Eq. (4.5) at avarious elongation rates.

As mentioned before, two sets of experi-
ments were conducted using two nozzles
with different diameters. The obained volu-
metric flow rates versus applied external
forces for fluids numbered 2, 3, and 4 are
tabulated in Tables 2 and 3. By careful in-
vestigation of the results it can be deduced
that the ratio of external forces are about
equal to the ratio of volumetric flow rates
for two diameters of nozzles. This impor-
tant point can be of enormous usage for de-
sign and scale - up purposes.

Symbols

A (z) cross - sectional area of the liquid colum
F applied external force to the nozzle holder
g gravitational acceleration

H mean surface curvature

L height of the liquid column taken as

a characteristic length for the column
rate of momentum
n, n, vector components of the unit
normal to the liquid column surface
p (r, z) liquid pressure
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Table (1) Material Constants

Table (2) Data for tubeless siphon nozzle
1 (D =0.254 cm)

Table (3) Data for tubeless siphon nozzle
2 (D = 0.356 cm)
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Conclusions

The method applied in this work may
provide a suitable means to evaluate the
variations of the elongational viscosity with
respect to the elongation rate. It is worth-
while noting that normal stresses and there-
fore elongational viscosities shown in Figs.
9 and 10 are transient in nature because the
velocity of a fluid element in the time dt
changes as it moves to another point of the
flow field where the velocity is different
and therefore it gets some acceleration.
With this emphasis, the results show that el-
ongational viscosity has a very strong de-
pendence on the elongation rate. Obtaining
higher deformation rates may require to
overcome the resulting higher shear viscosi-
ty that reduces the flow rate. To achieve
higher elongation rate, the pressure differ-
ence between the nozzle entrance and the
gradual cylinder would be increased to pro-
duce higher flow rates.

Furthermore, it can be seen from Figs. 9
and 10 that incresing the elongation rate
causes increasing the elongational viscosity
for solutions of PAA in glycerin/water mix-
tures of this work. This agrees with the re-
sults of Peng et al . [5]. In the present study,
however, the existence of the liquid bead
collected at the nozzle entrance, viz. the re-
circulation zone, and its effect on the analy-
sis are considered while Peng et al. [5] ig-
nored studying it through minimizing its
formation by careful control of the liquid -
column height that may not cancel its effect
entirely.

A considerable feature of this analysis
might be attributed to its capability of deter-
mining the contributions of all forces acting
on the filament at various points along the
column (Egs. 3.24 to 27), and hence from
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PAA in nozzle 2 (D = 0.356 cm)
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culation zone; second, the rest of the graph,
i.e. the contraction region, that is the main
column profile fitted by Eq. (4.1). The pa-
rameters of Eq. (4.1) are given in Tables 2
and 3. These tables also contain informa-
tion about the applied external force F and
the volume flow rate Q.

Using Eq. (5.1) and a knowledge of ex-

R(Z)

r=20

Fig (1) Schematic diagram of
tubeless - siphon profile

14

ternal force F (Tables 2 and 3), flow rate Q
(Tables 2 and 3), and column profile R (z)
(Section 4), the axial stress (Eq. 3.23), elon-
gation rate (Eq. 4.2), and therefore the elon-
gational viscosity (Eq. 5.1), may be obained
as functions of z. The results of elongation-
al viscosities as functions of elongation rate
for both nozzles are given in Figs. 9 and 10.

T1l vah

z =Zo 21
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Z =27 (Z)
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Fig (2) Free - body diagram for the right - angle
bend of nozzle holder

[l

F%
/7 777 Q
7
) 4
Z7
% 7
5/
77
1
Wo Z =0
lmz=zo(z‘)
Tyl My

Fig (3) Free - body diagram for the suspended
liquid filament
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ninety-degree bend at one end and is pivot-
ed on a knife edge.

The fluid leaves the balance arm
through two exits opposite to each another.
These exits are just above the knife edge
and are perpendicular to the balance arm.
This arrangement cancels any twisting mo-
tion caused by flowing fluid. The twisting
torque is further reduced by having the two
exits close to the knife edge.

Reducing any torque produced in the sys-
tem is desirable. This is achieved by keeping
the balance arm in a horizontal position (null
position) using a turnbuckle and a wire,
which connects the arm to the load cell.

After passing through the balance arm,
the material is collected in a measuring cyl-
inder, connected to a constant vacuum res-
ervoir. This reservoir is a two-liter Buchner
flask with bleeding facility consisting of a
vertical outlet and a needle valve.

