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The rod-climbing or “"Weissenberg” effect in which the free surface of a complex fluid climbs a thin
rotating rod is a popular and convincing experiment demonstrating the existence of elasticity in
polymeric fluids. The interface shape and steady-state climbing height depend on the rotation rate, fluid
elasticity (through the presence of normal stresses), surface tension, and inertia. By solving the equations
of motion in the low rotation rate limit for a second-order fluid, a mathematical relationship between
the interface deflection and the fluid material functions, specifically the first and second normal stress
differences, emerges. This relationship has been used in the past to measure the climbing constant, a
combination of the first (%1 ) and second (¥,,0) normal stress difference coefficients from experimental
observations of rod-climbing in the low shear rate limit. However, a quantitative reconciliation of such
observations with the capabilities of modern-day torsional rheometers is lacking. To this end, we combine rod-
climbing experiments with both small amplitude oscillatory shear (SAOS) flow measurements and steady shear
measurements of the first normal stress difference from commercial rheometers to quantify the values of both
Y10 and ¥, for a series of polymer solutions. Furthermore, by retaining the oft-neglected inertial terms, we
show that the “climbing constant” [? = 05Y%,0 + 2%, can be measured even when the fluids, in fact,
experience rod descending. A climbing condition derived by considering the competition between elasticity and

Received 12th February 2023, inertial effects accurately predicts whether a fluid will undergo rod-climbing or rod-descending. Our results

Accepted 2nd May 2023 suggest a more general description, “rotating rod rheometry” instead of “rod-climbing rheometry”, to be more
DOI: 10.1039/d3sm00181d apt and less restrictive. The analysis and observations presented in this study establish rotating rod rheometry
combined with SAOS measurements as a prime candidate for measuring normal stress differences in complex

rsc.li/soft-matter-journal fluids at low shear rates that are often below commercial rheometers’ sensitivity limits.

Newtonian fluids. They are associated with nonlinear viscoelas-
tic effects and hence, are negligibly small in linear viscoelastic
measurements." Their first appearance comes as a second-order

1. Introduction

The knowledge of a fluid’s rheological properties is an essential

prerequisite for predicting the flow of a complex fluid in any
desired application. A simple steady shear flow measurement is
enough for generalized Newtonian fluids as the shear-rate-
dependent viscosity #(y) is the only rheological property
required to resolve the flow dynamics in a specific geometry
of interest. However, the presence of fluid elasticity requires the
use of multiple deformation protocols to build a thorough
understanding of the materials’ rheological properties. Simple
steady homogeneous shear flow, which is the most widely used
test protocol, provides (in principle) quantitative information
about the shear-rate dependence of three independent materi-
als functions, viz., the viscosity 7(y), the first normal stress
difference N;(}) and the second normal stress difference N (}).
These normal stress differences are identically zero in
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effect in the shear rate, represented using the first (¥;) and the
second (¥,) normal stress coefficients such that Ny(}) = P>
and N,(7) = ¥,7?, respectively.””® However, due to limitations on
the torque and axial force transducer sensitivities of commercial
rheometers, it is typically only possible to measure the material
functions over a limited range of shear rate values, which can be
determined a priori from the transducer sensitivity limits.*

In a strongly non-Newtonian fluid, N; can be comparable
or even larger than the shear stress, o, at high shear rates.
Consequently, N; can typically be measured for many complex
fluid systems using the very sensitive force re-balance transdu-
cer technology, which is now available in many commercial
rheometers. Using a cone-and-plate (CP) geometry with a radius
R and cone angle 6,, the first normal stress difference N;(}) can
be measured directly from the axial force Fgp acting on either
the cone or the plate using:”

Ni(}) = 2Fcp(¥)ImR?, (1)
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where y = Q/0, and Q is the rotational speed of the conical
fixture. At low shear rates, in a simple fluid with fading
memory," N; is expected to vary quadratically through the
analytical relationship

2G' ()
)

. N .
lim— = ¥if,_o = 10 = lim
=07y /! ! w—0

. @)

Here the storage modulus G’(w) can be measured with relatively
high accuracy in small amplitude oscillatory shear (SAOS) flow
at an oscillatory frequency w. The subscript , (e.g., ¥1,0) on a
rheological property such as ¥, denotes its value in the limit of
vanishingly small shear rate.

On the other hand, the measurement of N, poses many
difficulties compared to y or Ny, resulting in far less attention to
its accurate determination. Over the years, many techniques®
have been proposed to determine N, experimentally. The most
widespread approach is to use a cone-and-plate geometry for
the direct measurement of N;(7) using eqn (1) in conjunction
with another technique that measures a combination of N; and
N,. The complementary techniques are discussed in great detail
in the review by Maklad and Poole® and include parallel-plate
(PP) thrust measurement, offset cone-and-plate fixtures with
distance adjustment, a cone-and-plate geometry with pressure
distribution measurement, plate-and-ring geometry, and cone-
and-ring geometry. An estimate of N, can be obtained by an
appropriate subtraction of the two independent experimental
measurements. However, because N, is often a small percen-
tage of the value of N;, such approaches are fraught with
experimental difficulties.

Although the determination of N, using the combination of
CP thrust and any of the supplementary measurements seems
straightforward, many practical challenges arise, e.g., reduced
values of the measured thrust due to inertia and/or secondary
flows,® amplified uncertainty due to subtracting two nearly
equal values of the measured normal stress differences, differ-
entiation of experimental data with respect to variations
of other control parameters, or building a much more compli-
cated experimental setup to measure pressure gradients (or
several thrust measurements) directly.” Another alternative
technique is to use a cone-and-partitioned plate.” A specific
combination of the two normal stress differences is obtained
from each measurement varying the partition radius. Perform-
ing several measurements at different radii, we can get a trend
with radius variations, and the intercept at r = 0 gives Ny, and
the second normal stress difference can then be evaluated.
However, the most commonly encountered limitation in mea-
suring N; or N, using the mentioned techniques is that the
torque or thrust measuring transducers have minimum sensi-
tivity limits below which they cannot detect the forces or
torques exerted by a complex fluid under shear. For example,
the state-of-the-art ARES-G2 rheometer (TA instruments) has a
practical lower sensitivity limit of 0.001 N (0.1 gm-force) for the
axial force Fcp in eqn (1). So, a 40 mm CP geometry, for
instance, will not be sensitive to a first normal stress difference
below approximately N, < 1.6 Pa. Practically, this means that
quantitative estimation of the asymptotic quadratic behavior of

4074 | Soft Matter, 2023,19, 4073-4087
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N; and N, (or equivalently the first and second normal stress
coefficients ¥4|y_0 = Y10 and ¥,|yo = ¥,,0) cannot be
achieved using the above-mentioned techniques for many
complex fluids of interest such as polymer solutions or con-
centrated suspensions.

It is well known that the normal stress differences can also
lead to secondary flows due to the breaking of axisymmetry, for
instance, in pipes of non-circular cross-sections. These second-
ary flows arise because normal stress differences lead to tensile
(or compressive) stresses acting along the streamlines and
vortex lines in the flow (depending on the signs of N; and
N,). Similarly, non-zero contributions to the total stress acting
on a deformable or free surface (for instance, flow down an
open inclined trough or around a rotating rod, also lead to
secondary flows). In such flows, the deformable shear-free
surface acts as a very sensitive “‘pressure gauge”, and hence,
is a popular way to demonstrate visually and unequivocally the
presence of normal stress differences in complex fluids.® With
careful work, the tilted trough (TT) experiment has been used to
quantify N, by measuring the free surface deflection in the
steady shear flow generated by gravity when the open trough is
inclined at a specific angle.’ The tilted trough technique offers
great potential but requires a dedicated experimental facility,
large volumes of fluid, and a complicated data-processing
technique to extract N,. In addition, only a narrow range of
shear stresses can be probed, making it difficult to accurately
determine ¥, using the TT.

To overcome the above-mentioned limitations in reliably
measuring ¥;, and ¥,,, in the present study we revisit the
well-known rod-climbing effect. Following the original pioneer-
ing work by D. D. Joseph and co-workers on the rod-climbing
rheometer,'®"* measurements of the climbing height and how
it varies with rotation rate have been used to estimate ¥, in
polyisobutylene (PIB) Boger fluids with the same components
but slightly different PIB concentrations (0.24 wt%'* and 0.1
wt%"®). However, this flow configuration has not received much
attention in the ensuing three decades following these earlier
studies, mainly because a reliable reconciliation of rod-climbing
experiments with material functions measured in modern-day
rheometers is still lacking. To this end, we present a protocol to
robustly measure both ¥, , and ¥,, using a combination of
rod-climbing, normal force measurements in steady shear, and
SAOS measurements. The results presented here show that rod-
climbing data can serve as an inexpensive supplement to data
from commercial rheometers to enable measurements of both
the first and second normal stress difference of a complex fluid
in the low shear rate limit, which is typically beyond the
sensitivity limits of commercial rheometers.

