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*Department of Polymer Science and Engineering, Inha University,
Inchon, 402-751, Korea, **Department of Chemical Engineering, Carnegie
Mellon University, Pittsburgh, PA 15213, U.S.A.

(Received 3 October 1995; Revised 29 January 1996; In final form 12 March 1996)

Rod-climbing constants and first-normal stress differences of polyisobutylene (PIB) solutions
are obtained from rod-climbing experiments. For a low deformation rate, the polymer solution
can be regarded as a second-order fluid, and the rod-climbing constant for second-order fluids
is correlated with the rheological properties of the polymer solutions. The rod-climbing con-
stants for solutions of PIB in polybutene decrease with temperature, and increase with rod
size, polymer concentration, molecular weight of the polymer, and solvent viscosity. The rhe-
ological properties were measured using RMS-800, and compared with those obtained from
rod-climbing experimentation.

Keywords: Polyisobutylene; second-order fluid; rod-climbing

INTRODUCTION

Manifestations of normal stress effects in non-Newtonian fluids account
for the most significant phenomenological difference between non-
Newtonian fluids and Newtonian fluids. The rod-climbing phenomenon is
an example which illustrates this effect. During a rod-climbing experiment,
a polymer solution is sheared, inducing normal stresses perpendicular to
the planes of shear. The free-surface of the liquid is then deformed in the
direction of the rod axis, and the fluids climb the rod. This phenomenon is
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usually referred to as the Weissenberg effect. The climb is associated with
nonlinear viscoelastic effects and normal stresses, which do not exist in
Newtonian fluids, where the stress is linearly related to the gradient of the
velocity [1]. Therefore, in Newtonian fluids, the liquid near the rotating rod
is pushed outward by centrifugal force, and the characteristic dip in the lig-
uid surface near the rotating shaft results.

The most intensive studies in this area have been carried out by Joseph
and co-workers [2-6]. Joseph and Fosdick [2] developed a systematic con-
struction for the shape of the free surface above a rheologically simple fluid
resulting from a perturbation from a state of rest. This construction gives a
quantitative theory of rod-climbing when cylinder speeds are low.
Furthermore, Joseph et al. [3], as well as Beavers and Joseph [4] show that
it is necessary to retain the effects of surface tension in order for the shapes
of the free surface to agree with measured shapes.

The qualitative and precise analysis of rod-climbing phenomena for vis-
coelastic polymer solutions can be used to characterize important rheolog-
ical parameters of polymer solutions [3,4]. This includes the elasticity of
polymer solutions, which is obtained from the climbing constant § and first
normal stress difference N,. With the second-order fluid model, the rheo-
logical properties are obtained as a function of second-order parameters.
The results of rod-climbing experiments, combined with the coefficients of
a second-order fluid model, are correlated with the first (¥,) and second
('%,) normal stress difference coefficients.

A mixture of polyisobutylene (PIB) and polybutene (PB), which is gener-
ally considered to be a second-order fluid, was chosen for this study [7,8].
The rod-climbing constants for various experimental conditions of polymer
concentration, solvent viscosity, molecular weight of the polymer, rod-size,
and temperature were investigated. The ¥;’s (or N;’s) obtained from RMS-
800 measurements of the PIB solutions were compared with those obtained
from rod-climbing experiments. In comparison with other experimental
methods, obtaining ¥ (or N;) from this method is relatively simple.

THEORETICAL BACKGROUND

The climbing property of non-Newtonian fluids can be used to characterize
the rheological parameters of the sample fluids. The most important para-
meter is the constant 3. As shown in Kaye [9], as well as by Joseph and
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Fosdick [2], B is proportional to the height of climb in a slow steady flow.
The shape of the free surface from a perturbation method is found to be
expressed in the following form [2],

h(r, @) = ho(r) + h(Dw? + O(w*) ¢))

where @ is the angular frequency of the rotating rod, hy(r) is the static rod
climb (which is independent of @), and the higher order term O(@") is
neglected. Considering the effect of surface tension, the height rise func-
tion hy(r) is obtained from the following equations:

o , 4 4
—(rh,") —pgh2=—2a—4(3a1+2a2)+’—m—2, )
r T 2r

with hy,’=0, and hy(r)—0 as r—oo,

where o is the surface tension, a is the radius of the rotating rod, p is the
density of the liquid, g is the gravitational acceleration, and the prime
denotes the derivative with respect to r. In addition, ¢y and o, are the
parameters in the second-order approximation of stress tensor 7 in the
fluid. T =-P § + T where 7, = 7; + T, + ... Tpy + ... for any simple non-
Newtonian fluid. Here, 7, = A, for the linear, or Newtonian, approxima-
tion: and 7, is given by:

=04 A+ A2, 3)

where A, is Rivlin-Ericksen kinematic tensor of degree 1, and the expres-
sion 7y = 7y + 7, is termed the extra stress of a fluid of grade two.