A Griffiths’ rotary vacuum pump con-
nected to the horizontal outlet of the Buch-
ner flask is used to produce a vacuum in the
system. The vacuum can be varied by either
adjusting the needle valve on the Buchner
falsk or the pump.

The force exerted by the liquid on the
right - angle bend of the balance arm is
measured by a load measuring system in-
corporated with an Instron type 3211 capil-
lary rheometer. The load cell is an Instron
type 2577 - 101 tensile load cell capable of
measuring a maximum Joad of 500 grams.
With this load - measuring system, tensile
forces of 5, 10, 25, 50, 100, 250, and 500
grams (full scale readings) can be obtained.

A pen recorder is used to record the ten-
sile force . The calibration of this recorder
and measuring load system is discussed
elsewhere [15].

Amirkabir/Vol. 10 / No. 38

6 - 3 - Experimental Procedure

The test liquid is first sucked up into the
nozzle by allowing the tip of the nozzle to
touch the free surface in the bath and con-
necting the nozzle to vacuum system simul-
taneously. The reservoir is then lowered
gradually creating a column of liquid be-
tween the nozzle and the free surface. The
rate of lowering the reservoir can be varied
and is carefully controlled by means of a
motor driven platform. By adjusting both
the vacuum and rate of lowering the reser-
voir, a steady liquid column is stabilized;
the reservoiris fixed and the flow rate is de-
termined using a gradual cylinder.

The external force is then recorded by
the pen recorder. Care has to be taken to
carry out all the above measurements si-
multaneously. Photographs of the column
are taken using an Exacta Camera, with
combination of shutter speed and aperture.
During photographing, different ASA films
were used to obtain the sharpest picture of
siphon outlines. For lighting the liquid col-
umn, a diffused light is obtained by placing
a piece of opaque glass behind the reservoir
and illuminating from the rear by a flashing
lamp with a 50-watt bulb.

Results

In this study , in order to investigate the
dependency of the liquid column on the
nozzle diameter, two nozzles with diame-

ters of 0.254 and 0.356 c¢m are used. The re-

sults of axial liquid column diameters for
both nozzles are shown in Figs. 5 to 8. In
the case of 0.6% PAA solution no continu-
ous column was obtained with nozzle 2.
These graphs consist of two parts: first, the
short zone just down the nozzle entrance, 1.
e. the bulge region also called as the recir-
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equation is the recirculation zone, z < z,,
consisting the bead of liquid collected at the
nozzle entrance: to calculate W, the weight
of the liquid bead, using the few measured
data of z < z, with no curve - fitting proce-
dure seems sufficient, Eq . (3. 14).

Note that Eq. (4.1) satisfies the homoge-
neous criterion, i.e. the constant stretch his-
tory for the flow field Vi =& Xi . For exam-
ple, for one - dimensional flow vi =€ x;
and from the continuity equation we obtain
1 /R* = az, for a homogeneous flow field.
Thus, for Eq. (4.1) to hold the homogene-
ous criterion, m ought to be equal to 2.
Then the value of m may convey some no-
tion about the type of kinetics of the flow
field: for m > 2 the elongation rate increas-
es and for m < 2 decreases along z. From
the continuity equation at each cross section
of the siphon:

V= - Q. Q/nR? 4.2)
A
thus
dvz _¢ - 2Q dR “.3)
dz nR> dz

Substitution of Eq. (4.1) into Egs. (4. 2
and 3) yields:

vV, = -—%(az +b)ym “4.4)
éz-%ﬂg(az+b)(2'm)/m “4.5)

5 - Elongational Viscosity
The elongational viscosity may be de-
fined as [11]:

= - (Tzz - Trr) lz
)= o .1

12

6 - Experimental Work
6 - 1 - Rheological Measurement

Experimetal data were obtained on four
solutions of different concentrations of pol-
yacrylamide (Separan AP 30) in glycerin /
water, Table 1. The solutions of 0.6%,
0.8%, 1.0% and 1.2% polyacrylamide in

50/50 mixtures by weight of glycerin / wa-

ter are referred to as fluids no. 1, 2, 3 and 4
respectively.

Steady shear viscosity and normal forces
with dynamic viscosity and storage modu-
lus were measured using a Weissenberg
rheogoniometer (model R - 18). For com-
parison, some parameters of the fluids in
steady simple - shear flow, viz. zero-shear-
rate viscosity n,, parameters of power-law
region K and n, are given in Table 1; ex-
tended data may be found elsewhere [15].

