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ABSTRACT

Thetransient responses of polymer meltsin vibration force field have been
measured with the capillary dynamic rheometer, and the effects of the vibra-
tion parameters (vibration frequency and amplitude) on polymer melt’svis-

coelagticity have been presented and discussed.
© 2010 Trade Sciencelnc. - INDIA

INTRODUCTION

Recently, the technique and the equipment of the
€l ectromagnetic dynamic pl asti cating extruder™ for
plasticshave been recogni zed by academe and accepted
extensively by industrial community. The e ectromag-
netic dynamic plasticating extruder for plasticshas ac-
quired great economic and socid benefit progressvely.
Andthere hasbeen agreat deal of research activity to
investigatethe behavior of polymersinvibrationforce
field. Inorder toimprovethedesign and control of vari-
ous polymer-processing operations, thistrend was pro-
moted by the need to €l ucidatethe complex dynamics
of theseviscodagtic fluids. Until now, from many ex-
perimenta phenomena, itisthevibrationforcefield that
can affect the gpparent viscosity and el asticity of poly-
mer melts. But what isthe effect? How to measure ac-
curate datafor theresearch? Experimentaly, moreover,
controlled transentsaremuch moredifficult to achieve
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than steady-state conditions.

Onewouldliketo haveavailablethemost versatile
possible melt rheometer that can be measurethevis-
cosity and elagticity propertiesof polymer melts. How-
ever, rheometer now in useis noted for their lack of
versatility. Thetraditional capillary rheometer isused
primarily to measure melt viscosity at high shear rates,
whilethefirst norma stressdifferenceisdetermined by
semi-empirical methods, from measurementsof entrance
pressurelossor exit pressure“®, However, thevaidity
of themethod of analyzing the experimenta dataissub-
ject to serious question, because some of the assump-
tions made for the suggested method do not have a
proved justification. Although therotationa rheometer
can be used to measure the el astic properties of poly-
mer melts, itislimited by low shear ratesdueto flow
instability. Therefore, for practical purposes, thereisa
need for anew capillary rheometer which can beused
to measure nonlinear transient shear flow viscoelastic
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propertiesnot only invibrationforcefieldbut alsoin
steady state. Fortunately, the capillary dynamic rheom-
eter hasbeen devel oped successfully in National Engi-
neering Research Center of Novel Equipment for Poly-
mer Processingin South ChinaUniversity of Technol-
ogy, and thisnew rheometer hasthese capabilities™,
In thispaper, the effects of vibration parameters (in-
cluding vibration frequency and amplitude) onthe poly-
mer melt’sviscosity and norma stressdifference coef-
ficientsareand yzed by obtainabletransent data, which
measured with thecapillary dynamic rheometer.

THE CAPILLARY DYNAMICRHEOMETER

Thiscapillary dynamic rheometer isbased onthe
capillary rheometer with invariable speed, and its
equipment’sphysical mode has good agreement with
the pul sating extrusi on process of round-sectiondiein
the condition of e ectromagnetic dynamicextrusion. One
of thekey technol ogiesisthat themechanical vibration
forcefield caused by an e ectromagneticfieldisintro-
duced into the whol e plasti cating and extrusion pro-
cess. Sotheplasticating and extrusionfor polymer melt
isdeeply affected by vibration forcefield. Figure 1lis
the sketch map of capillary dynamicextrusion. Thesur-
rounding cylinder isisothermd clarifier. Thematerid is
cdorified and then becomesthemelt, whichisextruded
from the capillary with the high pressure by hydraulic
driving. Here, asinevibration can beadded in parall el
direction of polymer melt’sflowing through capillary,
so theperiodic vibration forcewith high frequency and
small amplitudeisintroduced into all the process of
polymer melt extrus onthrough capillary. Withthe pres-
suretransducer and the Laser-CCD real-time dataac-
quisition system, the capillary entry pressureand the
ratio of the swell can be measured instantaneoudly.

Theequipment of the capillary dynamic rheometer
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includesée ectromagnetic vibration control system, cap-
illary extruding system, barrel temperature control sys-
tem, constant speed control system, entry pressure on-
linecollection sysem and the Laser-CCD red-timedata
acquisitionsystem.