The first-order solution for the simple fluid is exactly the same as that for
a Newtonian fluid. The two-parameter expansion procedure is adopted, and
the second-order solution is obtained as follows

2 ) X
h(a,w) =hg(a)+ 4r 32 43a, +2a,) _pa’ |@°
o(S) 4+x 2+x | 2 @

where k= a(S)"? and S = pg/o.

From Equation (4), and the observation that values of h vary linearly
with ®? in the rod-climbing experiment, 8 can be calculated with the
known values of o and (dh/dw?),, _, o as follows [3]:

ﬁ=4+x O'(S)”z( dh] . pa* ' )
4 | 2an® \do® )y 2+k
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In addition, the climbing constant f3 is related to the rheological proper-
ties of the fluid by:

B=30 +2a,. 6)

The constants ¢; and o, are related to the zero shear values of the first and
second normal stress differences N; and N, by the following equations:

2

N, =-20, 7’ =¥y
N2 = (2(11 + 062 )')/2 = q’272 (7)

where ¥ is the shear rate, o = -¥)/2 and o = ¥, + ;.
Therefore, from these relations, 3 is expressed as follows [6],

B=30,;+20, = ¥,/2+ 2%, ®)

For many polymeric systems, it is well known that ‘¥, is negative and has
an absolute value much smaller than that of ‘¥). For simplicity, the approx-
imation ¥,/¥; = -0.1 [6] is made, and Equation (8) becomes

B=03%,. 9)

Thus, from the measured values of the rod climbing heights, the value of
Bis determined, and ¥, can then be obtained from Equation (9).

EXPERIMENTAL

High-molecular-weight PIBs of different concentrations and molecular
weights in low-molecular-weight PB were prepared for the rod-climbing
experiments. The PIBs (Vistanex, MM grades L.-80, L-100, L-120 and L-140,
Exxon Chemicals) are highly paraffinic hydrocarbon polymers, composed of
long straight-chain molecules terminally unsaturated. Due to their molecular
structure, PIBs are relatively inert and resistant to chemical and oxidative
attack, but are soluble in hydrocarbon solvents. PBs (Daelim Chemicals,
Korea) are chemically stable liquids with moderate to high viscosities (120 ~
400 cP). Additionally, PBs do not form residues when they are either
volatilized or thermally decomposed, at sufficiently high temperatures.

A low viscosity solution of PIB was prepared by dissolving the desired
amount of PIB (cut into small pieces) into a cosolvent, reagent grade
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toluene. The solution was then continuously stirred in a sealed-glass flask
for at least 48 h. This solution was then mixed with 1,000mL PB, and sub-
sequently placed on a magnetic stirring heating plate at 30 + 0.2°C for 48 h
(a low rotation speed was used to minimize degradation). The complete
removal of toluene from the solution was achieved by placing the solution
in a vacuum oven. A nonshear thinning solution (often termed Boger fluid)
consisting of PIB and PB was obtained [10].

The rod-climbing apparatus consists of a rod inserted vertically into a jar
of PIB-PB fluid. The rod was driven vertically by an electrostatic servo-
motor (Sunmi Tech. Co., Seoul, Korea) with a control system to maintain
constant speed under varying torque conditions. The apparatus can acco-
modate rods of diameters up to 1.2 cm. This limitation of rod diameter is
imposed by the requirement that the diameter of the fluid container (12 cm)
should be 10 times that of the rod diameter in order for the unbounded fluid
approximation to be valid. The rod-climbing apparatus was enclosed in a
thermostatic container and placed in a temperature controlled chamber
accurate to 0.2°C. The rod and climbing fluid are viewed through the front
of the chamber.

The angular speed of the rod was fixed for each experiment, and mea-
sured using a digital tachometer with an accuracy of 0.5 rpm. The climbing
height of the fluid was then measured using a cathetometer (Gaertner
Scientific Co., Chicago, USA), with a reproducibility of 0.001 cm.