6 - 2 - Elongational Apparatus

The tubeless siphon is used for elonga-
tional flow measurements. A schematic
view of the experimental apparatus used in
this work is shown in Fig. 4. The sample to

be elongated is placed in a rectangular pre-

spex reservoir . The height on one side of
the reservoir is three times bigger than that
of the others. Photographs of the siphon
were taken through this high prespex wall.
This ensures that the entire siphon profile
was observed under identical photographic
conditions. '

High frequency vibrations are reduced
by means of a damper, which consists of a
beaker full of high viscosity oil and a fine
metal bar attached to the balance arm.

Elastic material is sucked upwards into
the nozzle. The nozzle is connected to the
vertical section of the balance arm. The bal-
ance arm is made of aluminum and has a

Amirkabir/Vol. 10 / Neo. 38



IT - Momentum balance on the suspend-
ed liquid filament Fig. 3,
T2-Ti -W(2) =M; - M2 GB.17

Where subscript 2 refers to the cross sec-
tion (2),

M, = j:z 2nrp vE(r, z2) dr (3.18)
T, = L’” 2mr M (1, 22) dr (3.19)
22 2
W (2)= pg[ nR? (z) dz (3 .20)
k4
Ma (1, 22) =P (1, 22) + T (1, 22) (3.2
Therefore , it can be shown that;
M +T, =JR2 2nr (PV% - nzz)(r, z2) dr
(3.22)

-pg J‘: R (z)dz+ Pg KO R (z)dz

Eliminating (M, + T,) between Egs.
(3.16 and 22) and substituting the result
into Eq. (3.10), knowing that 1, - 1 = 0
(see [11] pp 132), the following equation
for the first normal stress is obtained (de-
tails are given by Savarmand [13]):

(Tzz - Trr) @) = pV% L +

F_.S®R@HR @-1
7R (z) R

+ 1 j 216R' (z) (R () R" (z)- 1) dz
R? (z) 1o

S BE " AR (2) dz - —BB
0 2

) [ R @ dz
TR’ (z) nR" (z)

(3.23)

Amirkabir/Vol. 10/ No. 38

From the above equation the following
expressions can be made:

Fr=A (2) 1z (2) (Tensile force) (3. 24)

Fi = pA (2) V% (2) (Inertia force) (3. 25)

Fo =pg LO R (z) dz + pg Lm R? (z) dz
(Gravity force) (3.26)

Fs=GA () R" (2)- 7R (2) © - 210 [ﬂ R'(RR"-D))dz
(Surface force) (3 .27)
4 - Siphon Profile

The diameter of the siphon is mesured
from enlarged photographs of the liquid
column Fig. 1, using a traveling micro-
space.

From a knowledge of the flow rate and R
(z), the velocity gradient may be computed.
Many attempts were made to fit the radius -
distance data, with various types of curves;
however; no satisfactory fit was found even

with polynomial functions with more than
15 parameters. Therefore an empirical pow-
er law correlation [14] was used:

L -az+b or R=(az+b) '™

- @.0)

The above equation provides a satisfac-

tory fit to the data of z 2 z, for all but a few

points near the bottom of the column next
to the liquid surface in the reservoir. Hence,
the data are smoothed as far down from the
bottom of the liquid bead at the nozzle en-
trance, i.e. z = z,, as the equation can fit the
profile with a curve - fitting error less than
1.5% . Another region not fitted by this

11



The prime symbol denotes differentia-
tion with respect to z, n, and n, are the vec-
tor components of the unit normal to the
surface, o is the surface tension and H is the
mean curvature.

Combining Egs. (3.3) and (3.4), know-
ing that 1, = 1, results in :
p®R,2)=po-26 RR-R2-1 , R taR. ) W 2)

WR@A+RH? R? 1-R"
(3.7

and R(Tzz - ) R, = - (1 - Rlz) (R, z) (3.8)

Integrating Eq. (3 . 1) from r to R, as-
suming no contribution of shearing compo-
nents, the pressure distribution can be ob-
tained. Substituting p (R, z) fromEq. (3.7)
into the latter and then substituting p (r, z)
from the result into Eq. (3.1), leads to an
equation for pv, (dv, / 3,). Further assuming
(dR/dz)* <<1 and integrating the last equa-
tion fromr = 0 to r = R (2), keeping z fixed,
reads: ‘ ER

