, and caused a marked reduct-
:ion in the acoustical output on increasing the applied voltage.
Magnesium was then fixed to quartz using cold setting Araldite
type 101° No diminution in acoustical output occurred but
arcing across the quartz crystal took place when high voltage
was applied to the crystal. Furthermore, when the transducer
flange was clamped in position so as to enable its use under

applied hydrostatic pressure the acoustical output from the
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transducer decreased markedly. After many trials it proved
exceedingly difficult to locate the nodal plane in the magnes-
:ium wave plate. It was also found difficult to machine the
nodal flange thin enough in order not to affect output when
it is clamped. However, it appeared from many trials with
different kinds of mounting that the main difficulty would be
th~ suppression of arcing across the crystal on applying the
high freguency A.C. voltage to its faces. lMethods suggested

vy Noltingk'?), Gutmeann'®) and crawroral®’

were tried, but
these all failed to give satisfactory resulis., These results
left no option but to use transformer oil as a matching medium,
and to serve as an insulator for the crystal due to its good

dielectric properties,

C. Crystal Holders,

A holder recommended by Melville and Murray to provide
the maximum circulation of oil at the edges of the crystal
was tried out, The crystal, as éhown in Fig.16, is held by
lugs projecting from the main holder, Thé lugs, A, B, and C,
are those on the upper half of the perspex holder, the lugs
D, E, and ¥, shown by dotted lines are those protruding from
the lower half of the holder. The lugs in each half of the
holder are placed 120° to each other, and the two halves are

assembled to give a 60° spacing hetween any two lugs, This
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arrangement provides a secure support to the crystal and at
no point are both faces of the crystal in contact with the
holder, Two grooveé are cut, the first to locate the
electrode and the second to locate the crystal. The depth
of the electrode groove is arranged to ensure that the crystal
would rest on the ring electrode and not on the base of the
crystal groove. A

In use the crystal holder was surported by a bakelite
rod, = The holder was immersed to a depth of a few inches in
a bath of transformer oil, When the crystal was oscillating
cavitétion took place at both faces of/the crystal, Only
thosezbubbles liberated at the lower face were trapped below
it, within the lower.ring. This is due to the fact that the
lower ring electrode fits tightly against the crystal face and
prevents the bubbleéﬁforméd from escapfhga The output from
the crystal was noticed to increase coﬁtinuously as a conse=
:quence of the accumulation of air under the crystal. The
continuous increase in output reachef a steady maximum as the
air layer covers the whole effective area of the bottom face
of the crystal. The air layer would be reflecting the down-
:ward radiation and almost doubling the intensity in the upward
direction,

This holder proved quite satisfactory at lower aspplied

voltages but it failed at higher voltages. Arcing started
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between the brass ring (upper electrode) and the silvered face
of the crystal in contact. Once the arcing started at any
point it spread all round the annular area of contact; thus
stripping and destroying the silver coating on the face of

the crystal, if not chipping or damaging the crystal.
Obvidusly this holder had the inherent disadvantage that the
maximﬁm acoustic output cannot be immediately obtained on
applying the voltage to the crystal.

Finally a simple crystal mounting was used. This type
of crystal holder is a simplified version of the holder devel-
:oped‘by Stumf‘(s)° Its simple desisn made it possible to
use the crystal under different experimental conditions. The
holder in its simplest form is illustrated in Fig.1l7. The
circumference of the silvered bottom face of the crystal was
soldered to an air compartment with wood's metal and then
covered by a layer of araldite type 101 to improve the
strength of the joint and to avoid air__l_eakage° For experi-
:menté conducted under atmospheric conditions, fhe air com-
:partment is simply connected to a breathing tube open to the
atmosphere. The purpose of this breathing tube is to provia®
direct communication with the atmospheﬁe, thus avoiding any
pressure rise in the air compartment which may cause a break

in the seal at the cfystal-compartment interface. Such a
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break will allow hot air to leak outside the compartment when
the crystal is vibrating. When the crystal is switched off
air in the compartment will c reate partial vacuum g8 it cools
down and thus forces the transformer oil to leak inslde the
compartment, This leakage, after a few runs, will affect

the acoustical output of the crystal due to incomplete reflect-
:ion from its bottom surface. A thin copper wire is soldered
on the upper face of the crystal near the periphery, using

iow melting point solder, provides the H.T. lead while the
earth lead is connected to the breathing tube,

During the experiments the holder was fixed to the base
of & travelling microscope while the reaction vessel was mounted
on a platform fitted to its moving arm. This arrangement
proved very satisfactory in repegting tests whenever required,
since the relative positions of crystal and reaction vessel
were completely under control. Furthermore, with such an
arrangement there was no need to worry about the position of
the reaction vessel with respect to the surface of the trans-
:former o0ll in which the crystal holder and base were immersed.

This simple type of crysital holder with the above men=-
:tioned arrangement was used in all the experiments which were
carried out either at atmospheric pressure or under vacuum,

It should be pointed out at this stage that the pro-

:gramme originally set for this work included some degradation
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experiments under applied external pressure. The main purpose
of these experiments was to determine whether ultrasonic waves
are by themselves sufficient to cause degradation of long
chain molecules or that cavitation is essentisal in order to
effect any d egradation. As mentioned in Chapter I, such
experiments were carried out by previous workerss each conduct-
ting his experiments with a different type of apparatus,

The apparatus built up for conducting the experiments
contemplated in the course of this work was designed to secure
flexlbility of operation under conditions which would not raise
any doubt sbout the significancelof the results obtained, as
was the oase with previous investigations. After completing
the apparatus preliminary expcecriments were condcuted to ensure
that each part wes functioning properly, The incorporated
rolling sphere viscometer was calibrated as reported in Chapter
III, By that time the experiments on the verification of the
theory reported in Chapter IV had reached a stage where it was
decided, for the time being, to dispense with these experiments
contemplated to investigate the role of cavitation in the
degradation of long chain polymeré, as mentloned above,

The new apprpach to the problem was to investigate the
frequency dependance of the degrédation of addition polymers,
It was thought that this gpproach would ultimately lead to the

estimation of the role of cavitation in the process of degra-
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:dation of long chain molecules by ultrasonic waves, and that
the results obtained from these experiments would be more
signiricant since they were not dependent on the effectiveness
of suppressing cavitation; a condition which cannot be fully
guaranteed due to the incomplete theoretiecal treatment of
cavitation, Furthermore, it was hoped that this approach
would throw more light on all aspects of ultrasonic degrada-
:tion of long chain molecules, including the mechanism of
degradation. However, since much time was devoted to the
building and testing of the apparatus a brief description

(see Appendix V), of it does not seem to be irrelevant, if
only because it includes some features which may be of general

interest to any person working aslong similar lines,
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1, INTENSITY MEASURELENT,

A, Inergy Measurement.

The measurement of ultrasonic ehergy is an essential
factor in assessing quantitatively the results obtalned when
applying ultrasonics to a SpGClIic process° Fundamentselly
it is possible to esyimate the power outpun of a crystal
transducer Irom the éiéctrical ehefgy input and the electro-
:mechanical conversion factor° 'W1th‘€‘known conversion

efflciency the 1nten81uy of ultrasonlc radiatlon at the rad-

tlating face of nhe transducer can be calculated This value,A

diveraence can. appreciablywhcrease the power intensity at the
point of applicatiqnﬁof the wave energypf In most. of the
previous work done”éﬂ the degradation éfjhigh polymers by
ultrasonic wavea,ﬂafcalorimetric methdé”@as;ﬁapally applied.
The method measures #ha overall power dissipated, since theo-
tretically all sonic.energy propagatedginto a liquld system
must be converted into heat as a result of the total reflect-
:ion occurring at the liquid/air interface, This method,
frequently used in pfeviOus>works was, therefore, employed
for absolute measureﬁents, and was accépted by most investi-
:gators as a rough estimation of the radiated power.

The sound 1ntensity I (either in'erga/cmg or in

2 .
mW/cm®) for progressive plane sound waves can be represented
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by either of the following relatjons:-

‘ 2
= Lea)® -8 2 R -8
I S B(wA) =4 2 u mgpca 2 aoao-ooao.co(l)

where A is the amplitude of particle vibration in cms,
p is the density of medium in gm. per cm.5°

w is the angﬁiar velocity'bf the particle and
= 2%f. » o

C is the4veloéity,of sound waveé in the medium
in cm. per sec,

p 1s the pressure amplitude of the sound waves
in d;yn.‘es/cmg°

.1  1s the particle velocity in cm, per sec.
Obviously sound intensities can be measured by measur-
ting any of the involved quentitiesy; A, u, or p.
The mechanical elongation produged in thickness vibra=
:tion when a potential difference V eoé;u, is appliéd to an
X-cut quartz plate having a thickness ﬁ cms, parallel to the
X axis is glven by Voigt(l) t0 Dhe:

i1
where e 1s the elongation produced,

e = d,, V for the longitudinal effect.