RESULTS AND DISCUSSION

Figure 1 shows shear viscosity as a function of shear rate for different con-
centrations of L-80 PIB in PB. Figure 2 shows the first-normal stress dif-
ference of the test fluids as a function of shear stress using a RMS-800
with couette device (Rheometrics, Piscataway, USA). From Figures 1 and
2, it is found that the PIB-PB solutions (Boger fluids [11]) show second-
order fluid behavior with high time-independent values of viscosity and
elasticity.

For second-order fluids, the upper convected Maxwell model has been
applied to characterize the rheological properties. N, is then obtained with
a relaxation time A as follows {12,13}:

N, =2nAy~. (10)
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FIGURE 1 Viscosity vs. shear rate for L-80 PIB in PB at 30°C. (3 : 0.2% w/w, O : 0.4%
wiw, A1 0.6% wiw, V : 0.8% wiw).
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FIGURE 2 First-normal stress difference N, vs. shear stress for L-80 PIB in PB at 30°.
(C1:0.2% wiw, O : 0.4% wiw, A : 0.6% wiw, V : 0.8% w/w).
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Therefore, over most of the available shear rates, N; exhibits a quadratic
dependence on g., as shown in Figure 2. Similar behaviors are observed for
various second-order fluids, such as PIB in a solvent of PB and kerosene
[12-14], as well as polyacrylamide in mixtures of glycerine and water
[15,16]. Additionally, Figure 3 gives a plot of Ny/y, (= ¥,) vs. stress. ¥,
increases slightly with increasing PIB concentration, and is almost inde-
pendent of the shear stress. This plot permits a more direct comparison with
the data on f3.

Figure 4 shows the rod-climbing height h versus @? for four different
concentrations of PIB-PB. Higher polymer concentrations (i.e., higher
elasticity) exhibit higher rod-climbing heights. The relationship between
and concentration can be considered from the theory developed by Brunn
{17], who adopted Brinkman’s analysis for the dumbbell model polymer in
a second-order fluid. The material functions (7, ¥, and ‘¥,) obtained by
Brunn are:

n=mny1 +c[n +0.5c[n?),

107 4
10° O 0.2%wiw
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FIGURE3 N /¥(= ¥)) vs. shear stress for L-80 PIB in PB at 30°C.
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FIGURE 4 Effect of polymer concentration for L-80 PIB in PB on rod-climbing height using
a 1.0-cm diameter rod at 30°C. ((7: 0.2% w/w, O : 0.4% wiw, A : 0.6% wiw, V : 0.8% wi/w).

_2Mn[nre
RT

¥, (1+1.25¢[nD, (I

-0.25Mn*[n)c?
d¥,=—--—3""——,
and %2 RT
Inserting Equation (11) into Equation (8), we obtain

B Mnf[nlzcg; 0.75¢lm]) 12)

Equation (12) shows that the rod-climbing height increases with increasing
polymer concentration and solvent viscosity. Experimentally the rod-
climbing height was observed to increase with solvent viscosity 7}, and the
square of the 7, in agreement with Equation (12). Rearranging Equation
(12), the following equation can be obtained:
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% = BA+0.75¢[7]) (13)
where B, a constant at given temperature and molecular weight, is
M([n)%RT. Equation (13) suggests a linear correlation between /11%c and c,
as shown in Figure 5. Table I displays the measured values for climbing
constants, zero shear viscosities and first normal stress difference coeffi-
cients for various concentrations of L-80 PIB in PB at 30°C. The climbing
constants and the first-normal stress difference coefficients are obtained

0.3

1 v 1 T 1 1
5x107 6x107 7x107 8x107

3x10” 4x107
CONCENTRATION (wt %)

FIGURE 5 P/m2C vs. concentration for L-80 PIB in PB at 30°C

I
2x10°

TABLE 1 Experimental results for different concentrations of L-80 PIB in PB at
30°C with D = 1.0 cm rod.

Zero shear
Conc. (dWdow?)e—o B viscosity ¥
(% wiw) fem O s [g/em] [Poise] [g/em
0.2 0.141 6.4 139.0 213
0.4 0.324 14.6 150.0 48.7
0.6 0.687 30.8 165.7 102.7

08 1.198 53.5 193.0 178.3
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from the rod-climbing experiments and the zero shear viscosities are mea-
sured using a RMS-800.

The rod-climbing experiment was also performed for different PIB mol-
ecular weights. For 0.2% w/w of four different molecular weight samples
of PIB in PB, the climbing constant increases with increasing molecular
weight, as shown in Figure 6.