Figure2 givesablock diagram of thevibration con-
trol system of pistonrod. Thefrequency and amplitude
signal set by asinevibration control systemisput on
the power amplifier through the output knob, and these
amplified signa saresend to theequipment, thenvibra:
tioniscreated. So vibration displacement or vibration
velocity or vibration accel eration can be exported. At
thesametime, themechanica energy istransformedto
pressure signal by transducer, so the close control is
redized.

Itisawdl-knownfact that polymeric materialsex-
hibit el astic propertieswhen they aresubjected to large
deformations, especialy invibration forcefield their
behavior ismorecomplicated. Thereisampleevidence,

S=pyt+Adsmea

Figure 1 : Sketch map of capillary dynamic extrusion: 1:
cylinder, 2: piston rod, 3: pressuretransducer

Vibration Comparalive Powq _ Vibr_ation Hydraulic pump
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Figure?2: Vibration control system of pistonrod
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Figure3: Sketch map of laser measur einstrument
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Figure 4 : Velocity of polymer meltsin capillary dynamic
rheometer (fully development section)

such asextrudate sveling, indicating that themelt e as-
ticity playsavery important roleinthevarious methods
of processing polymeric materials. From recent devel-
opmentsin rheology it has been established that the
melt eagticity isrelated to thenormal stressdifferences,
moreover thereisare ationship between the normal
stress differences and the extent of thedie swell. For
conveniently, we can measurethedie-swell ratio with
the Laser-CCD red-timedataacquisition system. The
Laser-CCD isladintheexit of thedie.

Figure 3 givesablock diagram of the laser mea-
sureinstrument. Laser bean from laser instrument isre-
vised by opticssystem and ripsinto the scanner that is
circumvolvingwith thee ectromotor tail-wagging, there-
foreaparallel scanning light screen comesinto being.
Whenmeasured object isparked inthescanning screen,
theprojectionisformed whosedimensonisassameas
the measured object. The scanning screen can be
flocked to the photoel ectricity acceptor after accepting
focusing. Becausethe scanning screenisformed tran-
sently, thewave on the photoel ectricity acceptor can
bereflected actually the complexion of parallel laser

bean scanning with or without block. Theimpulsesig-
nal istransmitted into the disposa system through the
circuit, the dimension of the measured object is ob-
tainedindirectly after disposing.

DATAACQUISITIONANDANALYSIS

Figure4 describestheveocity of polymer metsin
capillary dynamicrheometer. WhereL isthelength of
the capillary, Ristheradius of the capillary, APisthe
pressure difference between the two ports. Thefol-
lowing assumptionswill bemade:

1. Themdtflowislaminarinaxid z-direction, andiso-
thermd, andtheratio of L/2R issufficiently greet to
ensurethat awell-developed velocity profile;

2. Themeltisuncompressible and viscoel astic, the
density p isunchangeable;

3. Wl dipand gravitationd effectsmay be neglected.

In capillary thevel ocity and the shear stressof the
melt respectively are:

v=[v, 0 0 1)
TZZ 1(2 0

T=|%; T O )
0 0 171y

where boundary conditions are:

V, (1) _, =0 C)
Tr2||r=o = const (4)

Thedisplacement of thepistonrodincapillary is:
S=vst+Asnot (5)

where y, isthe steady average velocity of the pistonrod, A is

the vibration amplitude, o is the vibration circle frequency
(w=2nf, f isvibration frequency).Through analyzing the move-
ment equation and using conservation of mass, the average

velocity in the capillary section can be described as:
_ Ro.2,—
v, = (FO)Z(UO +Amcosat) (6)

From thedirection-z of themovement equation, it
canbegained suchas:

op 10
O=E+W(”rz) (7)

Integrating above equation and predigestingit, then
the shear stressof the capillary wall in Z-direction can
be approximately described as:
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RAP(t) pR2A®>
TR(t)ﬁ A ()_p 0 10}

2L 6R
RP(t) 2pm?R2Af2
2L 3R

Inview of the shear rateof thecapillary wall can be
described as:

.Sinet =

®

.Sinmt

RS —
YR = R—g(o+ Amcosot) 9

So the average apparent viscosity of the capillary
wall can bedescribed as:

