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Capillary Breakup Extensional Rheometer (CABER)

Top and Bottom Cylinders. Diameter (D) = 6 mm Balance of
Initial height = 3 mm capillary, viscous, and
elastic forces

Final height = 13.2 mm

Uses ~90 uL of sample
Time to open: 50 ms

" _ H
Initial aspect ratio A = Do- 5
Final aspect ratio = 2.2 ’
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Balance of Stresses
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Initial conditions

* At early times, the viscous response of the solvent is not negligible for dilute polymer
solutions

=== The initial value of the axial stretch is chosen to fit the curve
in order to obtain a shape as good as possible.

The polymeric stretch grows as

A, (6)= A

zz

 Other initial conditions are:
A7 (t=0)=1  aa 4, (t=0)=1

(undeformed material)



Ohnesorge and Deborah Numbers

The Ohnesorge Number evaluates the importance of viscous effects over inertial effects
and, in our case, is defined by:

Ooh="
OOR
It can be seen as a Reynolds number:
o)
Oh™ = PVR where the capillary velocity is V= —
1y N

The Deborah Number is the dimensionless detormation rate computed as the ratio of the
relaxation time of the fluid by the characteristic time of the experiment. It can be defined

as: ﬂ’

De =
" JoR o

The ratio of these two numbers is then an elasto-capillary number:

De Ao
Oh n,R




Extensional Rheology: CABER experiments

Progressive dilution decreases time to breakup:
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Compared to Kuhn Chain formula: = [77]77S Y with [77] = KM W3 vl
C(3v) Nk, T
Concentration [wt.%] 0.025 0.008 0.0025 | 0.0008 | 0.00025 [ 0.00008 0.000025
Ratio c/c* 0.273 | 0.0873 | 0.0273 | 0.00873 | 0.00273 | 0.000873 | 0.000273
Rel. Time Kuhn 3.14 3.14 3.14 3.14 3.14 3.14 3.14
Rel. Time CABER [s] 417 1.98 1.98 1.97 1.95 1.86 1.80




Shear Rheology: Cone and Plate Rheometer

From the data given by oscillatory shear flow with a cone and plate rheometer, one obtains the
storage modulus G' and the loss modulus G". Fitting these data yields the relaxation time
through Zimm theory.
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Governing equations: FENE-P model

Entov & Hinch, JNNFM 1997
The radius decreases according to

1

R=——¢£R & : axial strain-rate of the axisymmetric
p) extensional flow

Axial deformation
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Numerical Simulations

Decrease of the radius as a function of time.

Inputs of the simulation:
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Asymptotic Behaviors

1- Early viscous times:

For a strong surface tension with no elastic stress...

O .
Stress balance: —_— = 377S€

R

O
—1

—— R=R -
677

2- Middle elastic times:

Elastic stress grows. Viscous stress drops with the strain-rate. Balance between capillary
pressure and elastic stress.

Assumption: Azzi >>1> AW"

] 2
The deformation 1s smaller than the finite extension limit: AZZI << Li ( fl = 1)



Asymptotic Behaviors (2)

The radius decreases exponentially:

__(RG(®) ; g ~ T
R(t)=R (—J ) th G(t)—Zi:Gl.e

3- Late times limited by finite extension:

Viscous stress is the difference of large numbers. The system of equations 1s very stiff.

Balance capillary pressure/elastic stress: z — Z G f ( y i y i)
R l 1J1 zZ rr

The FENE fluid is now behaving like a suspension of rigid rods, with an effective

viscosity 9
77* - 5 Z GiﬂiLiz

The decrease of radius 1s then linear:




Correspondence between numerics and asymptotes

Mw = 7.65x10"5 g/mol
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Importance of Gravity: New Test Fluid (MV1)

Competition between gravitational and viscous forces: Bo/Ca

Bo _ pgR, & = PER,
- _ > sag
Ca n.¢ o
pe, =P8R [MM.peR, . 13x10°M.° <05
¢ 7 BU)N k T(1+c[n])
M, <765000g/mol
M, =750000g /mol
Experimental Results:
Fluid PS 025 MV1
Ratio c/c* 0.273 0.50
Zero-shear viscosity [Pa.s] 49 53.5
Solvent viscosity [Pa.s] 45.5 48.5
Relaxation time Kuhn Chain [s] 3.14 0.78
Relaxation time by fitting with Zimm theory [s] 5.02 1.04
Relaxation time CABER [s] 417 1.09




Filament Thinning and Gravitational Sagging

Newtonian Fluid: Glycerol

D> 4

t=0.01s t=0.06s t=0.11s
New test fluid: MV 1
.-i A an |
t=0.01s t=9.00s t=18.00s

Viscoelastic Fluid: PS 025
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Force Transducer: Experimental Setup
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Force measured on the bottom plate of the CABER

Force Balance:
2

R, L,
2

Fy =3n4énR* (1) + moR(1) + AT, wR* (1) — pgm

Elongation:

. Vplate e 1 RO )= R —%3
E= ; . £(07)=1538s" and R(O)=Rpe
F,(07)=2.07x10"N

F (07)=2.12x107*N

ﬁ

Stress Relaxation:

. 2 dR
Visco-Capillary part: é=-=2-=_2

= —  £(0")=.158s""
R dt 3n.R

F, = 2720'[R(0+) —:—’j
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Force measured on the bottom plate of the CABER (2)

2
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Measure of Azz0: exponential fit of the force data F, + F, = e ™"

Flud | PS 025 | MV1 Fluid PS 025 | MV1
L0 497|800 F_exp [Nl |4 64x10| 4.49x10™
- F_num [N] | 425x10™| 4.26x10™

A 511483 [1.82 s s
F_an[N] |[4.25x10™*|4.25x10™




Experimental Results

Force [N]
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Comparison to the Simulations

R/Ro

Force [N]

—— Exp. data
—— Num. simulation

N
Ll

6 8 10 12 14
t/lambda
3 ] ] ] 1 1 'E
. PS 025 | Exp. :
B - — Simu Azz=49.7 |
- — Simu Azz=1

15
Time [s]

R/Ro

0.01

Force [N]

0.1

— Exp. data
=——  Num. simulation

10

UL O

5

10
t/lambda

— Exp.
= = Simu Azz=8.09
= = Simu Azz=1

Illlll-l




Conclusion and Future Work

*Experimental and numerical demonstration of the concentration dependence
for relaxation times.

*Breakdown of the necking in three asymptotic behaviors.
*Fabrication of a new viscoelastic fluid.
*Measure of the force on the bottom plate of the CABER: measure of Azz0.

*Simulation of the evolution of the force and comparison with experimental
data.
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QUESTIONS?