2 The climbing height in the
“rod-climbing” experiment

The “rod climbing” or Weissenberg effect'® is illustrated in
Fig. 1, where the free surface of a fluid climbs a thin rotating
rod and serves as an indisputable experiment demonstrating

This journal is © The Royal Society of Chemistry 2023
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Increasing Q

Fig. 1 The rod-climbing or “Weissenberg” effect.*® The free surface of an
elastic fluid climbs a thin rotating rod with a radius a and an angular
velocity Q. The interface shape and the climbing height (Ah(Q.,a)) com-
pared to the static rise near the rod (hs(a)) is primarily determined by the
rate of rotation, the normal stresses in the fluid, along with surface tension
and inertia.

the presence of non-linear elasticity in polymeric fluids. The
presence of normal stresses in a fluid under shear leads to the
idea of a streamwise or ‘hoop’ stress in a fluid experiencing a
torsional shear flow around a thin rotating rod. These hoop
stresses pull fluid elements radially inward toward the rotating
rod. As a result of this secondary flow, the deformable free
surface near the rod ascends to a height at which the additional
hydrostatic pressure pushing the fluid downwards and outwards
exactly balances the hoop stress pulling the fluid inwards. The
interface shape is denoted by (,r,2), and the climbing height at
a given rotation speed is denoted by /(Q,a,2), where r is the radial
coordinate, 2 is the rod rotation speed, a is the rod radius, and o
is the contact angle of the fluid-air interface at the rod. The
interface shape and the climbing height generally depend on the
rod rotation rate and the fluid elasticity, as quantified by the two
normal stress differences, surface tension, and inertia. The
functional dependence can be determined by solving the govern-
ing equations of motion using a domain perturbation technique
in the low rotation rate limit for a second-order fluid."*™> A
detailed derivation is presented in Appendix A. The final solution
(eqn (22) in Appendix A) for the interface shape A(Q,r,) gives the
following mathematical relationship between the climbing
height A(Q,a,) and the material functions characterizing the
fluid in terms of a specific combination of both normal stress
differences called the “climbing constant” § = 0.5%; o + 2%, o:'"

4B G
4++vBo 2+ +vBo

a
2(I'pg)'?

+0(Q% + QY.

hQ,a,0) = hs(a,0) +

®)

Here hg(a,o) is the static climbing height arising from capillarity
effects (in a fluid with surface tension I" and contact angle ). p is
the fluid density, a is the rod radius which rotates with an
angular speed Q, and Bo = pga’/I" is the Bond number with g
being the acceleration due to gravity. Eqn (3) establishes the
foundation of rod-climbing rheometry.’

This journal is © The Royal Society of Chemistry 2023
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3. Methods and materials

The schematic of our experimental setup is presented in Fig. 2.
A stress-controlled rheometer (TA instrument’s AR-G2 Magnetic
Bearing Rheometer) was modified to function as a rotating-rod
rheometer. A precisely machined hollow steel tube of known
9.525 mm was mounted concentrically
using a compression fit to a standard 8 mm parallel plate
geometry (which in itself is effectively a thin but short axially
aligned rod with a flat end) to increase its length. This modified
rheometer fixture serves perfectly as a thin and well-aligned
axially uniform cylindrical rod that can be rotated in a fluid
reservoir using the rheometer’s precision motor control. The

outer diameter 2a =

polymeric fluid (see description below) was contained in a
cylindrical glass beaker of diameter 100 mm and depth
50 mm. The original study by joseph et al.'’ recommends the
beaker-to-rod diameter ratio to be at least ten so that edge
effects on the climbing height measured in the low rotation
speed regime are minimal."*"* The rods were fully immersed in
the beaker to a depth of 10a &~ 45 mm. It has been shown that
the immersion depth of the rod into the fluid does not affect
the rod-climbing height."* The position of the beaker was
manually adjusted to align it concentrically with the rotation
axis of the rotating rod. Using the AR-G2 rheometer motor to
impose the rotation rate allowed us to control the rod rotational
speed Q accurately. Photographs taken with a Nikon EOS 7D
DSLR camera were used to capture the free surface shape and
the climbing height at various rotational speeds. The photo-
graphs were used to measure the climbing heights of the fluid-
free surface near the rod A(Q,a,x). The photographs capture the
interface with a spatial resolution of 0.05 mm pixel *, which
can be determined from the magnification of the lens and the
pixel resolution of the captured images.

Eqn (3) for the rod-climbing height at the rod surface (r = a)
was derived assuming a semi-infinite fluid container and a
domain perturbation approach (see Appendix A for a detailed
derivation). All the higher-order terms in eqn (3) involve
computing secondary motions from complex boundary value
problems. However, it has been shown that computing these
higher-order terms is not necessary at low rotation rates, and
the expression

A(Q,a) = h(Q,a,a) — hs(a, o)
4p pd’ ()
4+VBo 2+Bo

a Q2

~

2(I'pg)'”?

is a good approximation for the changes in the free surface
height in the small rotation speed limit.'®'' This means the
change (or perturbation) in the climbing height Ak(Q,a) =
h(Q,a,0) — hy(a,n) is approximately independent of the contact
angle o in the small Q limit and scales linearly with Q>. From
the rod-climbing experiment (Fig. 2), we measure the change in
the climbing height due to rod rotation AA(Q,a) compared to
the static rise height As(a,x) and plot it as a function of the
imposed rotation speed. From this plot of Ak(Q,a) vs. Q°, we
compute the slope dAAR/dQ*> in the quadratic regime

Soft Matter, 2023,19, 4073-4087 | 4075
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b) Inertia leads to rod-dipping

Q=5rad/sy

¢) Laser illumination

d) Back light from behind

(a) The rod-climbing rheometer includes a cylindrical beaker filled with the fluid of interest. A thin rod of radius a is submerged with its axis aligned

with the axis of the beaker. As the rod rotates with an angular velocity @, the fluid interface climbs (or descends) if the climbing condition [see Section 4.4
Fig. 8] is satisfied (not satisfied). The fluid is illuminated with a strong background light, and still images of the interface are captured using a digital camera
(Nikon EOS 7D DSLR). (b) In a weakly elastic fluid, dominant inertial effects compared to the fluid elasticity result in a local dip in the free surface that we
define as “rod-descending”. In a more strongly elastic fluid, rod-climbing due to large normal stress differences can be visualized; for example, by (c)
shining a laser sheet in a plane perpendicular to the camera and (d) illuminating the fluid using a strong backlight. The bulk of the measurements in this
work are performed using this latter illumination setup. Scale bars in (b—d) are all 5 mm.

corresponding to low values of Q> and equate it to the
theoretical slope

4[3 pa>

dAh(Q,a) _ a 3
4++vBo 24 +vBo

do? 2(pg)'?

)

obtained from eqn (4). If the fluid density and surface tension are
known, one can compute the climbing constant /} =0.5%0+2%,0

from the slope of the data. This calculated value of f§ can then
be used in conjunction with an independent measurement of
¥, from a complementary method to calculate ¥, , as

1, 1 4 2B
Yoo =B — P10 =—7" (1 f—lpl ) (6)
10

20 4 4
As discussed in the Introduction, direct measurements of the
axial force in a CP geometry used to measure N; using eqn (1)
cannot probe very small shear rates because the normal force
signal exerted by the fluid is often weaker than the lower
sensitivity limits of the force transducer. Hence, measuring
G'(w) (with relatively high accuracy) through SAOS deforma-

tions in a concentric cylinders geometry and using the asymp-
!

totic limit in eqn (2), i.e., Y1 =~ lim,, .o~ is a practical and
w

superior solution, as will be shown later in Section 4.
Further insights into the competition between the
elastic effects (i.e., the first term in the square brackets in

4076 | Soft Matter, 2023,19, 4073-4087

eqn (5) - denoted Term I), which encourage rod-climbing, and
the inertial effects, which drive a decrease in the height (the
second term in the square brackets in eqn (5) - denoted Term
II), can be obtained from eqn (5). These insights aid in extend-
ing the usefulness of the rod-climbing rheometer beyond the
moderately viscous and elastic fluids tested decades ago.'**>"”
To achieve this expansion in utility, we do not make any
simplification to eqn (5) and, unlike previous studies,"*">"”
retain the contribution due to inertial effects (Term II). From
eqn (5), one can conclude that weakly elastic fluids with
relatively smaller values of f can undergo rod-descending
(i.e., Term I < Term II in eqn (5)), that is, the climbing height
decreases with increasing Q from the initial static rise 4(a,o) due to
the dominance of inertial effects. However, the linear relationship
expected in Ah(Q,a) vs. Q> in the low rotation rate limit is still valid
and can be used to measure f; (and consequently ¥,,) even in
weakly viscoelastic fluids, e.g., dilute or semi-dilute polymer solu-
tions. We test this hypothesis in Section 4. In the extreme case of a
Newtonian fluid when f§ = 0 we expect

dAn(Q,a) a { pa* }
d2* " 2(rpg)2l 2+ vBol’

@)

which sets the Newtonian inertial rod-dipping limit from the slope
of the Ah(Q,a) vs. Q” plot (in the low Q limit). Any deviation of dAh/
de” from eqn (7), denotes the presence of a non-zero climbing
constant f3, and consequently, the presence of finite normal stress

This journal is © The Royal Society of Chemistry 2023
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Table 1 PIB polymer solution properties

C (Wt%) p (kg m™?) rmNm™) ns(mPas)  C*(wt%)

873.1

0.30-3.00 29.7 18.07 0.23

differences. Eqn (5) can also be utilized to derive a “climbing
condition” in terms of two dimensionless quantities: a dimension-
less normal stress difference ratio Yy, = —¥,0/¥1o and the
inertioelastic quantity paz/‘Pl,o; both of which are independent
of the flow kinematics in the problem. We defer a more detailed
discussion on this climbing condition to Section 4.4.

