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Brno, 28-29th march 2012 — School of Rheology

Part |I: Capillary Rheometry

A method to predict flow properties
under processing conditions
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Outline

 Range of Applications for Capillary Rheometry

 Introduction into capillary rheometry: Principle of Operation and
theoretical background

e Testresults on LDPE: Complete Capillary Characterisation

 Advanced Test Types: pVT, Relaxation, Thermal Degradation etc.
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Capillary Rheometry: Main Applications
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Repeat from the previous session: Basic Terms

T

Displacement u
Normal Force !

Shear Force F f
areaA=a-b
Height =d
Initial length = L
u I
y = Strain [J g =1n Extension []

d L
. dy . 1dl

7/ Shear Rate [1/s] & = Extensional Rate[1/s]

dt L dt

—  nor
T = tan Shear Stress [Pa] O = Extensional Stress [Pa]

A A
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Typical Shear Rate Ranges

Sagging,
. Levelling IIExtrusion, Injection Moulding
E E Mixing, Blade Coating, Brushing . Roll Cioating, Spraying !
103 101 100 101 102 103 104 100 1

Rotational-Rheometer

&

§ample: Water up to solids
Results: Shear-Viscosity, Yield Stesses, Visco-Elasticity, Relaxation...

»
»>

High Pressure Capillary-Rheometer

‘Sample: Water up to high viscous ’
Results: Shear-Viscosity, Elongational-Viscosity, Wall Slip...
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Principle of Operation

Given quantity: piston speed = wall shear rate
Measured quantity: pressure drop = wall shear stress

Bore v

A l Full pressure drop
—
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) L g P ] x
: Entrance pressure drop
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P 4 +
1 —_ﬁ Fully developed flow region
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P \‘ > < Shear pressure drop
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> s v
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0 L
z

= small ram extruder
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Laminar Pipe Flow

Isothermal, stationary Flow of an incompressible fluid

Newtonian
Newtonian
>
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What are we doing to get flow curves?

measurement : 4 Ramp in steps AD 4

v
v

t t
B 4.Q ]
yapp_ T R3 corrections .o = -true
ytrue
_ R-AP
Talop o
2L
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Correction: Entrance zone of a capillary die

Convergent
Flow
Pressure

transducer _ Capillary die

1 ‘

Aim of the test: to separate entrance pressure and shear
pressure drop!
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Rosand Twin Bore Principle

| |
I:)full _ ] _
| ! pentrance _\ / vpentrance
L 2R
< pshear
b
Piu= Pshear T Pentrance left: capillary right: orifice
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How do we get the Extensional Viscosity?

Cogswell’'s Convergent Flow Model = Extensional Viscosity

9 (n+1)% (Py)?
32n7y?

Pi= P P

shear entrance) — }L —

» Special Orifice Die according
to Uni Zlin Model enables characterisation
of very small extensional rates too.

d (log ) ' _ )
N=""7-" Non-Newtonian Index (Ostwald-de Waele) e~ 10 1 - 103 S 1
d (log y)

F. Cogswell, “Polymer Melt Rheology”, Woodhead Publishing Limited (1981)
Zatloukal, Vicek, Tzoganakis, Saha J. Non-Newtonian Fluid Mech. 107 (2002) 13-37
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Example LDPE

LDPE at 190°C

1,0E+05
O Low Shear Test Zero Shear
m Viscosity
© P TV,
. " ) | ] o TP
g: A —— I ?..’.. O Low Shear 2.0mm
= '®
)] %
8 1,0E+04 oo LA
3 ,0E+0 waUO'OboOO% Y Standard Shear 1mm
> 8- °
© &- Standard Shear Melt Fracture
o @"6,
)] . .
o . O High Shear 0.5mm
£ 1,0E+03 .
o
i
} O., @® Low Extension 2.0mm
2 5,
@ Standard Extension 1mm
Z 10E+02
o 023 Standard Extension Melt
7)) * Rupture
| 5,
URRRNE * . . - )
€ Bomun Inst ” @ O‘,“ High Extension 0.5mm
1,0E+01 J :
1,0E-04 1,0E-02 1,0E+00 1,0E+02 1,0E+04 1,0E+06

Shear Rate / Extensional Rate (1/s)
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Extensional Rheology of LDPE

Blow Moulding

Haul-off

T

Freeze line

Feedstock Finishing

o/

Melting Conveying  Filter

Shaping

= Blow Moulding is mainly influenced by Extension!
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Surface Instabilities LDPE

A

Surface shape

AANNNANN

Cooling air
—1 b

iz 727722z
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Surface Instabilities LDPE
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How can the process be improved?