V 1s the applied potential across the faces
of the crystel in e.s.u.

and dii is the piezoelectric modulus for this mode
ofAvibration°
For an X;cut, thickness vibration, . crystal

. =8
=8 6.9 x 10
dyqy = +6.9 X 107" e.8.u = 300 em/volt.
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as recommended by Cady(z). For a quartz crystal vibrating
in a liquid medium the particles of the medium at the liquid
quartz interfece have the same amplitude as that of quartsz,
i.e.s A =&, Thus the equation for intensity can be
rewritten as:

I = %g w® a§1,v2/9x104 ergs,./'cmz°
The density of transformer 0il used is Poo = 0. 86
Velocity of sound in transformer oil is C = 1420 metres/sec,
Substituting in the sbove equation for intensity we get the
relation; |

I = 126 x £°E°, x 107°°

orgs. /80e/cC:  oeoaeseo(2)
which gives the acoustic intensity as a function of the
applied voltage and frequency.

An approximate value of the maxirmm output voltage of
the oscillator can be obtained using a valve-voltmeter con-
inected to a known non-inductive resistance which is connected
in series with a known highrnonfinductive resistance across
the terminals of the oscillator. The maximum output voltage
measured by this method was found to be 30 KV across the
crystal at a frequency of 1 Me/sec,

Substituting the appropriate values in equation (2),
the sound output was Tfound to be:

I=11,34 watts/bmzo at a frequency of 1.0 Me/sec,

Since the crystal is mounted with one face coupled to air,
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8ll the energy from this face will be reflected and the total
intensity from the rediating face will be doubled, i.eé,
scoustic intensity in transformer oil =2 x 11.54 = 22,68
watts/cm>,

The effective area of the crystal (i.e., the area of
the silvered faces) is 3,88 cmg. per face, so that the maximum
acoustic power radiatéd from the crystél into the liquid
should be about 88.3 watts,

This calculation is based on the assumption that the
emplitude of the liquid particles is the same as that of the
quartz at the 1iquide§nartz interfaée.v In addition, it is
assumed that Voigt's formula e = ali.v can be applied to s
vibrating quartz. This assumption, hoﬁever, is Justified in
the case pf a piezo-electric erystal vibrating at its resonant
frequency. At resonant frequency the mechanical strain is
in phgse with the applied electric Stfésso

p _However, this,méfhod provides ohly an approximate esti=
tmate of the acoustic energy output from the crystal. A
calorimetric method was used to measure the output acoustic
intensity from the crystal as a gulding estimate. The arrange-
tment used is shqwn schematically in Fig.18, The glass tube
is £1lled with glycerine which practically sbsorbs all the
ultrasonic energy radiated, The output power from the crystal,

as a function of the heat developed due to absorption, was
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measured calorimetrically from the equation:

PepVed (%%)t.-.o watts. (3)
where p = density of the glycering;
V = volume of the glycerine;.
ppecific heat of glycerine;

J = Joule's equivalent§

(%%%;' = Temperature time gradient at time t=o.
=0

B. Radigtion Pressure,

It 1s known that the propagation of plane sound waves
is always accompanied by a.direet, unidirectional pressure
component due to.radiation. This sound radiation pressure is,
theoretiqally, a consequence of the quadratic terms in the wave
equation. There is aleo a hydrodynamic streeming, associated
with the propagation of sound waves in liquida,_which causes g
movement of the liquid away from the transducer,

The radiation pressure, thérefore, provides a steady

force against a body immersed in the liguid and is given by
the relation:
8=3(r+1) §=30+1)E=x8 (4)
where ¥ 1s the ratio of specific heats;
E 1is the sound energy density;
K 18 a constant. ‘
From equation (4) the radiatipn preesuré 's' is proportional

to the sound energy density E. The value of the constant
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'K? is equal to 1 for liquids under normal operating econ-
:ditiomns, | |

However, in the course of this work five methods for
the direct measurement of intensities wereAtried. The dev-
tices used in these attempts which will be discussed in
detall below are:

(1) A ‘point source! probe.

(ii) A radiation balance.

(111) An inverited funnel, |

(iv) A condenser microphone (capacity geuge).
| (v) A thermo-element.

(1) The 'point source! probe.

The probe built was almost similar to the 'point source'
probe devised by Fein(a)o In agreement with Fein the perfor-
smance of the probe proved that:

a. It offered minimum distortion of the acoustic field.

b. It has good non-directional characteristics accompan-
tied by a minimum integrating effect of the acoustical
signal intercepted by the probe.

¢c. It has a low electrical impedance, which was a desir-
:able characteristic when the probe was connected
to the measuring electrical circuit,

d. The smmonium dihydrogen phosphate (ADP) temperature
tcharacteristics in the temperature range of the exper-
:iments was less erratic than other types of sensitive
plezoelectric materials, namely barium titanate,
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This probe was built from a piece of AIP crystal. As
shown in Fig.1l9 it is in the form of a trunceted right cir-
tcular cone with its apex intercepting the sound field. The
axis of the cone is parallel to the 45° line between the X
and Y axes of the crystal.

The probe was calibrated by the reciprocity method.

The calibration was carried out in transformer oil at one
frequency only. The length of the axlis of the cone was such
that the resonant frequency of the probe was about 1 Me, The
speaker and transducer were two 1 Mc/sec. X-cut quartz crystals
suitably mounted to suit the specific purpose of calibrating
the probe. A gensitive valve voltmeter was used to measure
the microphone output voltage and a thermojunction R.F., emmeter
was used to measure the input current to the transducer when
used as a speaker.

Great troubles were encountered in gscreenlng the elect=
:rical components of the receiver circuit to eliminste the
electromagnetic rick-up from the oscillator and the high tenslon
lead to the speaker, - ¥very instrument and every component was
externally earthed. Earthed brass gauge séreen, with a hole
in it to permit a free undiffracted passage of the acoustlc
beam, served as an efficient under-liqﬁid screen. An esrthed
aluminium sheet across the top of the fank produced effective

screening of the receiver's side from the H.T, lead to the
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crystal. This screening when carried out was found to cut
almost 90% of the signal criginally received by the probe
before the screening was undertaken, ‘

Results of theAcalibration of tﬁe probe gave a value
of the sensitivity of 4,19 x 1078 volts/ﬂyne/cm?oat a fre-
:quency of 1 Mc/sec. This probe was used in some experiments

on cavitation nuclei Which are not included in this work,

(ii) The radiation balance.

Owiné to thé great difficulties in screening the piezo-
celectric probe and the receiver circﬁit it was thought
advisable to try some other device which provides less
complications and énables direct meaéurement of the intensity,
independént of the frequency of the ultrasonic waves, By
this method screening troubles WOuld be avoided,

The radiation balance method was employed for the
measurement of energy at any given area within the beam. The
radiation pressure prOVides a steady force agginst a body
_1mmersed in the liquid and its value is a measure of the
intensity as mentioned before.

Fig.zo shows the general arrangement of the systémo
The intercepting body acts as & perfect reflector for the
ultrasonic waves, One factor must not be bverlooked; the

intercepting body must be completely immersed in the liquid,
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otherwise the surface tension forces round its cylindrical
surface - which are compareble in magnitude with the radiation
pressure - may render any results obtalned highly erratic.

The terylene membrane just below the reflector écts as a

shield preventing the hydrodynamic forces, set up by the stream-
ting of the liquid, from affecting'the deflection of the rad-
:iation balance [Cady and Gittings(4)].

A typicel sample of the values of ultrasonic intensities
as obtained by the rediation palance method are shown in ®ig.21
as a function of the D.C. power input to the push-pull oscill-
tator and also as a function of the square of the D.C. anode
voltage,

Theoretically, the radiation pressure is proportional
to the intensity of'u1trasonic waves, i.e.s proportional to
the sgware of the D.C. anode voltage. This seems to be rea-
tsonably the case, up to the highest values of intensitles needed
for thisvwork° For higher intensities, however, the linear
relation between radiation pressure aﬁé'the square of anode
voltage‘will not be maintained due to the occurrence of cavi-

station.

(11i) The inverted funnel.

This method wasoriginally suggested by Richards(5).

Its operation depends on the ear trumpet pfinciple, il.e.,
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concentrated sound energy provides a more sensitive means of
estimating the radiation pressure measured as hydrostatic pre-
:ssure, The possibility of using this method as a means of
measuring intensities was investigated by Murray(s)° A small
funnel was blown on the end of a fine capillary tube and immer-
ssed in the liguid irradiated. Murray encountered some troubles
due to cavitation taking place in the liquid column in the
capillary. 4As indicated by Richards, enormous differences in
the height of the liquid column in the capillary tube were due
to small changes in the position of the funnel in the sound
field, The mouth of the funnel should always be placed in the
standing wave field in a position Which would produce maximum
height of the ligquid column, in order to secure comparable
results for different intensities,

Richards pointed out that with fine capillaries used,
the liquid should be wholly air free, In general the capill-
taries should be perfectly clean and completely free from grease,
Capillaries used must have a bore not less than 0.5 n?hu to
avoid increasing the resistance to the flow of liquid, thus
decreasing the sensitivity of the instrument.