For this study, we use polymeric solutions of polyisobutylene
(PIB) (Molecular weight ~10° g mol ") dissolved in a paraffinic
oil (Lubrizol Inc.). We perform all our measurements at a
constant temperature 7 = 20 °C. The Newtonian solvent oil
has a steady state viscosity ns = 18.07 mPa s at 20 °C. The
polymer intrinsic viscosity is measured to be [;] = 3.69 dL g/,
and this can be used to estimate the critical overlap concen-
tration of the polymer solute C* ~ 0.77/[n]'* = 0.23 wt%.
The solutions were all measured to have a constant density
p = 8731 kg m™? and surface tension I' = 29.7 mN m ™ '. The
material properties of the test fluids used are summarized in
Table 1. We vary the dissolved concentration of polymer in the
solution to change the viscoelastic properties. We work with three
semi-dilute solutions (C > C*): 3 wt%, 2 wt%, and 1 wt%,
respectively, and one close to C*: 0.3 wt%. These polymeric
solutions are all shear-thinning, with their viscoelasticity decreasing
at lower concentrations, as shown in the next section.

4. Results and discussion

The rotating rod rheometry protocol involves

1. Determining the value of ¥, from SAOS data obtained
over a range of temperatures to construct a time-Temperature
superposition (tTS) master curve and then using the asymptotic
result obtained from simple fluid theory ¥, = lim,, _, ¢2G'/w*
(Section 4.1),

2. Calculating the climbing constant f = 0.5 Wiot 2%, by
measuring the surface deflection and determining the slope
dAh/dQ? of perturbations to the static interface Ah(Q,a) vs. Q°
for small Q. This value is then equated to the theoretical result
(eqn (5)) (Section 4.2), and

3. Calculating the second normal stress coefficient using the
relationship ¥, = = 0.5%,,)/2 (Section 4.3).

We first present the results of applying this protocol to the
four PIB-based fluids described above. In addition, we derive a
modified “climbing condition” (Section 4.4) and present obser-
vations which support the use of the rotating rod experiment to
probe ¥,, even in fluids that exhibit a local dip in the free
surface that we define as “rod-descending” (Section 4.5).

4.1 Y, , measurements using small amplitude oscillatory
shear

Fig. 3 shows the results obtained from small amplitude oscilla-
tory shear (SAOS) flow experiments using a concentric cylinder

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Small amplitude oscillatory shear (SAOS) measurements at a strain
amplitude yo = 1% of (a) 3 wt% and (b) 1 wt% PIB solutions used in this study.
Time-temperature superposition using a reference temperature To =
20 °C is employed to construct a master curve with a lateral shift factor
ar giving the reduced frequency w, = arw. The generalized Rouse—-Zimm
model (egn (8)) does an excellent job of fitting the SAOS data, and the
corresponding fits are shown using black lines. The fitting parameter
values for the generalized Rouse—Zimm model are tabulated in Table 2.

geometry for the 3 wt% and 1 wt% solutions. We perform time-
Temperature superposition (tTS) to construct a master curve of
the storage and loss moduli as functions of the reduced
oscillation frequency w, = arw, denoted G'(w,) and G"(w,),
respectively. This allows us to extend the range of measure-
ments to sufficiently low frequencies to observe the terminal
scaling expected. Here o is the oscillatory frequency, and ar is
the temperature-dependent horizontal shift factor. For the
limited range of temperatures 10 °C < T < 80 °C studied here,
we find the vertical shift factor b, ~ 1 for these PIB solutions,
and there is no need to shift the G'(w,) and G”(w,) data vertically.
In addition, we observe that even though the solutions are in the
semi-dilute regime, the generalized Rouse-Zimm model
expressed in the form"®

r :Gcw,rz sin[;gatan(u)rrz)}7
) [(1+ (rz2)?)?

G(w (8a)
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Table 2 Generalized Rouse—-Zimm model fit parameters for the linear
viscoelastic properties obtained from master curves of the small amplitude
oscillatory shear (SAOS) flow data for various PIB solutions, as well as the
first normal stress coefficient obtained from eqgn (9)

C (Wt%)  G.(Pa)  1,(s) s v : ¥, 0 (Pas?)
3.00 2.88 11.62 0.579 0.791 E 534.0
2.00 1.03 7.01 0.514 0.686 E 051.9
1.00 0.39 1.43 0.337 0.503 E 0.527
0.30 0.20 0.52 0.189 0.411 E 0.021
w;Tz cos|yatan (w,t
G//(wr) _ Gc 4 [X ( T Z)} (8b)

[(1+ (ort2)?))?

does a good job of fitting the SAOS data, as shown in Fig. 3. Here
the fitting parameters are the characteristic modulus G, the
Zimm relaxation time 7, and y = (1 — 1/3v) with v being
the solvent quality exponent. The best-fit parameter values for
the generalized Rouse-Zimm model are tabulated in Table 2.
We can now use eqn (2) to evaluate the expected value of the
first normal stress difference coefficient ¥,  in the zero shear
limit. Using the generalized Rouse-Zimm model (eqn (8a)) and
the expectation from simple fluid theory (eqn (2)) we obtain,

'lyl,o = ZGCTZZXy (9)

which allows us to calculate ¥, from the linear viscoelastic
master curve. The calculated values for all the solutions used in
this study are provided in Table 2. However, it should be noted
that the asymptotic value of ¥, , as defined in eqn (2), can also
be calculated solely from a master curve of the SAOS data by a
careful regression analysis of the empirical data. This is especially
useful if a statistically good fit with available models, such as the
Zimm model, is not possible, provided there is a discernible
quadratic regime in which G'(w) ~ . at low frequencies.
Observing a clear quadratic scaling from the SAOS data at a fixed
temperature can often be difficult for certain weakly elastic fluids,
as sufficiently low frequencies might not be accessible due to
rheometer sensitivity limits. Hence, performing time-temperature
superposition can be useful, as well as using a constitutive model
so that SAOS measurements can be robustly extrapolated into the
region where 7,0, « 1 in order to calculate ¥,  accurately. Results
in Table 2 show that we can expect ¥, to vary over four orders of
magnitude by diluting the solutions over a factor of 10. Thus,
varying the PIB concentration is expected to have an equivalent
dramatic impact on the rod-climbing; indeed, we observe the same
sensitivity level, as discussed in the following subsection.

4.2 Measurements of the climbing constant f using
rod-climbing observations

We turn our attention to the rod-climbing experiments in this
subsection. The experimental data and representative photographs
of the 3 wt% solution undergoing rod-climbing are presented in
Fig. 4. When Q = 0, we observe a finite climbing height due to
meniscus wetting as shown in Fig. 4a-i. This is the static climbing
height A4(a,x) as explained in eqn (4). This meniscus height and
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shape can be adequately described by solving the Young-Laplace
equation for the interface with the knowledge of the contact
angle determined from the photograph, but this will not be
pursued here as our focus is on measuring the change in the
climbing height AA(Q,a) due to rotation of the rod. As we rotate
the rod with a rotation speed Q, Ah(Q,a) is expected to initially
be proportional to Q” at low rotation rates, as shown in Fig. 4b.
However, it is difficult to predict a priori the maximum allow-
able rotational speed of the rod (denoted Q,,,,x) above which the
experimental observations deviate from the quasi-linear rela-
tionship given by eqn (5). In practice, one can estimate Q.
from the experimental data a posteriori as shown in Fig. 4c
with the condition that the centripetal force is small and there
is no secondary flow, ie., the modified Froude number
Fr = Q’L/g < 1. Here L is a characteristic length, which can

1 (.
be taken to be'! L ~ \/gdAh/dQ? ~ 3 af /% using eqn (5).

From the rod-climbing observations, using a conservative con-
dition that Fr < 1, we find Q. ~ 2, 6, 15, and 30 rad s~ * for
the 3 wt%, 2 wt%, 1 wt%, and 0.3 wt% PIB solutions,
respectively.