Dehnviskositat - Vergleichskurven zwischen Homopolymer PE und Polymerblend PE-PP

1,0E+05 :
o5t
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Extensional Rate (1/s)
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acceleration

acceleration
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LDPE In Co-Extrusion Die
7

stahle W+iZ

WeLi WLE

Flow direction
——

Extensional and shear viscosities (Pas)

LDPE 1.-1'

| LDPE 1/2
modified Leonoy model 1
1{:'1, /| 1 ] PR RTT — |||.|||.I
10 10 10" 1 10° 10° 1w

Extensional and shear rates (1/3)

Figure 4 Extensional and shear viscosities for two different
lots of LDPE 1, 210°C.

Area of interest

%
-

0 Relative position 3

Figure 5 Merging area of the flat coextrusion die.

Instabilities caused by Extensional Flow Behaviour of LDPE

Zatloukal et. al. Journal of Applied Polymer Science, 98 (2005) 153
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Further Examples: Dispersions

Scherviskositatskurven bei 40°C

1.0E+04 | |
. . & Probe 1 Kapillar Test 1
Rotationsrheometer Kapillarrheometer p.
Bohlin Gemini Rosand RH10 X Probe 1 Kapillar Test 2
1.0E+03 | ¢ Probe 2 Kapillar Test 1
¢ Probe 3 Kapillar Test 1
:ug ¢ Probe 1 Rotation Test 1
L 1 oE+02 X Probe 1 Rotation Test 2
C .
D < Probe 2 Rotation Test 1
& X Probe 2 Rotation Test 2
(7] .
& 1.0E+01 Probe 3 Rotation Test 1
'g Probe 3 Rotation Test 2
@
=
_GC') 1.0E+00 5 2. Newtonsches
O Plateau Probe 2 : .
N (ca. 170 mPas) RotaFlonaI. o _ .
e Bohlin Gemini, Peltier Option,
T S — Cone Plate CP 4°/40
1.0E-01 - .. K”(’(’(‘ ............
v |ZD-I h:ewtogscbhei Capillary:
[P0 | i Plateau Probe Rosand RH10-D, capillary die
QBOHHN R v Bessere Verarbeitbarkeit > (ca- 96 mPas) 0.4mm diameter / 32mm length,
1.0E-02 ‘ . ! ‘ ‘ ‘ : ‘ J pressure sensors 500psi,
1.0E-03 1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 Rabinowitsch corrected

Scherrate (1/s)

= Capillary Rheometry can predict Die Blocking
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Example: Dispersion Adhesive for Spray Coating

10
Hochdruck-Kapillarheometer RHT0
Raotationsrheometer Kinexus < >
* > —=a— Rotation Test1
starke Scherverdickung —— Rotation Test2
T im Bereich van Scherraten
a oberhalb von 100.000/s
= —+— Kapillar Test1 mit
z 1 /’ 0.5mm Diise
-
-% Einsetzrenl. von Schenerdickung Kapillar Test2 mit
% ab ca 50/ T s 0.5mm Dize
e “
b —%— Kapillar Test3 mit
“. 0.25mm Dise
" —#— Kapillar Testd mit
" 0.25mm Diise
Spaltentleerung am Rotationsrheometer \
—+L X -
0.1 . . . r . . r .
1.0E-02 1.0E-01 1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

Korrigierte Scherrate (/s)

Mezzdsts

zn sind Rabinowitsch-
und Hagenbach-korrigiert.

— Shear Thickening effect depends on the particle volume fraction
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Wide Shear Rate Range

Scherviskesititskurve - Vergleich Rotations- und Kapillarrheometrie

100000
10000
Ratationsthearmeter Kapillarrheometar
Bolin (Germin Rosand RAZ000
1000
w
ﬂ- 1 I:":I /’ T
=
B
B 10 1— Instationére Messdaten! In diesem —
% Bereich =sind lange “erzdgerungs- . )
E zeiten zum Einstellen des viskozen Uberlappunoshereich
< 1 1 Flieftens natswendig.
th
_‘ ........... '
01 i
i
| | I:Iljljhﬁ
@ %
0.0
Spatertleerung am Rotationsrheometer —r
durch Marmalzpannungsdifferenzen
I:II:":I1 T T T T T T T T T T