‘This device, as it stands, however, can give only e
relative and not an absolute measure of sound intensity unless
reflections from funnel walls are perfect, and no interference

takes place during the concentration of sonic waves,
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In the course of this work the design of the funnel
was modified, to secure (1) no loss of acouétic energy from
the walls of the funnel; (2) minimum interference during the
propagation of sound waves in the fumnel. The different
configurations shown in Fig.22 were tried, which gave incon-
:sistent results. The results obtained were not reproducible,
It is worth mentioning in this respect that there is an inher-
ient defect in this method. Awareness of this defect from
the beginning urged the configurations in the shape of the
funnel to be consideredo Since the amount of upward displace-
stment for a given intensity is roughly in inverse proportion
to the square of the radius of the capillary tube it became
apparent that there is an upper limit of the intensities which
could be reliably measured, This 1limit is controlled by two
factors:- (1) the ratio between the area of the mouth to that
of the throat of the fumnel; (2) the threshold of cavitation
inception in the irradiated liguid.

However, high intensities of ultrasonic waves, of the
order of magnitude usually used in dgradation processes, are
very difficult to measure due to the occurrence of cavitation,
ahd this method was tried with the hope that it would prove
emenable to absoluté calibration. Due to unreliable perfor-

imance 1t was rejected as a method for measuring the intensity

in the course of this work,
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(iv) The condenser microphone.

Since degradation experiments can be carried out under
different operational conditions, a type of condenser micro-
:phone was developed which is suitable for operation under
varied conditions, Although, fundamentally its calibration
is straightforward, yet due to the implications'of the very
high sensitivity réqnired for the successful operation of such
a microphone it involved meny unforseen difficulties,

Many types of microphones, serving different purposes,
have been described in literature(y). At the time when this
condenser microphone wgs designed in 1953 none of these micro-
iphones was opersted to messure the radistion pressure assoc-—
:lated with propagated sound waves. Neveriheless in 1953, a
condenser microphone was developéd by McNamara and Beyer(a),
to measure the modulated pressure amplitude in liquids, which
was produced by a modulated input voltage applied to the crysital,
The condenser microphone, descriped below, operates in a slightly
different way. The radiation pressure itself intercepted by
the microphone causes a change in its cgpacitance, This
change in capacity offsets the balance of a very sensitive
capacity bridge. The out-of-balance signel having a frequency
of 3000 cycles per second is then moduléted by a carrier wave

of ~~B00 KC/sec, The resultant modulsted signal is there-
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rafter amplified, then demodulated and then fed to a sensitive
galvanometer, the reading of which is directly proportional to
the change in c apacity.

The gauge, byiits design, can be used to measure the
radiation pressure and consequently the intensity of ultra-
:sonic waves in a liguid. The liquid may be under normal
atmospheric pressure, any applied pressure, or any malintained
negative pressure (vacuum), |

Fig.25 shows the details of construction of the gauge.
Its dimensions are governed by the small size of the crystal
transducer and the lafge size of the gauge required for a high
degree of sensitivity.

The capacity bridge of the proximity metre used in con-
tjunction with the gauge is extremely sensitive, In that
respect the gauge, by its design, provides an earthed 'shell’
which shields the live electrode of the gauge effectively from
any external lnterference, The adjusteble live (immer) elect-
:rode provides one way of controlling the sensitivity of the
measuring circuit by adjusting the initial capacity of the
gauge head. The sensitivity is further controlled by ccarse
and fine sensitivity controls of the proximity metre.

Alr is aliowed to reach the interior of the gauge head
at the back of the dlaphragm, As this air is automatically
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kept at the seme pressure applied to the liquid, it follows
that the net différential static pressure acting on the dia-
sphragm 1ls very nearly equal to zero, Consequently, the gauge
can be rendered sensitive only to the radiation pressure, irr-
:espeetive of whether the applied external pressure is positive
or negative.

At maximum sensitivity the measuring circuit gives a
full scale deflection of the meter for a pressure of less than
1 cm. of water, Meny difficulties arose due to such high
sensitivity. It was found for instance that the successful
performance of the gauge depends upon thg dielectric properties
of the material used to insulate:the live (inner) electrode
from the outer earthed casing, Poor insulators caused a creep
in the meter to take place which was interpreted as a polar-
tization effect in the dielectric. The continuously increasing
deflection of the meter due to this creep can reach values far
in execess to those produced by the rédigtion pressure,

However, it is sﬁrprising to notice that McNamara and
Beyer in describing their capacity gauge forgbt to mention any
of the limitations of its use in measuring large acoustic in-
ttensities, |

In developing this gauge, diaphragms made of different
materials were triedo These diaphragms could be clgssified

in two groups,
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(a) Non-metallic diaphragms.

(v) Metallic diesphragms.

(a) Non-metallic disphragms,

Mica diaphragms O0,.0015" thick,

Terylene " 0.0005'! thick,

In both cases a thin £ilm of chromium (50 A.U.) was
evaporated on the diaphragm as g first coating, This coating
served as & backing for a thin £ilm of silver ( ~100 A.U.)
evaporated on top of the éhromium° Farthermore, this pro-
tcedure is known to improve the adhesion of the metallic f£ilm
t0 the non-metallic diaphragm,

This arrangément gave satisfactory results at acoustie
intensities less than 1 watt/bmgc However, at higher inten-
tsities the pointer of thé mééer started creeping, This was
found to be due to the destructive efféct of cavitation.
Cavitation occurred in the vicinity of the diaphragm. Either
the bubbles collapsing directly on the membrane or the shock
waves associated with cavitation causéd a continuous disinte-
:gration of the evapérated film, This effect caused a contin-
:uous‘decrease in capacity which was noticed as a creep on the
metre, ‘ -
: Another possible reason for this creep is8 the acoustic
energy absorbed by the membrane, This absorbed energy will

effect a continuous increase in the temperature of the conduct-
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ing membrane, This rise in temperatﬁre will ceuse a contin-
:uous expansion of the membrane which results in a continuously
changing capacity indicated by the cresep observed,

Under these conditions it was difficult to say if the

creep was a result‘af}one'factor or the other, or both,

(b) Metallic disphragms.
0.0015' Brass diaphragms,

0.002%" Berillium Copper dlaphragms

Since evaporated £ilms on non-metellic diaphragms showed
signs of diszntegration with the inception of cavitation, |
metallic dlaphragms were tried since any erosion resulting
from cavitation will not affect the capacity of the gauge.

Although calibraﬁzor of the gauﬂb with a static pressure
proved to be successful, yet when the gauge was used to measure
the acoustic intehsity an snomalous behaviour of the metre was
observed, 'hese metal diephragms showed to be temperature
dependent and deflections several times thatb correspénding ‘o
the true intensity were produced, This fact was further
confirmed by the gauge showing 81m1 Lar behaviour when exposed
to a slow stream of hot air in a closed compartment. Temper-
tature compensation devices including a water jacket were tried
without any positive result, It was concluded that capacity

gauges could not e used to measure high ultrasonic intensities
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unless the diaphragm is mede of a metal which has.almost>zero
coefficient of expansion. It Was, therefore, decided to use
& diaphregm made of a nickel alloy known eommercially as

'Wilo 36' which has a coefficient of pr&nsion,1°8110~6 per 2.
The diaphragm used was 0.003" thick.

Using the 0.003" Nilo 36 diaphragm, the capacity pressure
geuge aid not show any creep provided that the temperature of
the surrounding medium (transformer oil or polymer selution)
was thermostatically comtrolled and kept constant within #0.2°C,

A typicalset of calibration curves of the gauge is shown
in Pig.24 in Which the sensitivity is given by the setting of
the sensitivity coarée control followed by the setting cf the
fine control, It can be noticed from the curves that the
metre readlng of the P,M;4 is directlylproportional to the
applied pressure below 2 cms, of-watsr;_ For pressure exceed-
:ing this 1limlt the linear relstion isfho longer maintained.
This is attributed to the non-linear chahge in c apaseity due

to the curvature of the diaphragm.

v. The Thermoelement,

Two pairs of thermojunctions were made of 40 s.w.g.
Copper and constantan wire and were supported in two silicon
tubes so that the junctions were protruding from the end of

each -silicon tube. The silicon tubes were supported 10 cms.
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apart in a perspex block which could be mounted on a probing
rack, Leads from the thermocouples were brought to tenmiﬁals
on the perspex block which could be connected to‘a sensitive
galvanmeter and seriles resistance, |

One pair of thépmocouples'were ieft bare, while the other
was coated by a coldfsetting resin Araidite D as an absorbing
substance, When this device - shewnvfn Fig,25 = was used
for comparing intensities, the coated';unction was situated
along the line of propagation of the uitrasonic beam, This
device proved quite usefpl and was used as a check on the
radiation balance method. |

The size and sensitivity of this thermoelement can be
easily controlled; yet with the number of pairs mentioned above
1t proved to be working satisfactorily, The instrument can
be calibrated to a standard if it is required for absolute
measurements, In both cases it is important, however, to
remove all air films and bubb;es adhering to the absorbing
sphere before taking readings. |
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2. VISCOSITY ME43ZUREMENTS,

A, Referee Viscosity.