The observed values of Ah(Q,a) lie on a straight line when
plotted against Q” at values Q < Q... as shown in Fig. 4b and c.
The photographs of the interface shape presented in Fig. 4a-i
and ii reveal that the interface shape A(Q,r,o) is concave for
Q < Qpax. This shows that in the low Q regime, increasing the
rotation rate results in small perturbations to the static inter-
face shape, which increases the interface height linearly with
Q” as predicted by eqn (5). These perturbations to the interface
shape AA(Q,a) are positive if elastic effects dominate over
inertial effects, i.e., if Term I > Term II in eqn (5). In other
words, we should observe rod-climbing, which is true for the
concentrated solutions with C = 3 wt%, 2 wt%, and 1 wt% as
shown in Fig. 5. On the other hand, the perturbations to the
static interface shape Ah(Q,a) are negative if elastic effects are
weaker than inertial effects, i.e., Term I < Term II in eqn (5). In
other words, we should observe rod-descending, which is true
for the semi-dilute solution with C = 0.3 wt% as shown in Fig. 5
and more clearly in Fig. 6. Additionally, Fig. 6 also illustrates
that fluid elasticity suppresses the rapid inertial interface
descending that one would observe for the purely Newtonian
solvent oil. In particular, one would have to go to exceptionally high
rotation speeds (i.e., high Reynolds numbers Re = pQa’/n, > 1)
before the fluid interface descends to a depth equal to the
initial static rise hg4(a) as depicted in Fig. 6. The critical
Reynolds number Re. at which Az = —hg(a) can be estimated
for a Newtonian fluid, such as the paraffinic oil solvent, by
substituting f = 0 and AA(Q,a) = —hy(a) in eqn (4), which gives

2 (%) C 24 vBofsl)

a

_pa

Ns

Re, (10)

For a rod of diameter 2a = 9.525 mm and the paraffinic solvent
oil (which has a viscosity of 75 = 0.018 Pa s) gives us a critical
rotation rate of Q. ~ 55 rad s~ " as indicated by the red circle in
Fig. 6. Thus, from eqn (5), it is evident that we can predict
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Fig. 4 (a) Stillimages illustrating rod-climbing in the 3 wt% PIB solution with increasing rod rotation speeds (i) 2 = 0 rad s ™2, (ii) @ = 1rad s, (i) @ = 5rad s %,
and Q = 10 rad s—*. The change in the interface height at the rotating rod (Ah(Q,a)) compared to the static rise hs(a) for 3 wt% PIB solution: (b) in the low Q
regime (Q < 1 rad s, Ah varies linearly with Q2 as predicted by theory (eqn (4)). The slope of the curve in this regime is used to calculate the climbing
constant /i’ (c) At higher Q, the higher order terms in the perturbation expansion cannot be neglected and lead to secondary flows in the fluid bulge that result

in the deviation in linearity from a plot of Ah vs. Q2.
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Fig. 5 Change in the interface height at the rotating rod (Ah(Q,a)) com-
pared to the static rise hg(a) for various PIB solutions utilized in this study.
The 3 wt%, 2 wt%, and 1 wt% (0.3 wt%) solutions satisfy (does not satisfy)
the condition for climbing (Section 4.4 Fig. 8); hence, the interface height
increases (decreases) with the rotation rate. Solid lines show the least-
square linear fit to the Ah vs. Q2 data for Q% < Quax’. The dashed line
depicts the lower bound on rod-descending expected for a purely New-
tonian fluid without any elasticity, which arises solely due to inertial effects.
The Ah vs. Q2 curves of any fluid with finite non-zero normal stresses will
lie above this lower bound.

whether a given complex fluid will undergo rod-climbing or
descending if its material functions are known. We will return
to this discussion in Section 4.4, where we analyze eqn (5) in

This journal is © The Royal Society of Chemistry 2023

further detail and derive a ‘“climbing condition” to predict
whether the interface of a given viscoelastic fluid will climb or
descend a thin rotating rod immersed in it.

For larger values of rotation speeds ©* > Q...> when rod-
climbing is observed (Term I > Term II in eqn (5)), the height
increment Ah(Q,a) increases non-linearly with Q* and the
asymptotic relationship presented in eqn (5) is no longer valid.
The interface shape changes from concave to convex in the
large Q regime as depicted in Fig. 4a-iii. Consequently, this
transition from a concave to a convex interface can also be used
as an in situ condition to determine Q,,,, more accurately (in
conjunction with the preliminary criterion involving the mod-
ified Froude number), and this experimentally motivated
approach is utilized in this study. With further increase in
the rod rotation rate beyond ,,,.«, the interface shape assumes
a rotating blob-like shape, which emerges distinctively from the
larger pool of stationary or slowly rotating fluid at a point with a
slope discontinuity as shown in Fig. 4a-iv. Eventually, at very
high rotation speeds, this bolus of fluid becomes unstable with
unsteady secondary motions resulting in a band of fluid rising
up and down the rod in a wave-like manner. Further increases
in Q completely disrupt the climbing fluid blob into smaller
pendant drops that are thrown radially outwards from the rod.

From our rod-climbing experiments as well as previous
studies,""*>"* we can conclude that there is an accessible range

g/(dAh/dQ?) such that
the second-order fluid approximation is valid and the climbing
fluid interface height scales linearly with Q>. Hence, we can

of small rotation rates Q% < Qua> ~

Soft Matter, 2023,19, 4073-4087 | 4079
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Fig. 6 Decrease in the interface height at the rotating rod (Ah(Q,a))
compared to the static rise hs(a) for the 0.3 wt% solution, which does
not satisfy the condition for climbing (Section 4.4 Fig. 8); hence, the
interface height decreases with the rotation rate. However, this rod-
descending regime still varies linearly with Q2 as predicted by the domain
perturbation solution for a second-order fluid in the low rotational speed
limit. The dashed line depicts the lower bound on rod-descending
expected for a purely Newtonian fluid without any elasticity, which arises
solely due to inertial effects. The dotted horizontal line depicts the case
when Ah(Q,a) = —hs(a), i.e., the interface height reduction due to the
inertial descending of the interface has a depth equal to the initial
meniscus rise without any rod rotation. For the pure Newtonian solvent
oil, Ah(Q,a) = —hg(a) occurs at a Reynolds number Re ~ 60 (egn (10))
corresponding to @ ~ 55 rad s~1. However, finite elasticity due to the
presence of even a small amount of PIB results in less rapid inertial rod-
descending as we increase the rotation rate.

equate the slope (dAR/dQ?).y, determined experimentally in the
Q < Qnax regime to the predictions of the second-order fluid
theory in eqn (5) to evaluate the climbing constant

do? (1)

o= 4+ +vBo (%) 2(rpg)'? N pd’
exp — T 4 op @ 2 ++Bol|

The values of ﬁexp thus obtained from measurements for the
various PIB solutions are presented in Table 3. We observe a
significant reduction in the climbing constant  that varies over
four orders of magnitude by diluting the PIB concentration
from 3 wt% to 0.3 wt% as was anticipated in Section 4.1 from a
similar dramatic four orders of magnitude of reduction in the
¥, 0 values.

4.3 Reconciling rod-climbing measurements with SAOS to
determine ¥, ,

Reptation theory predicts that the normal stress difference ratio
Vo = —¥,0/V1,0 for semi-dilute and concentrated entangled
solutions has the value vy, = 2/7 or 1/7 depending on whether
the independent alignment assumption is made or not.>® The
precise value of ), critically affects the level of rod climbing
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Table 3 Measurements of the experimental climbing constant ﬁexp from
the rod-climbing rheometry and values of ¥,y obtained by combining
rod-climbing rheometry with the SAOS measurements from a conven-
tional rheometer (TA instruments ARES-G2) for the various PIB polymer
solutions utilized in this study

R P20
CWt%)  fopPas’) Vo= o W (Pas’) W, (Pas?)
3.00 10.03 0.241 534.0 —129.0
2.00 0.710 0.243 051.9 —012.6
1.00 0.018 0.233 0.527 —0.123
0.30 0.002 0.205 0.021 —0.004

expected. Specifically, if y, = 1/4, then from eqn (6), it is clear
that the climbing constant is f§ = 0.