Figure 7 shows the rod-climbing heights for 0.2% w/w L-140 PIB in PB
versus the square of the rotational speed of the rod for three different rod
sizes. As expected, the rod-climbing height increases with rotational speed
and rod size. Since f is almost identical for the several rod sizes (smaller
than R_), a rod size of 1.0cm was arbitrarily selected for use in the experi-
ment. When surface tension is neglected, h,(r) in Equation (1) can be rep-
resented as follows:

4n*| 2a* pa“]
h,(r) = = -2 1 14
2() pg{'r‘? B 2r2 ( )

5

] v
~ 4 v
5
b=
L 34 v
© o ©
23
T v A A o)
@)
g J v A o
= Va4 o
O 14

! v % ] O o

]
o_{ﬁl‘lgi =T T T T v T T
0 2 4 6 8 10 12 14
a)z(l/secz)

FIGURE 6 Effect of polymer molecular weight on rod-climbing height using a 1.0-cm
diameter rod with 0.2% PIB in PB at 30°C. (O : L-80, O : L-100, A : L-120, V : L-140).
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FIGURE 7 Effect of rod size on rod-climbing height for 0.2% w/w L-140 PIB in PB at 30°C.
(O : 9mm, O : 10mm, A : 12mm).

In order to obtain the rod-climbing height, the right-hand-side of
Equation (14) must be positive. This relation provides the criteria for
selecting the appropriate rod size since the free surface only rises if 1* <
(4B/p) for small e [18]. For this reason, it is better to use rods with a small
diameter in the rod-climbing experiments.

Figure 8 shows the effect of temperature on the rod-climbing height with
0.2% w/w L-140 PIB in PB. In this experiment, the three temperatures of
the polymer were maintained within 0.2°C. As predicted, the rod-climbing
height decreases with increasing temperature. Beavers and Joseph [4] show
that climbing heights of the polymer exhibit a bell-shaped profile at the rod
which is largely influenced by the temperature of the fluid. They also show
that as the rotational speed is increased to very high values (50rev/s), the
rod-climbing height decreases and experiences inertia-dominated depres-
sion of the free surface. This depression of the free surface at high speeds
may be caused by viscous heating near the rod. Small changes in tempera-
ture may cause noticeable changes in the value of B. For example, Beavers
and Joseph [4] found that at STP:
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FIGURE 8 Effect of experimental temperature on rod-climbing height for L-100 PIB 0.2%
w/w in PB using a 1.0 cm diameter rod. (CJ : 25°C, O : 30°C, A : 35°C).

B=20exp(-0.115 T) g/cm for 25°C < T(°C) < 50°C (15)

which empirically relates temperature to f3.

The rheological properties were also measured with a mechanical spec-
trometer (RMS-800) in couette mode, at 30°C. The N, and n were mea-
sured for PIB-PB systems. The N; values obtained from the rod-climbing
experiments were found to agree relatively well with those measured using
from the RMS-800 rheometer. When these results are replotted to charac-
terize the relation between N,/y,(= ¥;) and stress, as shown in Figure 9,
consistency of ¥ in both measurements can be observed. It also indicates
that ¥, is independent of the shear stress. This can be compared with the
result which Joseph et al. [18] obtained for PIB in decalin. They studied the
first-normal stress difference for two different molecular weight samples of
PIB in decalin. They also attempted to compare the values computed from
the rod-climbing constant with those obtained from the Rheometrics
rheometer, at the lowest shear rates. However, the limiting values of the ¥,
are inconsistent with corresponding values measured using a rheometer for
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FIGUREY9 Comparison of ¥, from RMS-800 to ¥, from rod-climbing experiment for 0.2%
w/w L-80 PIB in PB at 30°C. (O : RMS-800, {J : Rod-climbing).

their polymer solutions of PIB in decalin. This inconsistency might come
from the fact that their sample is not a second-order fluid since it shows the
shear-thinning behavior.

CONCLUSIONS

Climbing constants § and first normal stress differences N; of PIB-PB sys-
tem were investigated, and the correlation between 8 and N; of the polymer
solutions was found. The N, values computed from the rod-climbing experi-
ments agreed with those measured with the RMS-800 rheometer. The 3 and
N, were found to decrease with temperature, but increase with rod size, poly-
mer concentration, solvent viscosity, and molecular weight of PIB.
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