The degradstion process ©of high polymeric solutions is
better followed by observing changes in the molecular weight
of polymer or changes in intrinsic viscosities, without aspply-
ting the Staudinger equation, than sbsolute viscosities,
Obviously both methods involve measuring the viscosity of the
solution at different concentrations, a process which necessi-
states diétufbing the conditlions inside the irradiated chamber
of the viscometer. To avoid sltering the conditions inside
the chamber a single measurement of specific viscosity was
sought from which the intrinsic viscosity could be deduced.

Martin(g) suggested a technique for measuring viscosities
of cellulose under conditions such that a constant viscosity
was obtalned and the velocity gradient was held at a selected
value, An automatic compensation for chain length of cell-
:ulose was made by changing the concentration of the solutior.
However, it was extremely important to choose a solvent with
uniforn viscosity and with uniform solvent power at the constant
[ 7] ¢ value chosen in his equation:

-[71ce®?lC ...
Lindsley<lo) pointed out that this method was not sultable
for calcula%ing the intrinsic viscosity [ 7] from a single

viscosity measurement. Lindsley modified the following two
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equations given by Huggins and Baker respectively:

ap/C «5[7] (1“*?”'5;;) f.,,o,..f,.;?(s)
[(71= 2(7,-1) PPN (¢!

By rearranging and .expanding in power series, and discarding
higher powers of the product [? ] C;, which is legitimate at
sufficiently low concentrations, the equations can be put in

the following respective forms:

' . C e e e e
log(lg'g) = log[?] '§' [7]cooooeooooocoooo(8)
1 ' -
and 1og(-g£) = log['?]+al[7]C....g.o.“..up(g)
where ‘Ka' in the modified form of Huggins equation == 0055
end 'a' in the modified form of Baker's equation == 8

Substituting these values in the above two equations

givea the following relatlons:
103(132) = log [ 7] +0.256 [7]c Buggins....(10)
and 1og(l§9) = log [7] + 0. 19 (71 Baker“o.w(ll)

The value [ 7] C must be kept sufficiently low so that the
abpve two equations could be valid. At low concentrations
(0.22-0.1%) both Baker and Huggine equations were found to be
in good agreement with the values of [ 7] obtained using
viscosity measurements at several concentrations, At high
concentrations, Baker's equation only is valid. However,‘

both modified forms mentioned above are similar to the
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representation proposed by Martin, l.e.,

132= (11 %710 )

or 205 O8N = 10al 1]k (700 3 e

where 1§p = 7L =1 = specific viscosity

C = concentration of solution in gms/100 c.c., of
solvent;

and X

]

a constant which depends on the polymer solvent
combination and on temperature,

Roseveare and Poore(ll)

suggested a simpler mathematical
interpretation of Martin's equation, This method was adopted
in this work as any error ln estimating the intrinsic viscosity
would be the same for all polymer solutions regardless of chain
length and concentration,

. Considering lartin’s equation {12) which holds good for
high concentrations, it can be rewritten in the parametric
form: - o

(71 X/%C sesccsascssaancos (13)
xe* = k Tgp cecoccscccocossss(14)

-l

where X is a varisble parameter, To carry out any referce
viscosity measurement the value of the constant °‘k® must he
detérmined in advance; for the polymer-solvent combinatlion at
the specified temperature required; and for the specific vis-

tcometer used, in the conventionel way.
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The first step in'dbtainihg the intrinsic viscosity
is to determine the value of Xe™ by substituting k end
in equation (14), then the value of X for this value of‘Xex
ie read from a graph plotted for Xe* against X (Fig.26). This
value of X divided by kC is the intrinsic viscosity, as
indicated by equation (183). | S

This method of determining the intrinsic viscosity
should not be used at too high a concentration because of
possible uncertainty of the value.of thevconstant '¥? or at
too low a concentration because of incréased errors in specific
viscosity determination° However, it was fouhd guite satis=
:factory for most of the range of concentrations enviseged in

this work, viz., 0.8 = 2% wt./vol,

B. Viscometers,

Since it is always preferable to measure the viscosity
of the irradiated polymer solution without removing it from
the irradiation chamber, to secure that the conditions during
the degradation process do not alter and to avoid any change
in the concentration of the pol&mer solution, it was decided
to use the following two types of viscometers for viscosity
measurements,

(a) A rolling sphere viscometer which may be incorporated

with a high pressure chamber for experiments conducted
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under non-atmospheric conditions,
(v) A modified Ostwald viscometer, for experiments on the

degradation of high polymer solutions conduected under

vacuum as well as under normal atmospheric pressure,

(2) The Rolling Sphere Vigscometer.

i. General. It was apparent from a brief survey of
the literature that the most suitable type of viscometer for
measuring viscosities of liquids under varled operating con-
tditions is the rolling sphere viscometer, It was first con-

(12)

:structed by Flowers and he calculated the viscosity from

the expression: v

Mv = C(€ - p) oo.,eo.ope.o..o..oo(ISJ
in which v is the veloclity and & the density of the sphere;
the 'constant® C of the instrument was found by calibration
with 11qﬁids of kno&n viscosity. His calibration showec
that the value of 'C' varied slightly with the viscosity.

Hersey<15)

s on the other hand,’preferred in calibrating
the viscometer to plot the function S.T against Y /S obtainéd
from a dimensional analysis of the probelm; where

T is the roll time;

) = jL is the kinematic viscosity;
and S is a function of the density = (~m - 1}%

The relation between these two functions was found to be linear

except at high velocities when flow became turbulent, as will
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be discussed in more detail later.

tlany such viscometers were constructed, mostly for
tests on oils at high pressures and boﬁh methads of calibra=-
:tion were adopted. j'Sage(14) for example, described an
apparatus for studying the effect of,diésolved gas on the
viscosity of crude oils at pressures up to 200 atms.

A theoretical and practical investigation of the system

has been made by Hubbard and Brown(ls)

who deduced a general
equation for the motion of the sphere, valid only for the
streamline region of fluid flow,

’7 22 243 Sine Kd"(D"'d)-_‘——L oefoono@n(la)

where 7 = fluid viscosity in gm/cm/sec°

§

D,d tube and sphere diameters in ecms,

il

6,0 = densities of metal of the sphere and fluid.
V = Ball velocity in cms/sec.
X = Constant.

® = The angle of inclination of the tube to the
horizontal.

This equation can be simplified for any one instrument used

under constant conditions to:
%= C 3%;.2

ODOOGOOO.000.0000000099(17)

Calibration data ean be substituted directly in Equation (17)
to obtain the value of the coefficient C,
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In the streamline region the factor "K' should be a
constent. It was found to decrease slightly as the fluid
viscosity increased., The coefficient 'C' of eguation (17)
was found to be affected by changes in the temperature of the
instrument.

" A viscometer having the same dimensions ss those adopted

(18) was used by Dow(lv) for pressures as

by Hersey and Shore
high as 4,000 atms., Dow followed Hersey's method of calibra-
:tion against liquids with known viécositiesa
If ) = kinematic viscosity i
S = a function of density (~—f= 1)
T = roll time in secsg

6 = density of the steel of the ball in gm.
' per cu. Ch.
p = density of the liquid in gm. yer cu. enm.

e o ST: f(%) : ooooboooooooo'o"cooao--ooo-voo(la)

By plotting function ST against § 7

for the known liquids to
determine the function (£) a straight line relation, as shown
in Pig.27, was obtained fyom which the constant of proportion-
.ality between ST and %} could be determined:

e 8= B () eireiiiiieecnraceneocenea(19)

for long roll times,
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Solving equation (18) for the viscosity 7% = p)

2
< 4 . 8Z
’“‘ p - k . o ) Y . N RN P .
Y/ = p[jg.-l] T (7056 - p}T "0.."!0.00.00(20)

X - k .
where 7.36 is the demsity of steel.

. PFor a»viscosityfof‘lgpoiSe the time of roll was given

by: : :
| 1= TaEeTp Secs S
) = A= | ' (21)
1= E

Thus the computation of viscosities could be dene in one of two
ways: .

lst. If the roll time is short - region where the calibra-
:tion curve deperts from linearity - the kinematic
viseosity in equation(ls) should be obtained by
referring directly to the curve,

2nd. If the roll time is long, i.e., where ST varies linearly
with % » equation(20) can be used directly to give 7 ,
provided the value of ‘p’ obtained by interpolating
the pressure-volume-temperature data of the fluid

under consideration, 1s substituted in the equation.
The corrections to be considered in measuring absolute
viscosities at high pressures are therefore reduced to two:

1. Change in. the length of the path of the ball due to
pressure.

2. The initial acceleration of the ball,
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The first of the two corrections involves:
1. A change in length of the viscometer7
2. A change in the dismeter of the ball.