However, in dilute solutions without entanglement effects,
one can expect ¥, = 0, as has been confirmed for some Boger
fluids experimentally,'**" and thus conclude that rod-climbing
is driven primarily from the first normal stress difference. This
becomes clear if we rearrange eqn (6) as

2B 28

W= - .
T T aw, P, 1 -4y,

(12)

Then by substituting , = 0 (or equivalently ¥,, = 0 in the
first inequality of eqn (12), one obtains ¥, = 2f. In this limit
from the rod-climbing measurements of [fexp, one could calcu-
late the expected value of the first normal stress difference
coefficient to be ¥, Zﬁexp. This a priori estimate of
Yio = Zﬁexp can be interpreted as the lower bound on ¥,
obtained from rod-climbing measurements alone because any
finite positive i/, value would result in a larger computed value
of ¥, . In other words, in the absence of second normal stress
effects in the fluid, the lower bound value of ¥,, = Zﬁexp
obtained above should be enough to achieve the rod-climbing
height measured in the experiments. However, the presence of
a non-zero second normal stress difference diminishes the rod-
climbing abilities of the fluid, as a result of which, a higher
value of ¥, is required to achieve the climbing height given by
the measured climbing constant ﬁexp.

This naive a priori estimate of ¥, o = Zﬁexp for the various PIB
solutions utilized in this study is represented in Fig. 7 by the
dashed lines. If ¥, is indeed zero (as has been observed for
some dilute Boger fluids experimentally'*>"), we would expect
these dashed lines (i.e., the lower bound prediction of ¥,
extracted from rod-climbing experiments) to coincide exactly
with the dashed-dotted lines in Fig. 7, which depict the actual
values of ¥;, obtained in Section 4.1 from the asymptotic
quadratic scaling of the SAOS data. However, there is a signifi-
cant offset in these two independent experimental estimates;
hence, the initial assumption that ¥, , = 0 is incorrect. A finite
non-zero ¥, , affects rod-climbing, and in particular, negative
values of ¥, , increase the values of ¥, , that are consistent with
a given experimental observation Bexp (see eqn (12)). This
additional contribution can be obtained by solving eqn (6) with
the independent knowledge of (i) ¥, , from the SAOS measure-
ments in Section 4.1, and (ii) Bexp from the rod-climbing

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Reconciling rod-climbing measurements of normal stress differ-
ences measurements with conventional rheometry for: (a) 3 wt% PIB
solution, and (b) 1 wt% PIB solution. ¥1o can be estimated from the
SAOS data using the simple fluid asymptotic theory, which gives
¥, = lim, 9 2G'/w? (shown by dashed-dotted lines). Another estimate
for the same property can be obtained from the rod-climbing measure-
ments by first assuming ¥, = O Pa s, which gives ¥; ¢ = 2p (shown by
dashed lines). These two estimates must match exactly in the absence of a
second normal stress difference in the fluid. However, a finite non-zero
¥, is present, as indicated by the significant separation between the two
estimated curves. Thus, the rod-climbing rheometer measurements for

fexp in conjunction with the SAOS master curve data can be used to
1
4
surements of Ny(y) from a 40 mm 2° CP geometry are also shown with
filled squares. The normal force measurements cannot access the antici-
pated second-order scaling of N; at low shear rates due to limits on the
sensitivity of the axial force transducer.

1.
estimate ¥, = 5/}“" ——¥, as tabulated in Table 3. Normal force mea-

measurements in Section 4.2. The values of ¥, , thus obtained
for various PIB solutions are summarized in Table 3.

As an additional independent check, we also directly mea-
sure the material function Ny(7) using a 40 mm 2° Cone-and-
plate (CP) geometry, and this data is also presented in Fig. 7. As
discussed in the Introduction, due to the lower sensitivity limit
of Fop min & 0.001 N (0.1 gm-force) on the axial thrust measure-
ment, Ny(7) values < 1.6 Pa cannot be measured using a 40 mm
2° CP geometry. This limit is shown by a horizontal dotted line
in Fig. 7. Thus, Fig. 7 pictorially illustrates that the asymptotic

This journal is © The Royal Society of Chemistry 2023
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second-order regime in which Ny(7) ~ ¥,,}> cannot be directly
accessed using axial force measurements with this CP geometry
due to the lower sensitivity limits of the normal force transducer.
Larger plates will, of course, lower this bound, as is evident by
considering eqn (1), but the largest available plates (Rpnax =~
60 mm) only result in lowering the dotted line by a factor of 2.25.

From Table 3, we observe that the values of i/, obtained for
all the PIB solutions investigated here lie between the two
limiting values 2/7 (~0.285) and 1/7 (~0.143) predicted by
reptation theory®® (with and without the independent align-
ment approximation, respectively). Very careful measurements
with distributed pressure measurements across a cone and
plate have shown that the typical y, values of semi-dilute
and concentrated entangled polystyrene solutions are
similar and close to the reptation prediction of 2/7.>* A value
1/7 < o < 2/7 is typical for semi-dilute polystyrene solutions.**

The exact limiting condition required at low shear rates to
observe rod-climbing can be derived analytically by neglecting
the inertia term in eqn (5) and rearranging to show that for rod
climbing to be observed, we require'*22*

B>O:>lﬁ0<0.25.

(13)

Hence, if the independent alignment approximation is exactly
obeyed so that y, & 0.285, rod-climbing will not be observed
and vice versa. Prima facie, this seems like a serious limitation
on the utility of rod-climbing as a technique for measuring ¥, o.
Furthermore, for the least viscoelastic 0.3 wt% PIB solution, our
independent measurements of rod-climbing, the SAOS tTS
master curve, and N,(y) all suggest ¥, = 0.205, a value which
satisfies the asymptotic rod-climbing condition in eqn 13; how-
ever, Fig. 5 reveals that the 0.3 wt% PIB solution undergoes rod-
descending instead of rod-climbing. These experimental obser-
vations motivate a more complete understanding of eqn (5), and
this is considered in the following subsection.

4.4 The climbing condition

Here we modify the rod-climbing condition in eqn (13) by account-
ing for the combined effects of inertia and elasticity. In doing so, we
extend the utility of rod-climbing experiments for measuring ¥, o to
cases where rod-descending is observed. The first step is to return
our attention to eqn (5), which predicts the small perturbations in
the interface height with increasing 2 in the small rotation speed

limit. The first term in eqn (5) given by 4//(4 + v/Bo) (Term 1)
suggests that positive perturbations to %(a,x) will be observed if the
fluid has significant elasticity, ie., ﬁ > 0. On the other hand, the
second term in eqn (5) pa®/(2 + v/Bo) (Term 1II) suggests that
negative perturbations to hy(a,x) arising from fluid inertial effects
will be observed. As a result, the fluid interface may climb or
descend a rotating rod depending on whether Term I > Term II
or vice versa. From the climbing condition, dAA(Q,a)/d2> > 0, after
rearranging the various terms in eqn (5) we can obtain the following
condition for rod-climbing to be observed:

1 4+ VB 2
'»bo <—[1- ﬁ& . (14)
4 2(2+vBo) Y1
Soft Matter, 2023,19, 4073-4087 | 4081
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Fig. 8 The condition for observing rod-climbing vs. rod-descending is
plotted for different Bond numbers, Bo, as a competition between the
normal stress ratio Yo and the dimensionless inertioelastic parameter
pa’l¥io = 1/(2ED) with El being the elasticity number. The curves show
the condition of eqn (14) for three different values of the Bond number
Bo = pgaz/l" including the value Bo = 4.7 expected for the PIB solutions
used in this study. The boundary line separates rod-climbing from rod-
descending. The 3 wt%, 2 wt%, and 1 wt% solutions satisfy the rod-climbing
condition and climb the rotating rod, while the 0.3 wt% solution does not
satisfy the rod-climbing condition; hence, its interface descends close to
the rotating rod (see Fig. 5).

104 1073

This rod climbing constraint incorporates the competition between
inertial and elastic effects, as depicted in Fig. 8. The ratio pa®/ Yio
represents the relative contributions of fluid inertia and elasticity.
Recognizing that for a second order fluid, we can write the relaxa-
tion time as 75 = V1 /(210), we can rewrite this ratio in terms of a
Deborah number De = 7,Q and a Reynolds number Re = pQa®/i, or
alternatively in terms of the elasticity number El = De/Re = (7,Q)/
(pQa’Ine) = W10/(2pa®). The curves in Fig. 8 show the condition of
eqn (14) for three different values of the Bond number Bo = pga®/T,
including the value Bo = 4.7 appropriate for our PIB solutions.
Because of the functional form of the fractional term involving
Bo in eqn (14), the boundary between rod-climbing and rod-
descending is only weakly sensitive to gravitational effects and is
predominantly controlled by inertial effects. We also show the
actual values of Y, and pa®/'¥; , determined experimentally for
the various PIB solutions studied here. The original rod-
climbing condition in eqn (13) is recovered when inertia effects
are negligible compared to elasticity effects, i.e., pa®/¥1, < 1.