1.0E-04 1.0E-03 41.0E-02 41.0E-01 1.0E+00 1 0E+01 1.0E+02 1.0E+03 1 .0E+04 1 0E+05 1 .0E+06 1.0E+07
Korrigierte Scherrate {/s)

— Rotational and Capillary Rheometry cover approx 13 decades in shear
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Further Applications: Wall Slip

» Wall Slip Velocity of chromium catalyzed HDPE at 190°C

No wall slip  Wall slip

10t Tﬁ
> Vmax > Vm ax
A j L"_
g
V,=0 V,#0
\ Wandgleitgeschwindigkeit bei 190°C
0,9 ‘
08 1 O Bosun Insraumants 8.3 ‘
10 T T ] ] > .":.:
10 10 10 10 061 ;
Shear rate (=) :é/
§ ] :i: ° Wacljl Sllip according to Mooney
. . . T 04 Model
» Wall slip velocity increases ;..
. . 3 I
d ram atl Cal Iy at J u St ab Ove g 02 critical stress 120 kPa .“,.“"“‘
0,1 . e
O [ 1 M P a [ 0{ ©e © © @ g > E T
]
0,1 . : . . . .
0 50 100 150 200 250 300 350 400

Shear Stress (kPa)
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Equilibrium Pressure: Homogeneity

Pressure drop is important

Druckverlauf homogenes Material Druckveriauf inhomogenes Material
10
.“j\
fFa
. i
n!'h.. LA
A el L¥, %
g i t o e W.\‘}'-..T
1l e v
g A o s "t
| fe P Y
Ll i
N
|
.
15 s
w el n a £ ] n L] " o0 1= 140 150 16
ample el e

homogeneous

= For polymer blens, filled polymers, suspensions, emulsions, composites etc.
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Thermal degradation / Curing

Thermischer Abbau at 260°C

70

\
() BOHUN INSTRUMENTS @
+ 60

Prinzip:

A + 50

\Y

1 a0 o Pressure Drop

o Shear Rate
+ 30

Pressure (MPa)

o Extruded Volume

Shear Rate (/s) / Extruded Volume (cm?)

+ 20

v

+ 10

0 1000 2000 3000 4000 5000 6000
real time (sec)

= Gives max process time
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Stick-Slip

Flow Instabilities

Auswirkung von Schmelzebruch auf den Druckverlauf

‘. L ARE R
v [

ure (hPa)

Press

o 50 100 130 200 230 300 350 400
Sample number

Melt fracture

= What is the max processing pressure / Shear Rate?
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Melt Fracture

» Unstable flow, poor product
quality.

1000000

(Pa)

100000

Shear Stress

10000 : <
1 10 \E/
o
hear Rate (1/s) 5
(7]
(7]
o 1
/cL
\ | 0.1 ‘ ‘ . ‘ :
1.000s1 0 50 100 50 200 250 300
] ime
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Relaxation LDPE

What happens after processing

Relaxation 190°C LDPE

25 ‘ ‘ 12000

) BoHuN INSTRUMENTS @

T 10000

20 P
o

Prinzip: 5 o
p § o ] + 8000
o 15
A g o
VvV o o o o Online Pressure Drop
= Relaxation Time
¢ 10 e A= 26.75 sec Shear Rate
a (Mono-exp. Decay) 4000

©® @ oo

pu
5
2 + 2000
Thermal Equilibrium Time Q
<+ —»O
T T

0
0 50 100 150 200 250 300 350 400
Real Time (sec)

v
o

= Inner stresses can lead to surface crack (automotive industry)
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Compressibility

PV-lsotherm

pV Isotherme bei 190°C

250

g 150 f
% / ‘ o PV-Isotherm
g 100 fxgg
50 <5
o
M G}\!@Huulusmrmﬁ%@;‘
dVIVO (%)
PVT: e  Mainly needed for flow simulation
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Rheometer Types

Benchtop RH2000 and Floor Standing RH7/10
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Example: Test Run at RH7
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Conclusion

The complete flow behaviour under
processing conditions

Rosand Double Capillary System with Orifice Die:

« direct measurement of the entrance pressure drop - no extrapolation
needed

« calculation of extensional viscosity according Cogswell method
« flow curve up to very high shear end extensional rates

« ability to detect wall slip by Mooney‘s method

« correlation with structural changes during processing

« additional Options for detection of elastic behaviour (Die-Swell)

Thank you for your attention.
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