3, £ change in position of the electrical contacts.

The first two effectswere shown by Heréey to have almost
negligible effect, while the change in position of the elect-
irical contacts was appreciable. |

In the qgsign of the rolling sphere viscometer to be
deseribed later. The position of the cbntécts was chosen
such that eny error arising from éhéngeiin positiog will have
the same negligible effect as the ehaﬁge in length.

Correction for initial acceleration in Dowfs experi-

iments was computed from the equation:

3T . . 8 B | e
el 0021 [1"' (1" . ) ] 9:00090.0:.00.00(22)
To , ¥T_° -

o
in which To is the observed roll time and.K is g,oonstgnt
equal to 8.3 for liquide of specific gravity 0.8 to 1.0.
This correction is negative and amounts to 16,8 percent for
T, = 1 sec., but is less than 0.5 per cent if T ) 6 secs. and
it is about 2 per cent for To = B8=8 secs,

In all the viscometers mentioned, the inelination of
the tube to the horizohtal was of the order of 16°, and it was
noticed by Flowers thét rolling of the sphere may not be uni-

iform at small slopes either due to roughness of the tube wali
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or lrregularity of shape of the sphere. This difficulty seemed
t0 him to dlsappear at higher slopes and consequently higher
velocities.

(18) used a short, nearly vertical glass tube

Hoppler
of large diameter (11 mm.) and clesely fitting balls elther of
glass or steel., Hisey and Brandon(lg>'desaribed meesurements
on an instrument of this iype° |

Por the purpose of measuring the molecular weights of
high polymeric materials; one will be dealing with specific
viscosities and reduced viscositles and no absolute viscosity
measurements will be needed. This béing the case, the errors
inherent in these viscosity measurementé will be minimised
appreciably. The most probable error under such conditions
should not exceed 1 per cent, which is nearly of the order of'

magnitude of the experimental error in handling the apparatus,

ii. Viscometer. The viscometer tube itself is of
*Veridia' glass having a bore of 6,8 m/m. 10,01. It is enclosed
in an outer brass tube (Fig.28), so that if the chamber is
pressurised, the glass tube will be under the same pressure
both inside and outside and practicselly hegligible change in
its length, due to pressurization, will take place. Four
electrodes on the glgss tube were provié&d by sputtering silver

on to the glass tube,_ The electirodes have relatively large
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areas and two of them are meking & sliding contacet with spring
loaded brushes connected to'Boschvtype éparking plugs whichrcan
stand up to & pressure of 2000 1b/sq.in. These plugs are
fitted in the outer brass tube and are then connegted to the
time recording circuit. This sliding cbnmact was provided so
that any change in the position of the sparking plugs due to
strain in the brass cylinder resulting from pressurization
would not affect the effective length of the tube and consequent-
:1ly errors arising from a change in either the length of visco-
tmeter casing or the position of the electrical contects which
are liable to affeect the operation of the viscometer were almost
eliminated. A thermostatically controlled flow of water
through the water jacket ensures a constant temperature in the

viscometer,

1ii. Iime of Roll. = In the course of these experiments
the time of roll was expected to vary from 20 secs. down to
about & secs. in each run, and time recording in the low range
has to be very sensitive. For this purpose a tektor type
eireuit, Fig.29, was used incorporated with a multispeed record-
ter. The maximum speed of the recorder was 16 em, per sec.,
and that reduceq the error in time recording from 5 per cent
to 0.1 per cent, Thus, ultimately, the rolling sphere visco-

:meter method was found to yield satisfactory results under
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any restrictions which may be imposed by the experimental set

up.
(b) Hogified Ostwald Viscometer.

A modified Ostwald Viscometer was constructed to meet
the following requirementsi-
i, The viscometer could be used as a reaction vessel with
its base transparent to the ultrasonic waves; i.e., there
should be no loss of ultrzsonic intensity by reflection from
its baese. For that purpose a terylene membrane as thin as
0.0005" under the commercial name 'lelinex' was used as a
base and the dimension of the base was chosen so that the

membrane could stand ﬁhe highest degree of vacuum obtained.

ii. The viscometer could be inserted in a Unicam spectro-
tphotometer in order to pursue the degradation process photo~
imetrically by measuring the absorption of light waves by the
polymer solution after adding to it a kxnown amount of 2, 2°',
diphenyl-1-picryl hydrazyl (D.P,P.H,) a free radical detector.
In order to meésure the viscosity from time to time
during the process of degradation, either at atmospheric
pressure or under vacuum, it is convenient to have a vessel
in which viscosity measurements, absorption measurements and
ultrasonic treatment can be carried out without opening the

vessel, One main advantage is that the concentration of the
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polymer solution will not be affected}by any of the above pro-
tcesses; a difficulty which was reportéd by many previous
workers, | | | : |

The final shape of the viscometer is shown in Fig. 30,
The eapillary tube bore was chosen so that the time of flow of
the pure solvent is n6$ less than 3 minutes., Thus, the errors
which may arise when using Ostwald viscometers at small times
of flow were largely reduced.

Viscosity measurements to determine the values of the
constant 'k' were also carried out by this visecometer to 1pveetim
:gate the dependence of 'k' on the typé of viscometer used,

The viscometer is a simple type of a free fall visco-
imeter A, provided with a regction compartment B surrounded by
a cooling water jacket C. The base of the reaction compartment
is fixed with araldite adhesive type 101 t0 a brass arrangement
Dy which encbles the use of a 0,0005" terylene mewbrane and at
the same time secures a relisble sesl. The use of the terylene
membrane was preferred to the ordinary glass bottom aé the thin
terylene membrane is practically transparent to the ultrasonic
waves compared to glass Which reflects a conslderable part of
the ultrasonic intensity. A comparison between the results of
ultrasonic degradation obtained using terylene at the bottom of
this reaction vessel and results obtained by other investigators

showed that by applying moderate ultrasonic intensities the




weight average chain length at the end of degradation was less
than what was obtained by others using higher acoustic intensit-
ties. This proved that the arrangementfchosen was superior to
end more efficient than other previous arrangements used by
previous workers, The side tube is about li'diameter, a
suitable slize to £it in the carriage of spectrophotometer type
Unicam Sp. 360 when measuring the absorption of the D.P.P.H. in
solution,

The polymer solution is introduced into the viscometer
through the top tube F which is closed by a quick fit cap size
B.10, In experiments under vacuum the reaction vessel was
sealed at the top just below the B.1l0 cone by a flame master
while the vecuum was still maintained.

The apparatus built espeecially for evacuation consis-
tted of a two-stage mercury diffusion pump backed by a rotary
0il pump. The two pumps were capable of pumping down to a
pressure of 10'5 mm, of mercury. A liqnid air trap was inserted
between the main vacuum line and the meréury pump. Taps and
traps were introduced in the system to allow for flexibility
of operation and any future develdpments° The pressure was

read on & Vacustat in the main wvacuum line.
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C. Calibration of the Rolling Sphere Viscometer.

As mentioned earlier the viscometer has to be calibrated
against liquids of knovmn viscosities. FPor this purpose 2.0
'differenx samples covering a wide range of viscosities were
prepared, Apart from the first sample which was pure analar
benzene, each of the remaiping nine samples was a solution of
ligquid paraffin in benzene. The ratios of henzene to liquid
paraffin were chosen so as to provide a uniform increment of
viscosity. One advantage of selecting these solutions 1s that
they had the same density, which was practically thg same as the
density of the polymer solutions used in this work. By +this
choice the calibration of the rolling sphere viscometer was
very much simplified, instead of plotting ST against %; as
mentioned earlier, it was sufficient ﬁo plot T against )y ,

since S = ({; - 1) was effeectively constant for this scries
of solutions,

Furthermore, since the multispeed recorder, used o
measure the time of roll is driven by a synchronous motor, i.e.,
constant speed, therefore the length of the trace on the recorder
was taken to represent the time of roll and consequently it was
plotted against ) the kinematic viscosity,

The kinematic viscosity 'V ' of the ten samples wos

determined using a calibrated set of Ostwald viscometers at a

temperature of 26° + 0.1 C. These values of ') ' were plotted
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against thelr corresponding times of roll, as shown in Fig. 31,
The diemeter of the steel sphere used was 6.35 m/m + 0.01 end
the inclination of the axis of the viscometer to the horizontal
was 40°, The distance of roll, i.e., the distance betwsen the
two pairs of electrodes was 20 cms,

The calibration curve for the devised type of rolling
sphere viscometer shown ih Fig. 31, is exactly similar to the

calibration curve given by Dow and represented in Fig.27.

D. Referee Viscosity Measurements.

Viscosity measurements on a 2% pafent solution of poly-
:styrene in benzene were carried out by three different visco-
tmeters, viz., an Ostwéld viscometer, a modified Ostwald visco-
tmeter (reaction vessel) and the rolling sphere viscometer.

As shown in Figure 32, the three methods yielded straight lines
having different slopes, and slightly different intrinsic vis-
scosities, The value of the constant X varies from one visco-

tmeter to the other, as shown in Table I.