.
j T (t)dt
n =2 (10)
T T RO
Withtheon-linecollection system, thecapillary en-
try pressure can be measured instantaneously. There-
forethe shear stressand the average apparent viscosity
of thecapillary wall in Z-direction can be obtained.
Figure5 isthe sketch map of extrudate swell, equa-
tion (6) describesthe averagevelocity insection 1, in

the sameway, the averagevelocity V;insection2 can
be described as:

mpR, %V, = mpR?V, 1)
supposedthedie-swell ratio B is.
wE_Y,
= IR2 =V_Z (12)
sothereis.
V, =BV, (13)

The stress state of themdt in vibration shear force

field may bewritten asfollows:
Gij =_P8ij +Tij (14)
Wheni=j, §, = 1; andwheni #j, 5, = 0. o, isthecom-
ponent of thewhol estresstensor, T isthe component of

1 1
theextratensor, and P= —Etrc = =3 (65 +0, +04)
Theeguation of motionintheradia direction can

berewritten as;

d(p_trr)=(o”—cee)-dr—r=N2(r,t)dlnr (15)

wherewhereN_(r,t) =t _-16=c,_-c00isthesecond normal stress
differencein theinner capillary where theradiusisr. Integra-
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tion of equation (15) from the centerlineto any radiusr yields:

P(r,z,t)-P(0,z,t)— 1, (r,t)+ 7, (O,t) =

J'(;Nz(r,t)dlnr

When r=0, y=0, that isto say, thereisno annular elas-
ticity stretchinessor no additive contractiveforce, so
7,(0,f) =0. From many experimental experience, the
second normd sressdifferenceisonequantitaively leve
smaller than thefirst normal stressdifference, more-
over, the second normd stressdifferenceis negative.
For conveniently, the suppose proposed by
Weissenberg™ canbeused, whichis: N.(r,f)=0. There-
fore equation (16) can berewritten as:
P(r,z,t)=P(0,z,t)+ 7, (r,t) a7)

Thetotal pressurein the capillary thus consists of
two parts: the hydrostatic pressure P(0,z,f) which de-
creasesinthedirection of flow, it can be supposed that
P(0,z,f) = 0 because measuring istakenin the atmo-
spheric pressure; and the ‘elastic’ pressure equalsto
7,(0,f) whichvariesradially but is constant along the
length of the capillary. So equation (17) becomes, at
thedownstream end of the capillary:

(16)

P(r,L,t) =1, (r,t) (18)
Applying thecontinuity equation, thevolumefluxis:

Q=nR%, (19)

Suppose:

V(1) = Vinal[1- (2] (20)

Thereis

Q= 2n_[Oszrdr =2nV, ., _[jl— (r/R)?]rdr = % RV, (21)

From equation (19) and (21), thereis.
Viax = 2V, (22)
Applying Newton’s second law to the portion of
thefluid between Section 1 and Second 2 of Figure5,
thenet externd force, intheflow direction, will beequa
totherateof fluid momentum. Theonly externa forces,
inview of the assumptions made, will consist of the
total stressintheflow direction, o, (r,L), acting at the
Section 1, appropriately integrated over theentirecross
section of thecapillary, and oneobtains:

R 2 2,2 (R
J'O 2mr pV, (1, 1)]2dr — 7R %pV, :IOancZZ(r,L,t)dr 23)
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o, (r,L,t)y==P(r,L,t)+7,(r,t)
=1,(r.t)—1,, (r,t)=Ny(r,t)
Therefore,

(24)

R 20, p-2_ 272 _ R
. 2nrplV,(1)]°dr —-B™“nR“V; = 027cer(r,t)dr (25)

Defined t, asthe shear stressin the wall of the
capillary, so,
L%z g2 id1:rZ

R g’ TR

Subgtituting Eq. (26) into Eq. (25) and rearranging

gves

(26)

pV, -2 1 (e
2 B+ TRZ _[0 Trz ‘{Nl(trZit)
_p[vz(t)]z}‘dtrz =0

If Eq. (27) ismultiplied by * and then differenti-
atedwithevauating theindividua termsof theLeibnitz
rule. Carrying out thisoperation,