Fig. 8 shows that the values of the material functions
determined experimentally for the 3 wt%, 2 wt%, and 1 wt%
solutions satisfy the rod-climbing condition and should exhibit
positive perturbations to the static interface shape under low
finite rod-rotation speeds. This is indeed true as depicted in Fig. 5
by the increase in Ak with Q> for these three solutions. On the
other hand, the low elasticity of the 0.3 wt% solution satisfies the
rod-descending condition as shown in Fig. 8 and should exhibit
negative perturbations to the static interface shape. This is again
found to be true in Fig. 5, which shows a decrease in Az with
increasing Q> for the 0.3 wt% solution. Also, for the 0.3 wt%
solution, the inertioelastic quantity pa®/ Y10 > 1, indicating that
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inertial effects cannot be ignored. As a result, using the original
simplified climbing condition given in eqn (13) fails to predict
the observed rod-descending as it was derived by ignoring inertial
effects.”*

As indicated in Fig. 8, eqn (14) predicts whether the small
perturbations AA(Q,a) will be positive or negative in the small Q
limit. However, it should be noted that even if the criterion of
eqn (14) predicts rod-descending, the rotating rod experiments
can still be useful in measuring ¥, , as long as the fluid wets the
rotating shaft, i.e., the contact angle 0° < « < 90°. The negative
free surface perturbations Ah(Q,a) can be readily calculated
from a sequence of rod-climbing photographs of the interface
shape for a wetting fluid as shown in Fig. 6 for the 0.3 wt% PIB
solution. Once Ak(Q,a) vs. Q> data is available, its slope in the
low ©Q* regime can be equated to eqn (5) to calculate Bexp
irrespective of its sign. This is especially useful in weakly elastic
fluids when inertial effects compete with elastic effects, e.g., for
the 0.3 wt% PIB solution, or if the normal stress ratio exceeds
Vo > 0.25, e.g., for fluids following the predictions of reptation
theory with the independent alignment approximation.”* The
analysis presented in this section and our measurements for the
0.3 wt% solution, which undergoes rod-descending, extend
the validity of rod-climbing rheometry in principle to a much
wider range of complex fluids, provided special care is taken in
selecting a rigid rod constructed from a solid material that the
fluid wets.>

Finally, we note that a special (redundant) case arises when
B =0, i.e., we can either have y, = 0.25 or an inelastic fluid with
Y50 = W1, = 0. In this case, if the fluid is viscoelastic, a finite
value of ¥ , can first be measured independently as discussed in
Section 4.1 using normal force measurements, or from the
asymptotic scaling of a viscoelastic master curve for G'(w,). If
no rod-climbing is observed, we can conclude that ¥,, =~
—0.25%, 4 in such a fluid. The interface shape will be unper-
turbed at low rod rotation speeds provided pa*/¥;, < 1
(i.e.,, weak inertial effects). If the inertial effects are strong,
ie., pa*/ ¥i,0 > 1, then this fluid will exhibit rod-descending at
all rod rotation speeds.

If the independent measurement of the first normal stress
difference reveals that the fluid is essentially inelastic, ie.,
Y10 = 0, then a fluid with [;’ = 0 will simply exhibit Newtonian
rod-descending at sufficiently high rotation rates as shown by
the dashed pink line in Fig. 5. In this case, we can conclude that
le,o = l111,0 =0.

The observations discussed in this section imply that calling
this technique ‘“Rod-climbing rheometry”” might be misleading
as empirical measurements are still useful even when the fluid
might experience rod-descending. Hence, a more general
description, ‘“rotating rod rheometry”, is more suitable than
rod-climbing rheometry, as the protocol presented in this study
is readily applied irrespective of whether a fluid undergoes rod-
climbing or rod-descending.

4.5 Varying fluid elasticity and viscosity

To further corroborate the accuracy of the modified climbing
condition presented in eqn (14), and to support the ideas

This journal is © The Royal Society of Chemistry 2023
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discussed in the previous subsection, we artificially modify the
elasticity of the 0.3 wt% PIB solution to change the relative
balance of elastic and inertial effects in the rotating rod
experiment. From bead-spring theory for dilute solutions, we
know that the elasticity in a polymeric solution scales as
Y10 =~ 24pts, where np is the polymer contribution to the
viscosity, and 14 is the shear relaxation time. In a dilute
solution, we expect ¥,, = 0. The magnitude of viscoelastic
effects can be varied by either (1) increasing the polymer
concentration or (2) increasing the relaxation time of the fluid.
In the former case, we anticipate that np ~ (C/C*)*¥C"~Y for a
semi-dilute entangled solution in a good solvent with v =
0.588%¢ but the magnitude of second normal stress difference
coefficient will also increase, and the expected functional form
of Y, is not known. However, increasing the shear relaxation
time 7, and remaining in the dilute regime can also be achieved
by increasing the solvent viscosity ns. According to Rouse-
Zimm bead spring theories, the relaxation time will increase
linearly with 7> We have utilized technique 1 to vary the
elasticity in the PIB solutions so far in this study. It also
explains the weak elasticity in the semi-dilute 0.3 wt% PIB
solution compared to more concentrated ones. Technique 2 is
the standard recipe that has been widely used to prepare highly
elastic fluids at C < C* with a constant viscosity,"**’ also
popularly known as Boger fluids.”® Hence, to augment the
elasticity of the 0.3 wt% PIB solution, we increase the solvent
viscosity 1 by mixing a viscous polyalphaolefin oil (PAO) with
the paraffin solvent, which increases 1s and consequently, 7,
and ¥, o, by around two orders of magnitude. We identify this
formulation by the label ‘0.3 wt% PIB Boger fluid’ as it has the
same concentration of PIB as the weakly elastic shear thinning
0.3 wt% PIB solution studied in Section 4.1-4.3 but a higher
viscosity and elasticity.

Fig. 9 shows the dramatic effect of increasing the fluid
elasticity on its rod-climbing ability. For comparison, the
results for the highly elastic 3 wt% PIB and weakly elastic
0.3 wt% PIB solutions are also presented here. The weakly
elastic 0.3 wt% PIB solution, which undergoes rod-descending
due to the dominance of inertial effects, now becomes strongly
rod-climbing when it is “bogerized” (i.e., converted to a Boger
fluid) solely by increasing the solvent viscosity while retaining
the same PIB concentration of 0.3 wt%. In fact, at a rotation
rate of 10 rad s~ ', the 0.3 wt% Boger fluid now climbs the rod to
a greater height than the 3 wt% semi-dilute entangled fluid.
This is because of the large value of ¥, 4, but the very small
value of ¥, , in this dilute solution. We can follow the rotating
rod rheometry protocol established in Section 4 to calculate
Y10 and ¥,, in the 0.3 wt% Boger fluid. The results are
tabulated in Table 4, and [3 increases from a value of
Bexp ~ 2 x 1072 Pa s for the 0.3 wt% PIB solutions to a value
[}exp ~ 0.27 Pa s®. Also shown in the table just for comparison
are results from two previous rod-climbing measurements'**>
of similar PIB-based (PIB molecular weight ~10° g mol ')
Boger fluids at slightly lower concentrations.

Applying the rod-climbing condition eqn (14) to this 0.3 wt%
Boger fluid reveals that it lies deep in the rod-climbing region
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4 3wt % PIB - pa®/¥;9=3.7x107°

9H v 0.3 wt % PIB - pa2/¥; 5= 9.4 x 107

+ 0.3 wt % Boger fluid - pa®/¥19 = 1.7 x 1072

8 H——Ah=9.1x10"'Q?
——Ah = —4.8 x 1074Q?
7 Hl——Ah =15 x 1072Q?

- = Ah = —8.3 x 1074Q? - Newtonian inertial descending

h(Q, a) — hy(a) (mm)

Ah(Q,a)

0 20 40 60 80 100
02 (rad/s)?

Fig. 9 Change in the interface height at the rotating rod (Ah(Q,a)) com-
pared to the static rise hg(a) for the 3.0 and 0.3 wt% PIB solutions utilized in
this study compared with a 0.3 wt% Boger fluid. Increasing the fluid
elasticity dramatically enhances rod climbing in the 0.3 wt% Boger fluid.
The weakly elastic 0.3 wt% PIB solution does not satisfy the condition for
climbing (see Fig. 8), and hence, undergoes rod-descending. The dashed
line depicts the rod-descending exhibited by a purely Newtonian fluid
without any elasticity, which arises solely due to the inertial effects and
hence is the lower bound for the Ah vs. Q? curves. Measurements of Ah vs.
Q? curves for a fluid with finite non-zero normal stresses will lie above this
lower bound, although the difference is small on the scale shown here (cf.
Fig. 5). Insets show the interface shapes for 3 wt% PIB and 0.3 wt% Boger
fluid at @ = 9 rad s

Table 4 Measurements of the climbing constant § from rod-climbing
rheometry and ¥, o by combining rod-climbing rheometry with the SAOS
measurements from a conventional rheometer (TA instruments ARES-G2)
for the 0.3 wt% PIB Boger fluid (PIB in polyalphaolefin and paraffinic oil)
used in this study. Results from two previous studies***® for a similar PIB
Boger fluid (PIB in polybutene and 2-chloropropane) but with different
concentrations are also tabulated for comparison

R Y20
C (Wt%) B (Pas?) Wo= v, ¥Pio(Pa §)  Wao (Pas?)
0.30 (This study) 0.27 0.13 1.16 —0.16
0.24% 1.68 0.11 6.00 —0.66
0.10" 1.28 0.01 2.65 —0.03

in Fig. 8 with ¥, = 0.13 and pa®/¥;, = 1.55 x 10~?, which
rationalizes the dramatic transition from rod-descending to
rod-climbing that can be engineered into this 0.3 wt% polymer
solution simply by the addition of a viscous solvent.