87,

Dependence of X on Viscometer shepe.

Viscometer tiﬁe, Value of 'K', .
1. Ostwald Viscometer - 0..198

8. Rolling Sphere Viscometer 0.279
3. Reaction Vessel 0.227
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5. MEASUREMENT OF NUMBER OF BROKEN LINKS.

The number of brcken links resulting from degradation
vere measured by measuring the decrease in the absorption of

2, 20, Diphenyl—lupicryl hydrazyl.

Ao 25 2' Diphenyl-i-Picryl Hydrszyl.(D.P.P.H.)

A substance which when added to a monomer forms a non-
radical product, or a radical of low reactivity incapable of
tdding monomer;, will suppress normal polymer chain growth.

Such a substance is an ivhibitor if it reduces the rate of
volymer growth initiation to zero. ' Iir, hewever,.it only slows
cown the reaction, then it is known as a retarder. If the
inhibitor is & free radical, then the reaction product with a
growing polymer chain has no unpaired electron and is therefore
& stable molecule incapable of adding further monomers I
should be noted, however, that the inhibitor free radical should
Le of low reactivity, otherwise it will initiate polymer growth,
&s well as terminate it. Such a compound is 2, gt Diphenyl=
impiCryl hydrazyl,

This compound is a stable free
redical giving no evidence of the

undesirable initiator properties;

it reacts stoichiometrically with

redical chains, one inhibitor molecule ﬁeing consumed by each

ckain radical. Similarly, during polymer degradation process,
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free radicals are expected to be produced whenever a scission
of a chein takes place. However, the number of free radicals
released by such sclsgsions is equal‘to number of inhlbitor
molecules consumed. ’Copseqnently, the number of inhibitor
molecules consumed will be equal ﬁotwiee the number of sciss-
:ions (or cuts), The consumption of the inhibitor molecules
coincides withvthe removal of the inhibitor coloration, which
can be<ietecteq and followe@ by aebsorption meaSurements in the

range 4000 A.U, to 7000 A.U. in the absorptiometer,

B. PREPARATION OF D.P.P.H,
This compound was prepared sccording to R.H.Poirer,

E.J. Kuhler and F. Benington(Z0).

This method is a variation
on the original method of S.Goldachmidt and K. Renn,(zl)°

The hydrgzine was prepared firsﬁ. A solution of 10
grams unsymmetrical diphenyl hydrazine hydrochloride in 126 ml,
of absolute ethyl alcohol was treated at room temperature with
9.6 gms,.soaium bicarbonate and fhen with 11,8 grams picryl
chloride. When evolution of 002 was completed,; the solution
was boiled under reflux for 15 minntes} an equal volume of
chloroform was then added and the s0lid residus filtered off
while the solution was still warm. The filterate was then

washed with two 116 ml. portions of water and was conecentrated

on a steam bath to about 70 ml., then diluted with about 70 ml.
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warm absolute ethanol, The solution was allowed to erystall-
tise out overnight, when about 15 gms. of brick red hydrazine
crystals were obtained. | |

From this half-way product ths final hydrazil was pro-
:duced, 5.1 gms. of the above substance, 5.1 gms. of snhydrous
sodium sulphate, and 8l.4 gms. of lead peroxide in 100 ml. of»
purified benzene were shaken together for an hour, The residue
was then filtered off through fine filter paper and the deep
violet filtrate was evaporated to dryness in vacuo. The
resultant crystals were recrystallized from.a benzene=ligroin
solvent mixture (2:1 by volume) and sbout 5.8 gms., of violet
erystals of D.P.P.H. were formed. The overall reaction takes

place secording to the following equationss-~

Cgllg ‘ pieryl
.~ chloride
__W - NHp. HC] —5228oCie-
3635
N02
Ces_ .
. /N - NH ; — Nog._—_—h DoPoP’oHo
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A solution of D.P.P.H. infmoisture-sulphursfree benzene
was prepared; 0.395 gms, of D.P.P.H, were d;ssolved in 100 ml,
solvent, This gave t'a."lO"=2 M/litre solution,

1 ml, of this solution was made ﬁp to 100 ml. with
benzene to give 10~% M solution. This solution was used as
the parent sample for all further test solutions,

A unicam spectrgphotometer type SP,600 was used for
absorption measurements, The cell carriage was replaced by
enother which was specially constructed to accommpdate the
reaction vessel described in the previdus section.,

A preliminary test was carried out on the benzene sol-
tution. The absorption of the solution was determined for
different wave lengthg of light in the range 4000-7000 A,U,
in the absorptiometer. A maximum or péak abserption was
obtained at B6200° A.U. as shown in Fig.33. All further
investigations of tpe degradation process were carried out
at this wave length.

Benzene solutions with different D.P.P.H, concentrations
were prepared agd a calibration curve for the absorptiometer
was constructed. The instrument was first checked for 0%

transmission and for 100% transmission through air.
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An identical tube to the reaction vessel's was used
for bpalancing. This tube was filled with benzene alone and
was used for initial adjustment of the spectrophgtometer, The
reaction vessel containing the benzene + D,P.P.H. solution was
then introduced. The absorption measured was that of D, P.#.H,
alone, |

The absorption measurement was carried out for the
above mentioned solutions, which vary in D.P.P.H., concentration
from O Hol,/litre to 10”4‘Mol./1itre. Results of these measure-
iments are illustrated in Fig.34.
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DEGRADATION OF ADDITION POBYHERS
BY ULTRASONIC AVES

THEORETICAL,
A. Introduction,

Most of the p?evious work on degradatiénvwas-carried
out bn samples of polymers without any attention being paid
to their initial slze distribution. Schmia,. Parret and
Prieinderer'l) considerea the size distribution not from a
theoretical point of view, but to provide a further experi-
:mental proof of Schmid's picture of the mechanism of degra-
:dation of long chain polymers by ultrasonic waves, Polymer
samples at different étages of the degradation process were
fractionated and the resulting weight distribution curves were
plptted and compared with the weight distribution curves for
the same polymer sampié ootained at different stages of thermal
degradation, .

Although Schmid was the first to derive a simple thexry
for the kinetics bf degradation of long chain polymers by
ultrasonic waves yet he dié not consider, in his treatment,
the initial size distribution of the polymer sample,- Never-
ttheless, he found that his experimental results can be correct-

t:1ly interpreted if there was a limlting chain length below
which no degradation takes place.




Jellinek and his co-wcrk&rs(g) considered the size
distribution during the differenu stages of the process of
degradation by ultrasonic waves. In thelr work a theoretical
solgtion by induction;methods was established for an initially
homogeneous polymer. Their assumptioné were basedvupon
Schmid's work and that polymers under the effect of ultrasonic
waves do not degrade to the monomer but oﬁiy to an intermediate

(1imiting) chain.length.

B. Assumptions,
l. Random degradetion, l.e., all linkages. in a chain have the

same probability for scission independent of their position in

the chain,

2. The rate of degradation is dependent on the chain length

decreasing progressively with decreasing chain length and

reaching a zero value at & definite intermediate chain length,

3. Initial sample is heterogeneous having a known distribution:
N, = I\Iopxj'(l - p)®

The second of these assumptions has to be modifisd at a later

stage due to the complexity of the resulting solution.

C. General Solution.
The general rate equations at any time during the de-

:gradation process are (compare Simha(s) and Jellinek(g)):




dN.n/dt = -I.@:(n«-;sr)(n«-:l.m‘,n N 0O

dNn_l/dt = 2k(n—y)N _k(n-y-a.)(n-a)n
dN,,_o/at = 2k(n~y)N, +2k(n~y—1)N _
—k(n—-y—%)(‘_’n—t’am. [
sz/dt 2k(n~y}1\1 +2k(n-y~1)N 1+2k(n-y~2)N g *toooo

+ ek(z-y+1)1vz +1-=k(z~y) (2=1)N,

o.OQOQQOOO..OGOCOQOQG..QCGGO.'QQﬂlﬁ.‘olllﬂﬂ'ﬂ...o.GOO

N 1 + oeo . | _
+ 4my+2 kyﬁ : - (1)
dNy/dt 2k(n«=y}N +2k(n-y-1)N 1 4 ceo

4 my+2+2my+1

y+1/dt = 2k(n-y)1\'l +2k(n-y-=1)

d.Nz/dt 2]£(n---y)1‘T +2k(n-y-1)N 1 * oo

+ 4kNy +B+2kNy 1

where n, n=1, ...2 soo aY+ls.e °2 represent chain lengths in mon-

(8)

 tomer units, Nn N 1,.”N 0eo y+1’ Nyuoﬂz repreggnt the
numbgr of moleeules having chain lengths n, n=1,..0.%y...¥+1,
Fseeols | | |

k is constant but is related to the rate constant of
degradation by the relation:
‘ X = k(z - y)