(27)

—2
d v,. .
% e P B2, .N

o 5 1(R,t)—
R

d TR (28)
ety TPV (O e} =0

Thethird part of theleft of Eq. (28) can besimpli-
fied:

i{f Y, (01,

o [

=—{ [; pvzzré(—)d(—)}

Trz )d(TrZ )

C (29)
drR{I" Farl1= ()P TR (A}
= 220V 2acd [ 11- (PR

T
3PV =3

)}

P’"RVz2

So Eq. (28) can berewritten:

4 —, — 4
Ny (R.t) = 2 pV; —pV;B™ = pV7 (- —~B™) (30)
and onecan obtain theformulaof thefirst norma stress
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Figure6: Relationship between theexperimental valuesof
theshear stressand timewith different vibration fredu€ncy

inoneperiod, A=0.1mm, T=at, vy, = 15 (MNVs), 1: f=6Hz, 2:
f=8Hz, 3: f=12Hz

differenceinthewall of thecapillary:

N,(R,t)= p(g—B’z)(%)“(Go +Aacosat)? (31)

Sotheaveragefirst norma stressdifference coeffi-
cient can be obtained:

§
j N, (F)dt @

T-7&(1)

Withthe Laser-CCD red-timedataacquisition sys-
tem, theratio of the swell can be measured instanta-
neously. With these data and equation (31), one can
obtaintheexperimenta vauesof thefirst norma stress
differenceand theaveragefirst normd stressdifference
coefficientinthewdl of thecapillary.

Inour following experiment, the experimental ma-
terid isLDPE and itsmelt temperatureis 150 degrees
centigrade.

Figure6isaplot of comparison of the experimen-
tal vauesof theshear stresswith different vibrationfre-
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Figure7: Relationship between theexperimental valuesof
the shear stress and time with different amplitude in "€

period, f=10Hz, vo = 15 (MM/s), 1: A=0.05mm, 2: A=0.075
mm, 3: A=0.15mm
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guency inoneperiod. It isclear that the change ampli-
tude of theshear sressincreaseswiththevibration fre-
guency increasing. Figure7 isaplot of comparison of
the experimental values of the shear stresswith differ-
entamplitudeinoneperiod. Itisaso dear that thechange
amplitude of the shear stressincreaseswith thevibra-
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Figure10: Relationship between theexperimental valuesof
thefirst normal stressdifferenceand timewith different vi-

bration frequency in oneperiod, A=0.1mm, T=t,;o =15 (mm/
9),1: f=6Hz, 2: f=8Hz, 3: f=12Hz

tion amplitudeincreasing. Maybefrequency or ampli-
tudeincreasing meanstheintensity of thevibration force
field beingincreased and the ability of overcomingvis-
cod astic res stance strengthened. Thereforethe change
amplitude of shear stressincreaseswith frequency or
amplitudeincreasing.

Figure8isaplot of the experiment values of the
averagegpparent viscosity with congtant amplitudeand
initia velodity. Itisobviousthat therd ationship between
the average apparent viscosity and thevibration fre-
quency isnonlinear. When applied alow vibration fre-
quency, the average apparent viscosity decreasesrap-
idly, thenthereisanincrease phenomenon with higher
frequency. Thereisan optimum vibration frequency that
minimized the average apparent viscosity of the poly-
mer meltinthe condition of the sameamplitude.

Figure9isaplot of the experiment values of the
average apparent viscosity with constant vibration fre-
quency and initial velocity. It isa so obviousthat the
rel ati onshi p between the average gpparent viscosity and
theamplitudeisnonlinear, and thereisoptimumampli-
tude, which a so minimized the average apparent vis-
cosity of the polymer melt inthe condition of thesame
vibration frequency.