5. Conclusions

We have revisited the rod-climbing rheometer™ for measuring
normal stress differences in complex fluids in the ‘“second-
order fluid” flow regime, that was originally proposed around
four decades ago.'* In doing so, we integrate its performance
with modern-day torsional rheometers to facilitate self-
consistent predictions of the zero shear rate values of
both the first and the second normal stress coefficients, ie.,

Yilymo = P10 and P,ly0 = W0, which are often very
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challenging to determine accurately. The protocol for rotating
rod rheometry presented here involves:

1. Evaluating the first normal stress difference coefficient in
the limit of zero shear rate (¥ ) from SAOS master curve data
by using the asymptotic result from simple fluid theory
Vo = lim,_02G'/o?.

2. Determining the climbing constant [;’exp of the fluid by
measuring the rate of change of perturbations to the static
interface Ah(Q,a) vs. @, i.e., (AAR/dQ?)ey, for small Q.

3. By equating the value of ﬁexp determined experimentally to
the theoretical result (eqn (5)) of the second order fluid theory,
the second normal stress coefficient can then be determined
from the two independent measurements using the relation-

Shlp 5”2‘() = %Bexp — %levo.

We have used this protocol to determine ¥;, and ¥,, of
several PIB solutions in the concentrated and semi-dilute
regimes. We observe Yo = —¥, /%10 < 0.25 for all the PIB
solutions, so all of them should exhibit rod-climbing according
to the original rod-climbing criterion obtained by neglecting
inertial effects® (eqn (14)). We indeed observe rod-climbing for
the more concentrated solutions; however, the least concen-
trated 0.3 wt% weakly elastic PIB solution exhibited rod-
descending, hinting at substantial inertial effects. Hence, we
have modified the rod-climbing condition by considering the
relative strength of inertial effects compared to the elastic
effects, as quantified by the ratio pa’/¥;, (eqn (14)). The
modified rod-climbing condition successfully rationalizes the
observed dipping of the free surface for the 0.3 wt% weakly
viscoelastic fluid.

To elucidate the competition between the elastic and inertial
effects in determining whether a given fluid will exhibit rod-
climbing or rod-descending, we deliberately enhanced the elasti-
city of the 0.3 wt% PIB solution by “bogerizing” it through the
addition of a more viscous solvent, i.e., we prepared a 0.3 wt% PIB
Boger fluid. The resulting highly elastic fluid has a higher value of
¥, and a lower value of . It, therefore, undergoes pronounced
rod-climbing due to the dominant effect of elasticity overwhelming
inertial effects, in marked contrast to the weakly elastic 0.3 wt%
PIB solution.

Thus, we conclude that if a fluid undergoes rod-descending
instead of rod-climbing, it does not conclusively indicate an
absence of elastic effects in a fluid. Weak elasticity might still
be present but is largely masked by the dominance of inertial
effects, resulting in the quadratic but negative variation in the
free surface height we observed with the 0.3 wt.% PIB fluid.
Even in such a case, the weak contributions of ¥, , and ¥,
can still be extracted using the protocol presented in this study
from the negative value of the slope dAh/dQ>.

In conjunction with time-Temperature Superposition (tTS)
measurements of a linear viscoelastic master curve of G'(w,),
our analysis and results show that the rotating rod experiment
can be very useful in extending measurements of the normal
stress differences in complex fluids to lower shear rate limits,
irrespective of whether they result in rod-climbing or rod-
descending, by allowing for the inertial contributions to the
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Surface tension I'

9 Second order fluid

7o shear viscosity

W, o first normal stress coefficient
W0 second normal stress coefficient

Fig. 10 Schematic of the rotating rod problem in a cylindrical coordinate
system (r,0,z) with (e,.ey.e,) as the unit vectors in the respective directions.
A thin rod of radius a with its axis along the z-axis rotates around its axis
with a constant rotational velocity Q. n and t denote the unit vectors
normal and tangent to the interface z = h(Q,r,).

interface shape and ensuring the rod material is selected such
that the fluid is wetting. Hence, a general description, “rotating
rod rheometry” for this technique, is more apt. Even though we
focus mainly on polymeric solutions in this study, the protocol
presented here can be utilized for various other complex fluids
such as polymer melts, protein solutions, and concentrated
suspensions in the “second-order fluid” flow regime.
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Appendix A: climbing height of a
second-order fluid on a slowly rotating
thin rod

Using modern notation and retaining inertial contributions, this
appendix reproduces a formal derivation of eqn (3) using a
domain perturbation analysis method from the original works
of D. D. Joseph and co-workers.'®** The problem setup is

This journal is © The Royal Society of Chemistry 2023
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depicted in Fig. 10. A thin rod of radius a is submerged in a semi-
infinite pool of a second-order incompressible fluid with density
p, surface tension I', and contact angle o with the rod. The rod is
infinitely long and rotates with a constant angular velocity Q. The
fluid surface is exposed to atmospheric pressure p, and deviates
from its initial static shape z = h4(r,a) to a steady profile
z = h(Q,r,o) due to the shear flow generated by the rod rotation.
The profile z = h(Q,r,») is determined by the combined action of
normal stresses, inertia, surface tension, and gravity. For an
axially symmetric velocity u = v(r,2z)eg + @ with @ = u(r,2)e, +
w(r,2)e, in the cylindrical coordinates [r,0,z], the continuity and
Navier-Stokes equations with ¢;; as the stress tensor for a second-
order fluid can be written as:

0,(ru) + ro,(w) = 0, (15a)
2
P {u&.u + wo.u — —] = —0,9+ 0,01 + 0.0.2
,
1
+ ;(O—rr - 699)7 (15b)
uy 1,,,
P [u@,,v + wd,v + 7] = r—z&(r a,) + 0.0, (15¢)
1
pludw + wo-w) = —0.® + 0,6, + 0.0 + 20z (15d)
where the stress tensor is given by
0 =1oAr — 0.5¥ 1 pAy + (P10 + l11/2,0)1312- (15e)

Here @ = p + pgz is the pressure head, 0; = 0/0x;. As(u) =
(Vu + Vu'), and Ay(u) = (u-V)A; + A;-Vu + Vu'-A; are the first
two Rivlin-Ericksen tensors. The coefficients 1, ¥'1,0, and ¥, are
the viscosity, first and second normal stress difference coefficients
of the fluid in the limit of zero shear. The unit normal to the free
—n 1
= e, + e-
VI+h? ' V1+h?
where i’ = dh/dr. The two orthogonal tangential vectors to the
1 n
VIR T+ The
solution to eqn (15) must satisfy the following boundary
conditions:
No slip at the rod:

interface z =

h(Q,r,x) is given by n

free interface are e, and t=

u=aQe, atr=a. (16a)
No flux normal to the interface:
w—uh'=0 atz=h(Qra). (16b)
No tangential stress at the fluid interface:
Ono = 09 — W'oyg =0 atz=h(Q,rn), (16¢)

and

o)+ (1 —Ho,=0 atz=h(Qr0).
(16d)

Ont = h/(azz -

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

The normal stress jump at the interface is balanced by the
surface tension (I) force:

r[ o
Pa — P + 0. — h,ar: + pgh = 7|:’7:|

VI +#? (16e)

atz = h(Q,r,a).

Contact angle condition:
H(Q,r,z) = cot(e) atr=a. (16f)

Finally, the solution approaches the hydrostatic solution with a
flat free interface as r — oo:

h(@Q,rx) > 0asu - 0, and & — 0.  (16g)

The free surface problem described by eqn (15) and (16) can be
solved using the domain perturbation method under the con-
dition that the total fluid domain volume is conserved, ie.,
[I_rh(Q,r,a)dr = 0. The solution then can be expanded as a

power series:

u u(i)
o o'(i) )
=> Q. (17)
] | @@
h D

Substituting eqn (17) in the governing equations eqn (15), we
get the following zero-th order governing equations:

@2 V)u® = —vo© + v, (18a)

v-u® =o. (18b)

Solution to eqn (18a) and (18b) along with the zero-th order
boundary conditions eqn (16) is given by u® = 0, ¢ = o,
@ = p, and recovers the static interface rise A(*) = ay(r,o) which
can be computed by numerically solving:

!
rh

V1+h2
subjected to A.(r = a) = cot(x) and h; — 0 asr — oo.