2
as suggested by Schmid(l),
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For simplifying the mathematicel treatment by matrices
the rate equations (1) can be written as:
dxl/dt = a4,%,
d_Xg/ dt = a,X; 485X,
dxa/d.t = alxl"‘azxz'l'aasxs
aX,/at = a)X,+aXota Kqra, X,
X /At = a Xy +8oXote ooty (Ko g +op Xy (3)
where the following transformations are valid:

X, =N, ¢ &, =-ko-y)(n-1) ot

%o

N4 ! 85 = ~k(n-y-1)(n-8) :
§2 = 2k(in-y-1)
Xr = Nn-r+i= Bpp = -k(n-y-r+1){n-r) :
a, = 2k(n-y-r+1) (¢4)
Equations (3) are concisell_.y expressible as the matrix equation:
ax/at = AX
where X is the column matrix representing the value of X at
time t, 1.e., |




v‘_xgg‘.o

and A is a triangular matrix given by

814 )
8y 8gp
A= |B1 8 8z
» 84 8y 8z .o B4 By (8)
Formally: . -

ax/at - AX = O

dro-At 41

agle Xl =0

X = Ay o (6)
where Xpo is the column matrix representing the initial condi-
stions of X, 1.e., at t = O:

' ']
Fxgo)
|x(o)
° (o)
L O
XI"

S

for a homogeneous polymer sample:
i
o

%0
o0

0
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for a heterogeneous polymer (addition polymerization):

[ 1/p ]
e
1/p%
1/p*
1/5" | ()

The solution of the rate equations as expressed by

xb=Nbpn(i-p)2.

equation (6) is an explicit solution, provided the value of
oAt can be determined.

A triangular metrix as A in cquation (5) ean be expressed
in terms of its eigen columms matrix and eigeh rows matrix,
l.e., A = Plsp
or: = QAQ°1
where Q is the elgen éolumns matrix, Qfl is the reciprocal eigen
columns matrix, P is the elgen rows matrix, "1 ig the recipro-
ical eigen rows matrix, and A is the diagonal matrix of the
distinct eigen values of the triagonal matrix A, l.e.,

Fall 0 0 .. .. O
0 ag

O
(e
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Generally speaking:

A" = AnP (see Elementary Matrices by Fraser,
: Du.nean and Coller, Chapter III).
or = QJ{IQ":"-
and:
= 2, (An“bn/n ) =13 (Atn/n.)P
: ='P"1LP | (8)
where _ .
711" A
Jeet
' ‘e
L =B [ X -}
[ 2 X 2 t
i om .
since: ,
PQ = K
where K 18 a un:lt matrixo ‘ .
) ° . -1 = K"l = QK‘l o (g)
Therefore from equatiana (8) and (9) we obtein the relation:
= " 1zp
QHP

]

where H = K"lL (10)
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(1) to find Q:
For triangular matrixz A (eqnation §) the eigen values

are obviously the diagonal elements, i.e., 8,49 Bgge oee B
The eigen columns matrix Q for the triangular matrix
A (see appendix I), worked out by conmentional methods can be

expressed by:

1 .
%21 1
Q= | %% Ggg 1
agy 51 a1 oo “52"‘49“52 1] ; (11)
ck:mzz T - {12)
Srr 58
1. Ses “rs can be explicitly expressed in terms of any set of

coefficients as given in the rate eq_uations°

(2)‘to find Pt
The eigen rows matrix P of the trianpular matrixz A
(see appendix II) worked out in a similar way as in the case

of @ can be expressed by:

1
. Bay 1
=
Ba1¥ag Pag 1
PaaTag¥as  PapYys ',?’45 1
-B 1ngoocYm ln"l Bng soocY 1930 ooo0 1 (15)
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where: . (14
Brg = as/ (arr = 8gg/ )
and:
Tpg = (8, = 854 + 85)/ (0, = 85) (15)
Equation (6) can now be put as:
X = QLPX o
where =
- - Bl b
1 e 11 . -
852
0¢_21 1 e
%51%34 %30 1
QI' - o e Q ¢ e 0 e o0
-azlt ° oaml aago o'_"o.a Loes i e i
- a. .t ’ -
e 11
217 g% 8.t Bt
: 11 Y 33"
= |%21%a2® “ge® e
a,,t & Caggt t
: 11 & 8got mm
-a21a31. .Olmle - '. a52q4'29:e uxnze i XX e _ (16)
Postmultiplying QL by PX, We obtain the explicit value of X:
~ a,.t ]
e 1i A
a,.% 8oat
o0 o %
o eaut o eaggt eawt
21731 32 :
= a54% 80 Bggt 8yt x
| “21%31%21° ®30%40° " ©%43° e
L ) a t ‘660 0090 L3 a t
11 S . mmn
-a21* oamie asz'o ® amze ¢ a0 oo o0 e




l 9,4.'0

~ -

i

Baq 1

Pa1¥as Bsg 1

600 cee oceo X Xo
Bmvmgooer'mﬁl oee oo o 1-‘ (1]7)

where Xo is the column matrix representing the initial condit-

tions,

The solution obtained by substituting for a p 8nd a

r
the values given in equations (4) was found too complex to

r

serve any practiecal purpose; especially if the number of rats
equations is more than ten (for six or ten rate equations each
equation can be considered toz'epresgnt a fractionated portion
of the heterogencous polymer sample). |

It was decided to make the sameusimplification carrisd
out by Jellinek and White(z), namely that all values of ‘a’ are
equal down to chailn length y+1 and are zero for chains of length
Yy and smaller, i.e.,

81‘= a2 = 83 co0o0 = an,y+2 =8 = 2K.

pog+l = Bpuy co0 = 8pg =8, =0

ail = -K(n"l) 8.22 = "'K(n“’g) LY arr = QK(n-r) (18)

With this modification of the second assumption all

values of “r,r~3. where r is any integar greater than y+3,
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are equal to zero, thus reducing the complexity of the final

solution,
To obtain an explicit value for Xno say, from the product
matrix, we find that all values of o in the rth row of the QL

‘matrix vanish except the last three elements; therefore:

-
e 0 e 8 ‘ T

0O ¢ &0 0080000

o t a. . t. a .t
o.. .. ruz =2 Pal, P=1 rr
0 “r~1.r~2 *p, o @ 7%p pe1 © ’ 1€

‘Jloosoeo -

'rﬁp-z,r Yr2rs  Poprs

Bx-i 1%, rne Begrstpugre, Prre 2 x

B Y ® 0 se ’
r1%2 Yo,0e1 Bop8Yrerr, PoneYyre1, Prpe1, 2

x(o)

°0

o)

(0)
r—l

(0)
X0/

- o

~ (19)
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D. Agg;ications,
g_a_xg_g_g._- Homogeneous Polymer Sample.
Applying this result as obtained in equation (19) to
the case of an in:l.tially homogeneous polymer sample of chain
length n and mumber of molecules x( )= N =N, we obtain:

t
n-a P
= [(« ¢ e 1,r-2 rr 2)(ﬁr-81r 2,2"Y1-2r~3) e

I'='1, I"’l
+ r,z~_1(5r«=1,1“‘r~1,2"°*:-1,r—2) e

Brpt 1 x(o)

* ﬁ:z':l.lfrz‘fr{%““’Yz',zc'--l ¢ _
Substituting the appropriate values of «, B, ¥, and a, we

obtain: ,
X, sx("){p.g) K(n-rs2)t - o(p-1)e~K(omrad)t | ~K(n=r)t]

Considering the transformations in Equations (4) we obtain:

N pe1 = x§0)[(r¢°3)e-—l{(n—r+2)t_ 2(r~'1)e"'K(n"r"'1)t + po-K(n-7) %]

if n-r+l = x, we obtain a value for N

NX = Ng_[(n-x=1)e K(X'l-l)'b e(n‘.x)e th+ (n z+ljo ~-K(x= 1)-{;}

which is the same as that developed by Jellinek snd 'wmte(z ) ’
provided the following transformations hold:

NQ.O nxooorooos

pe rooos'
xoooroooaa PxoooProquB

i
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Case 2: Heteropeneous Polymer Sample.

In this case a heterogeneous polymer is considered,
All links are broken at random in chains whose length is greater
than y, the rate constant being the same for all chains. No
links st all are broken in chains of length y or less,

The initial molecule size distribution (addition poly-
tmerization) is given by:

X=1 2
N, =N, p (1~-p)

where Nx is the number of molecules of chain length Xy
N, 1is the total number of monomer units,

P 1is a probability factor which, for addition
polymere is always less than 1 andlis given
by the relation:

1 1

P ‘being the average degree of polymerization of
the sample.