R R "
J 2nrpv; EAZ dr= 9 I 4mrg RR” - 1 g
0 dz dz o 2R

R
-.awj)zn {(ru- e j (T - Ton @,ﬂdmg}dm R Qpe

dz i R
3.9

Integration of the above equation from
z =17, (z,) to z =z (2,) yields:

R2 R}
j 2nrpvi (r, z2)dr - I 2nepvE (r, z1)dr =
) O

R (2 " 72 R (2)

(J dnr g RRZ-1 dr) - <j 2nr [(Tzz - T (o
R/, Vo

22

r Z ’
_jR( ) (T - Toe) . 2y d In§ } dr)zf + pg[ 7R (z)d z

1

(3.10)
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Full details of derivations are given by Sa-
varmand [13].

The working equation for the tensile
stress can now be obtained using Eq. (3.10)
and momentum balances on the right-angle
bend of the nozzle holder and the suspend-
ed liquid filament:

(I) Applying the second law of motion to
the right-angle bend of nozzle holder Fig. 2,

F+Ti-W-Wo=-M, (3.11)

where subscript 1 refers to the cross section

M,

(Rate of momentum transferred by fluid )

M; = j o 2nrp V2 (1, 2o) dr (3.12)

0

(Tenstle force)

T =| " ot T (5, 20) dr (3.13)

0

(Weight of liquid in the recirculation zone)

) 2 .
Wo=pg| R’ (@) dz (3.14)
F and W are the applied external force to
the nozzle holder and the weight of liquid
in the nozzle respectively and the total
stress tensor is [11]:
Iy (1, 20) = p (1, o) + T2 (1, 20) (3 1 5)
It should be noted that the measuring
system was calibrated to zero while full of
liquid, therefore, W, may be dropped out
from the momentum balance, thus
R{z0)

27r (pV‘Z’2 - nzz)(r“ ) dr=-F+ W()

M +T =J
(3.16)

0
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vy =-k&(l +¢) x1;

vy=-ké(l-c)xz;

—

V3 =+ £ X3 2.1

for cylindrical coordinates (X, =1, X, =6, X,
=17), where 0 <c <1 and ¢ (= dv,/ dz) is
the elongation rate [11] . When two elonga-
tion rates are equal, i.e.c =0, and € >0,
then the motion is called an elongational
flow. For incompressible materials. it is fur-
ther required that V.v = O that leads to x =
1/2.

For steady axisymmetric flow, the conti-
nuity equation takes the form

19 V2 _

L2 v+ 2 22)
or

2vy=-rPeane @3)

Integrating the above equation with the
boundary condition v, = 0 at r =0, leads to

Vr=‘£‘é

2 2.4

Consequently the rate-of-deformation ten-
sor is given by

- € 0 __I'_Q__E,_
2 dz
Y= 0 -£€ 0
2.5
-rde 9 2
2 dz

The three diagonal terms iny are all of the
order (Q / R% L?), whereas the off-diagonal
terms are of order (Q / R% L») (R, / L).
Since it is assumed that R, / L<< 1, these
terms will be neglected from now on;

Amirkabir/Vol. 10 / No. 38

hence, flow in the column approximates an

elongational in the sense that the largest
components of the rate-of-strain tensor are
the diagonal ones.

3 - Momentum Equations

The dynamics of an elongated filament
shown in Fig. 1 is considered. In cylindrical
coordinates, using assumptions made in the
previous section, the following momentum
balances can be written for steady axisym-
metric flow field:

z - component

p(vravz +vz§yl)=-fa..p_-_l__.
or oz

r - component

3.2

Considering the filament itself , at the
free surface boundary of the siphon, the fol-
lowing boundary conditions apply:

2Hon: =[- p R, ) - T (R, 2) + Po) 1 - Tz (R, 2) 0z
3.3)

2Hon =[- p R, ) - Tz (R, Z) + po) 0z - T (R, Z) 1

3.4
Ve R, 2) e+ V2 (R, 2) 0y = 0 G.5)
where
R=R(»; H=(RR"-R?-1)/[2r(1+RrRY)"?]
n=1/(1+R?)'"? ;  n=R/(1+R?)'"
3.6)
9



Since industrial flow processes are often
elongational in character, steady shear data
obtained in viscometers will be of little help
in predicting flow behavior.