Figure 10isaplot of the experimental values of
firs normd sressdifferencewith different vibrationfre-
quency inoneperiod. Figure 11 isaplot of the experi-
mental valuesof first normal stressdifferencewith dif-
ferent amplitudein one period. Fromthesetwo figures,
itisclear that the change amplitude of thefirst normal
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Figurell: Relationship between theexperimental valuesof the
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stressdifferenceincreaseswith vibration frequency or
amplitudeincreasing. Becausethe amplitude of shear
rateincreaseswith vibration frequency or amplitude

increasing, thenthedecreas ngamplitudeof theentangle-
ment dengity increaseswith frequency increasing, more-
over, adecreasein the number of entangled pointsin-
creasestheaverage number of segmentsin polymeric
chains, which causesasincreaseinfreevolume Theforce
between molecul esdecreases and the effect of themo-
lecular orientation becomesstronger, which resultsinin-
creasing of material’stensle strength and stiffness. So
thechangeamplitudeof thefirst norma stressdifference
increases, too. It is easy to conclude that the change
amplitudeof thed adticity of polymer mdtsincreaseswith
vibration frequency or amplitudeincreasing.

Atthesametime, figures 12 and 13 aretheplotsof
therel ationship between the experimenta va uesof the
averagefirst normal stressdifference coefficient and
different vibration frequency and amplituderespectively.
From figures 12 and 13, it isobviously conclude that
therel ationship between the averagefirst normal stress
difference coefficient and the vibration frequency or
amplitudeisnonlinear, and thereisan optimum vibra-
tion frequency or amplitude, which dsominimizedthe
averagefirst normal stressdifference coefficient of the
polymer melt inthecondition of thesameamplitudeor
vibration frequency.

CONCLUSION

Inthiswork, using thecapillary dynamic rheometer
to measurethecapillary entry pressure and theratio of
theswell instantaneoudy. The results can be presented
theeffectsof thevibration parameterssuch asvibration
frequency and amplitude. When vibration frequency or
amplitudeislarger, the change amplitude of the shear
dressandthefirst norma dressdifferencebothincreases,
thereforethechangeamplitudeof theviscosity anddas-
ticity of polymer mdtsincreasewithvibration frequency
or amplitudeincreasing. At the sametime, therelation-
ship between the average apparent viscosity and thevi-
bration frequency or amplitudeisnonlinear, andtherda
tionship betweentheaveragefirst norma stressdiffer-
encecoefficient and thevibration frequency or amplitude
isalso nonlinear, and thereisan optimumvibration fre-
quency or amplitude, which aso minimizedtheaverage
gpparent viscosity or theaveragefirst normal stressdif-
ference coeffid ent of thepolymer medtinthecondition of
thesameamplitudeor vibration frequency.

Research & Ruf}lm: Dp Te—

olymer



RRPL, 1(1) 2010

[1]

[2]

[3]

[4]

Juan Zhang and Jin-Ping Qu 23

REFERENCES

Jin-Ping Qu; Method and Equipment for Electro-
magnetic Dynamic Plasti cating Extrusion of Poly-
mer Materials, US Pat. 5217302, (1993).
Jin-Ping Qu; A Method and Equipment for the Elec-
tromagnetic Dynamic Plasticating Extrusion of
Polymer, EP Pat. 0444306B1, (1995)

Jin-Ping Qu; Plastics Electromagnetic Dynamic
Plasticating Extrusion Machine (Award Lecture),
3 International Conference on Manufacturing
Technology, Hong Kong, (1995).

A.J.Giacomin, T.Samurkas, J.M.Deay; Polym.Eng.
Sci., 29, 499-504 (1989).

[5]
[6]
[7]

8]
[9]

—= Fyl| Paper

T.Y.Liu, D.W.Mead, D.S.Soong, M.C.Williams;
RheologicaActa, 22, 81-89 (1983).

C.D.Han, M.Charles; Polym.Eng.Sci., 10(3), 148-
153 (1970).

Juan Zhang; International Journal of Nonlinear Sci-
ences and Numerical Simulation, 5(1), 37-44
(2004).

Juan Zhang; Internationa Journal of Nonlinear Sci-
encesand Numerical Simulation, 5(1), 97-98 (2004).
Juan Zhang, Jin-Ping Qui; Iranian Polymer Journal,
14(7), 609-615 (2005).

[10] Juan Zhang, Jin-Ping Qu; Nonlinear Analysis,

63(5-7), €977-€984 (2005).

[11] K.Weissenberg; Proceedings Second International

Congresson Rheology. North-Holland, Amsterdam,
29 (1949).

e, Research & Reolews On

Polymer