The zero-th order solution obtained by solving eqn (18) can
be used to solve the following first-order governing equations:

r

" = pghs (18¢)

u?.vu® + uW.vu® = VoW + V.6, (19a)

V-u, = 0. (19b)

Solution to eqn (19a) and (19b) along with the first order
2
boundary conditions eqn (16a)-(16g) is given by u() = %69,

o™ = o(Vul + Vu") = —a?/r?(e, ey + ege,), and @ = 0. HV=0
since & is an even function of €, and can be computed by
solving:

!

F(rh(”,) = prghV (19¢)

subjected to hV'(r=a)=0and A" > 0asr - 0.

The zero-th and first-order solutions obtained by solving
eqn (18) and (19) can now be used to solve for the following
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second-order governing equations, which give the very first
non-trivial contribution to the interface shape and pave the
path to arrive at the final results used in eqn (3):

pu.vu® = vo® + v.6 (20a)

where ¢®*) = ’70A1(u(2)) - 0.5 W1,0A2(u(1)) + (Wit Y’z,o)[Al(u(l))]Z
giving:

) 2.(2) 8a*
V.6 =nVu? — (0.5% 0 + 2'{I2,0)r_5er

~-8a*
= novzu(z) — ﬁr—ser. (ZOb)
Thus, the climbing constant ,3 =0.5¥,+2¥,, arises naturally

at second order. The solution to eqn (20a) and (20b) is given
4

4
by u® = o, o? :%[%ﬁerer—k(‘l’m#—‘I’z,o)egeg}, and
2 2a*.  pat . .
P =alP-35 Finally, the normal stress jump balance

eqn (16e) at second-order gives:

r N’ 24*,  pa*
(@) —peh® = 2=
p (rh ) pgh P p+ (20c)

2
subjected to /®'(r = a) = 0 and "®(r) - 0 as r - 0. To solve
eqn (20c) analytically, it can be rearranged as:

L(H) = 4(H) + &P, (20d)

where H = h'?/a*, and the operands #(O) = 1[r(O)]'~Bo(O)
with the Bond number Bo = pa’g/l, and .#(Q) = (r — a*/
r)[r(O)]. The boundary conditions can be written as H'(r = a) =
0, (H,H') - (0,0) as r — oo. Eqn (20d) can be solved analytically
by successive approximations:

H :H0+H1+H2+.,.,

SHy = o? (20e)

PHyy = MH, (n=0,1,2).

The approximating functions H,, also satisfy the above bound-
ary conditions for H. Finally, using the identity #(r ") =
(8> — Bo)r * one can find the following solutions:

4ap 4qV/Bo—4 1
(16 = Bo)I'|/Bo rvBo r*

1 2qVBo-2
2 /Bo rB|’

H()(I‘) =

(20f)
pa’

4 —Bo)I

M
and
(20g)

where

) VBo-2
. [1 2 } (20h)

“4-Bo|? /Bo r/B
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160 —4dPei 1 4aVPo (200
27 796-Bo |* Bo /B
_ 16d%c; |1 6aVBos (20i)
87 736 Bo s VvBo rVBo|’ !
B ),
g4 = ,7V2°‘3rﬁ6 []n(r/a) +1 /\/Bo}, (20k)
Bo d*c;3 1 VvBo+2
gs = W o , (201)
4(vBo + 1)rvBo[r*  +/Bo a?
2
pa
.= - 2
T @—Bor (20m)
4a2f5
= 2
2= 16— Bo)I” (20m)
and
= 74a‘/B_5‘4c2/\/ Bo — 2a‘/§5‘2cl/\/ Bo. (200)

Thus, we can find #® ~ a*(Ho + Hy+ ...).

Solutions to the third and fourth-order problems can also be
obtained but will not be pursued here. In the third order, a
correction to the azimuthal velocity component arises, which
does not contribute to the free surface shape alteration as # is
an even function of Q. At the fourth order, the fluid motion
departs from the simple Couette type u = aQe,, and velocity
corrections in both the axial and radial directions come into the
picture. Thus, a discernible secondary flow in the (r,z) plane is
observed. The free surface profile is also altered at fourth order.
The solutions at third and fourth order depend on additional
material constants beyond the three already involved in the
second-order problem, which introduces additional unknowns
to be determined. Hence, we stop our analysis at the second
order and derive eqn (3) from the results obtained so far.

In summary, in the small Q limit, we can approximate the
interface shape as:

WQ,r,a) =h0 + 1V Q+n? Q2+ 0(Q%)
=h(Q,0) +1? (2,r) Q>+ O(QL2a+ Q) + ...
4428 44VB0 4
(@t | P [ AT
(16—Bo)I'\ /Bo rVBo r

pa* a 2qVBo
(4—Bo)I'\r? /Bo rvBo

+5 Q4+ 0(QLu+QH+...,

(21)
which at r = a gives eqn (3):

a
2(rpg)'?

4f3 _ pa? 0
4++vBo 2+ +vBo

h(Q,a,0) = hs(a,a) + 2

+0(Q%0+ Q% + ...
(22)
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We use this functional form in the main manuscript for our
analysis.

Acknowledgements

The authors would like to thank Lubrizol Inc. for funding and
providing the polymer fluids used in this study. Additional support
from the MIT-Portugal Program (MPP) is also acknowledged.

Notes and references

1

10

R. B. Bird, R. C. Armstrong and O. Hassager, Dynamics of
Polymeric Liquids. Vol. 1: Fluid Mechanics, John Wiley and
Sons Inc., New York, NY, 1987.

H. A. Barnes, J. F. Hutton and K. Walters, An Introduction to
Rheology, Elsevier, 1989, vol. 3.

R. G. Larson, Constitutive Equations for Polymer Melts and
Solutions: Butterworths Series in Chemical Engineering,
Butterworth-Heinemann, 2013.

R. H. Ewoldt, M. T. Johnston and L. M. Caretta, in Complex
Fluids in Biological Systems, ed. S. Spagnolie, Springer, 2015,
pp. 207-241.

0. Maklad and R. Poole, J. Non-Newtonian Fluid Mech., 2021,
292, 104522.

J. Zilz, C. Schéfer, C. Wagner, R. J. Poole, M. A. Alves and
A. Lindner, Lab Chip, 2014, 14, 351-358.

F. Snijkers and D. Vlassopoulos, J. Rheol., 2011, 55, 1167-1186.
A. S. Wineman and A. Pipkin, Acta Mechanica, 1966, 2, 104-115.
R. L. Tanner, Trans. Soc. Rheol., 1970, 14, 483-507.

D. D. Joseph and R. L. Fosdick, Arch. Ration. Mech. Anal.,
1973, 49, 321-381.

This journal is © The Royal Society of Chemistry 2023

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26
27

28

View Article Online

Paper

D. D. Joseph, G. S. Beavers and R. L. Fosdick, Arch. Ration.
Mech. Anal., 1973, 49, 381-401.

G. S. Beavers, J. Y. Yoo and D. D. Joseph, Rheol. Acta, 1980,
19, 19-31.

G. S. Beavers and D. D. Joseph, J. Fluid Mech., 1975, 69,
475-511.

J. J. Magda, J. Lou, S. G. Baek and K. L. DeVries, Polymer,
1991, 32, 2000-2009.

H. H. Hu, O. Riccius, K. P. Chen, M. Arney and D. D. Joseph,
J. Non-Newtonian Fluid Mech., 1990, 35, 287-307.

K. Weissenberg, Nature, 1947, 159, 311-318.

J. J. Magda and S. G. Baek, Polymer, 1994, 35, 1187-1194.
W. W. Graessley, Polymer, 1980, 21, 258-262.

M. Rubinstein and R. H. Colby, Polymer Physics, Oxford
University Press, New York, 2003.

S. Kimura, K. Osaki and M. Kurata, Polym. Phys., 1981,
19, 151.

M. Keentok, A. G. Georgescu, A. A. Sherwood and
R. 1. Tanner, J. Non-Newtonian Fluid Mech., 1980, 6,
303-324.

J. J. Magda, C. S. Lee, S. J. Muller and R. G. Larson, Macro-
molecules, 1993, 26, 1696-1706.

J. M. Castro and R. L. Fosdick, . Non-Newtonian Fluid Mech.,
1984, 15, 127-144.

A. S. Lodge, J. D. Schieber and R. B. Bird, J. Chem. Phys.,
1988, 88, 4001-4007.

N. K. Chandra, K. Lahiri and A. Kumar, Phys. Fluids, 2022,
34, 093110.

Y. Heo and R. G. Larson, J. Rheol., 2005, 49, 1117-1128.

G. Prilutski, R. K. Gupta, T. Sridhar and M. E. Ryan, J. Non-
Newtonian Fluid Mech., 1983, 12, 233-241.

D. V. Boger, J. Non-Newtonian Fluid Mech., 1977, 3, 87-91.

Soft Matter, 2023,19, 4073-4087 | 4087


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm00181d