Many methods have been used to study
elongational flows, such as fiber spinning
and tubeless siphon, e. g. Denn [1 - 2] and
Pearson [3] for fiber spinning; Peng and
Landel [4 - 5], Astarita and Nicodemo [6]
for tubeless siphon. Among these kinds of
flows, spinning has been given more atten-
tion due to economical interests. In this pro-
cess the material is subjected to a great
amount of deformation within the die such
that the stresses in the material are not zero
when it reaches the elongation field as
pointed out by Baid and Metzner [7]. The
magnitude of these stresses depends on the
deformation history of the material. In tube-
less - siphon experifnent, i. e. the main con-
cern of this investigation, the material is in
an underformed state in the reservoir before
being extended.

The tubeless - siphon flow has been used
to obtain elongational flow data for low -
shear - viscosity polymer solutions. This
type of flow was first addressed by Giulio
Fano in 1908 [8]. In this flow, sometimes
called as Fano flow, the material is drawn
continuously into a nozzle connected to a
vacuum pump. With viscoelastic fluids, a
column of liquid will form and the flow
continues by the tensile force associated
with the elongational flow.

Astarita and Nicodemo [9] initiated re-
search work on Fano flow. They discussed
three types of theories, viz. exponential,
complex phenomenological, and strength
theories. Their observed data showed that
simple forms of exponential theory corre-
lates the data well and other two theories

8

are not applicable.

Acierno et al. [10] carried out a theoreti-
cal and experimental approach to study the
elongational flow of dilute polymer solu-
tions. They used two techniques , viz. iso-
thermal spinning and tubeless siphon, to ob-
tain transient elongational viscosities from
both processes. The observed elongational
viscosities from both processes were found
to increase with time where the velocity
profiles were assumed to be linear. For
tubeless siphon, however, this assumption
is clearly not true for at least 1/4 of the data
obtained by them. They failed to recognize
that the tensile viscosity is a function of
deformation rate [11].

Peng and Landel [5] pointed out that the
elongational viscosity is a strong function
of deformation rate and concentration of

polymeric solutions. Their experimental re-

sults showed that the deformation rate var-
ies along the liquid column.

The data of Balmer [12] in his investiga-
tions on the steady and unsteady simple el-
ongational flows of Separan (Ap - 30) in
glycerin / water using techniques similar to
those of Astarita et al. [9], showed that iner-
tia effects are not negligible and led to
bulging and contraction of the liquid col-
umn. Balmer [12] used an average elonga-
tion rate and stated that the elongational
viscosity increases with increasing elonga-
tion rate over the specified studied range.
He also neglected the effects of surface
forces that led to a considerable amount of
error in elongational viscosity.

2 - Kinematics

Shear-free flows are given by the veloci-
ty field

Amirkabir/Vel. 10/ No. 38
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Abstract

r n
! The tubeless-siphon (Fano) flows of four solutions of polyacrylamide (PAA !
| Dow Separan AP - 30), viz. 0.6, 0.8, 1.0, 1.2% in 50 / 50 mixtures by weight of |
| glycerin and water are experimentally studied. A tubeless - siphon apparatus
! has been set up to evaluate elongational flow. The test fluid is sucked up into a
| nozzle by a vacuum system. A two dimensional momentum balance involving
! the free - surface geometry is applied with inertia effects included in the analy-
! sis. Free - body diagrams for the nozzle holder and the fluid are considered to
l relate the applied external force to the total stress tensor components; various

| forces could be applied and measured . The velocity proﬁle may be obtained by
: means of photographing the fluid column and measuring the flow rate. To con-
! sider the effect of nozzle diameter, two nozzles are used. Data of liquid column
I profile and computed elongational viscosity based on the analysis using experi-
1 mental results are given graphically.
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Introduction

Various constitutive equations have been
used to describe the rheological behavior of
viscoelastic liquids; when the flow is elon-
gational, there is a shortage of experimental
data for comparative purposes. Therefore it
is the objective of the present investigation to
study quantitatively one such flow, viz. the
tubeless -siphon experiment, and to provide
rheological data for evaluating the performance
of constitutive equations in future works.

Elongational flows are encountered in
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many industrial processes such as fiber
spinning, film blowing, vacuum forming,
blow molding, extrusion, and coating.
Whenever in polymer processing, stream
lines converge or diverge, an elongational
deformation is present. In some of these
processes, €. g. fiber spinning and film draw-
ing, the dominant mode of deformation is
one of elongation and not shear, however,
in other cases, e.g. extrusion and injection
molding, the material is subjected to fast
changes in strain by either shear or elonga-
tion over a short time scale. Besides, there
are processes in which a combination of
both types of deformation may be encoun-
tered such as coating.