8. Number and Weight Distribution Functions.

Following a treatment similar to that of a homogeneous

polymer sample (see Appendix III) we find that:

N, =N, p*?! o K(x=1)%[y_ o~Kt2

x (21)

In terms of the initial average degree of polymerization or

the number average chain length,Nk is given by:
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e O
eax{(x-l)’b (1 - P =°b.t] (22)

N Bal

X
2
This equation gives after a time t that part of distribution

=¥ (P-i-i

which lies between the intermediate chain length y and infinity,
i.e., for a chain length y {x L ®.,
For values of x below the 1n1semnediate chain length

limit, {.e., o < x <y, we have from equations (1) and (2):

an an an |
X =LY =_y+l + K(y+2) ¥
it = 3t y+l

s o Nx = Ny+1 + K(y+2) f Ny+1o dt + CO

K ' Kt -2 -
=N, p e Kyt [1-pe~®¥1" 4 x(y42) s W, o7 e Kyt
“Kt-2 -
[2-p ¥ at + ¢ (23)

_ If'we consider the initial value of Nx’ i.e., at t=0
e Np=N pt (ep)? (24)
From equations (23) and (24) the constant of integration C

cap be calculated:

%o C = N, py [l; y-t:l. ]+ 1w, 1 (1-p)®

Thus the part of distribution representing chain lengths less

then y, i.e., o & x £y, can be expressed as:
v , - . Kt
Ny, = 31“;+1 [143(1-p) - e F¥(143-pye~*t)]
+ N, p*1(1-p)® (25)
The whole of the number distribution is obtained by dividing
Squations (22) end (26) by PN, and this gives the number of
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moles of any chain length when the whole polynmer sampie repre-

:sents one basic mole of polymer.

Hence,
B, = % [14y(2-p) - Wt(lw-pye "1t
+ 27 (1-p)® | | (26)
for chains of length o vx < y
and nx2 = %2 oK(z-1)1 [1-p e-KtJZ | )

for chains of length y £ x o

The weight distribution; which gives the amount of
Polyme:c- in grams of a certain’ chain 1‘3n§th contained in oné
gram of initial material is obtained by multiplying equations
(26) anda (27) by x; hence:

o _ex it Lyt -Kt.
mx1 ﬂ";%f)’" [1+y(1-p) = (1+y=-pye ") ]

w2 (1-p)? - (28)
for o Lx £¥s eand

n, = x px=-2 e-—K(xw:!.‘)t [1-p e—K‘b]Q

X3
for y (x . ’ ‘ (29)
The two results represented by equations (28) ana (29)
can be represented in terms of the ini%ial number average

Chain length P, viz. y

m . o . BX Kyt . Kt
%, = ¥ly+D) (5" “*f&i"'e (14y= gy €701

+ X -_..._.ngg -
(P+1)* (30)
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for o L x {y, and

o (BT cR(z-1)t P _-Kt,2
Mg~ * (7o3) e Tl gge]

for y { x { .

(31)

b. Weight-Average Chein Lenath,

Only the weight-average chain length after a time ¢
will be calculated here, since all average chain 1engths in this
work are deduced from specific viscosity measurements.

The general expression for the weight average chain

length is given by:

o . ' : (o0}
P - of Em, dx _ of X My ax
w, ~ 00 ' - 1
t o'f m, dx |
where Pw is the weight-average chain length after time t,

t
and m is the weight fraction of chains of length x if

b4
the total initiel mass of the polymer sample 1s
1 gm,

0% = A - Q0 , \
Pwt = o'{ Xy mxi dxl + y‘]‘ Xq mx2 d.x2
where o <x1< y and y <x2 < o

Substitutine the walnes form and m  from eounations (30)
Substituting the wvalueg for m, and m, from equations (30)
1 2

and (31) and asguming that:
) £ &
P = P

log(l + =

Since % is very small, we obtain for the weight average

chain length at any time t, during the process of &gradation



131,

the expression*

_ . _ Byt _ By, -8t
3 %éi (P+1) e BT e (=g e )]

P &=
Vs
Y~=1 :
+ 2P - —= (BPQ + y2 + 2yP)
(P+2)Y (1) o
- - -Kt 2 2r
P 72pe ~Kly-1)% P, e 2yP
+ (557 vmeem—— O-TEE ) [+ Pht+1*THKt+1)25
(32)
Introducing the relation o = 1 = o Bt op oKV _ g o a, the
weight average chaln length can be explicitly expressed in
its final fofm, viz;
PW = o ( P :g’@lfl s g(lma)y[ +;Z+P(1+OC}ZZ
t y+1) ‘Pal + gy s P+l
y=1
+ 8P = e (25° 4 3 4 2yP)
' (Psa-l}y
A € P LAy DR - 2yP
+ ° > {(1+0P) [3"’ + j (35)
(P+1)¥"  PKt+1 PRE+1 (PKt+1)§
After an infinite time of‘degradation, l.ees t =@
2 =] :
2 prTt 2 o _
P, =% (= ) (1+ L) 4 9P = Z————[2P4y“s2yP] (34)
Yoo 3 y+1 Pal P @ +1)y
Bearranging the terms, the equation can be put in the forms:
P = 2P - 2P (sh) [1 4 2y (35)
Yo (P+1 g%g :
: y 2 .
or 2P-P_. = 2P(xir) (142 L4 &= ] (86)
L B+l 3 60° |
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Expressions (35) and (36) give the weight-average chain
length at the end of degradation in terms of the initial number-
average chain length P, The final form of this expression in

terms of the initial weight-average chain length is given Dby:

Py, V. 2 |

b B P 4. .2 o1 ‘

B AR ( P+ ) (14 5 %38 F&'ﬁl (57)
00 0 o

where P, is the initial weight average chain length of the

o]
polymer sample,

For an addition polymer Py = 2P, a relation which can
be deduced from equation (83) by considering the value of P

t
at the start, i.e., at t = o,

E. Discussion,

- The general sblution given in this Chapter is hoped to
be of value in solving any kinetics problem which involves
slmilar set of rate equations. It only inveolves the substi-
‘tution of the new values of coefficients e,s 8,, to determine
the values of a's, f's and Y's. These values and the boundary
ctondition at t = o when substituted in the general matrix
eqnation (19) give an expliéit solution of the specifie kinetics
broblem. This was attempted by the author to solve a few
Other cases which are not relevant to the work undertaken in

this thesis,




Y X

FIG. 35. FINAL NUMBER DISTRIBUTION.




v X

FIG. 36. FINAL WEIGHT DISTRIBUTION.
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The general solution, applied to a heterogeneous-
addition~-polymer sample; shows tﬁo points of interest which
differ from solutions given by ofher authors,
(1) The first result shows that the number of chains for
chain lengths 1 to y at the end of degradation, i.e. at t=00;
is not equal but depends on the chain length, as seen from

equation (26):

y-1 '
By, = f, i) (1 +5(-p)] + p*?(1-p)®

]

vA+Bpx
where A and B are constants and p is less than one.

This result gives a final number distribution as shown
in Fig.35 in which the number of chains decreases as the
chain length increases from 1 to ¥y, i.e., 1 {x {¥-

Furthermores; the £inal weight distribution is‘a curve
(F1g°56) whose shape is dependent on the initial average
chain length P, It also depends on the intensity of the
ultrasonic waves since it is the main factor controllingvthe
value of the limiting chain length 'y‘,‘below which it was
assumed that no degradation takes place,

(2)

Compared with Jellinek's results obtained after nine
hours of degradation the shape of the curve in Fig.36 seems
a better £it to his results than his straight line

representing the final weight distribution, in spite of the
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fact that the polymer used in his cese was a homogeneous sample
(fractionated sample). The difference between the two results
is mainly due to the boundary conditions considered for the

determination of the constant of integrafion C in equation (23).

(i1) The second result as expressed in equation (35) shows
that the final weight average chain length P&q)depends mainly
on the intermediate chain length y below which no degradation
can take place, and to a certain extent on the initisl weight
average chaln length PWo° However, all previous work reported
indlcated that the final weight average chain length is inde-
tpendent of the initial weight average chain length provided
all other factors were unaltered. The author is inelined
not to disagree with this statement as it was observed that
the final weight average éhain length varies very slightly
with changes in the initisl weight average chain length of the
polymer sample.

However, it is of interest to see the sigmificance
o the term P representing the initisl average chain length
in the formula giving the weight average chaln length on the
abové mentioned basis,

Considering equation (35) and assuming that L2

00
is independent of P, we get:
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d P_ 2 P 2P :
apP =P Y ar -
Working out the relevant differentiations we get:
8
P+1,7 2y ,
g B -+ gk - 653) |
i =
1. ¥ _x,f, |
3*3 Y gp (38)
Equation (38) gives a negative value for dy and substituting

ar
some of the experimental results obtained, we get:

for P=1620 4L = -0.0042, ana ; |
for P=1208 L = -0.002247 @ ) (39)
This indicates that as the initial average chain length
deereases the wvalue of the limiting chain length would slightly
increase, This slight increase can be interpreted in the
light of Schmid®s mechanism for the degradation of polymers
by ultrasonic waves. In other words, as the initial average
cehain 1ength decreases theveffective frictional force per
monomer unit would decrease, Therefore, in order to break
8 C-C bond by such mechanism the limiting chain length y
would have to be bigger. |

However, this dependence of y on P seems qualitatively

to be consistent with Schmid's theory for the degradation of

long chain molecules by ultrasonic waves.
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