Study of the oscillatory flow of a yield-stress fluid in a cylindrical pipe
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Abstract: During this work we studied the oscillatory pipe flow of a Carbopol mixture. The
velocity profiles show the non-linearity of the shear stress and the shear rate relation. For low
frequencies the viscosity is high and the flow is plug-like. On the contrary, for high frequencies
the force made by the piston is high enough to lower the viscosity value and induce a viscous fluid
behaviour, leading to a Poiseuille-like profile. We also studied the rheological properties of samples
of different concentrations and estimated the value of the yield stress, the consistency index and the
flow index fitting the flow ramps to a Herschel-Bulkley-type equation.

I. INTRODUCTION

Non-Newtonian fluids find extensive applications in
numerous fields and industries worldwide, such as food
industry, cosmetics, and automotive. These fluids dis-
play interesting properties such as shear-thinning (a vis-
cosity that decreases with the shear-rate), elasticity or
the existence of minimum yield stress to flow, that are
of great interest both from a technological and a funda-
mental point of view [1].

The relation between the shear rate, 4, and the shear
stress, o, is commonly used to classify substances. For
ordinary Newtonian fluids this relation is linear o = 77y
with 7, the viscosity, constant. On the contrary, non-
Newtonian fluids show various responses: the relation
between ¢ and 7 becomes non-linear in the case of shear-
thinning fluids [2], o can depend both with 4 and + in
viscoelastic fluids [3], or the fluid needs a minimum yield
stress to flow in yield-stress fluids o > o, [4].

Bingham pseudo-plastic fluids are shear-thinning fluids
but also exhibit a yield stress that acts as a threshold
that separates two different states. This behaviour can
be described with the Herschel-Bulkley model [5]:

¥=0,
o=oy+ 0",

where o, is the yield stress, 7 the consistency index and
n the flow index. For shear-thinning materials n < 1.
From the model we see that under low stress these fluids
behave as solids, while under high stress as viscous fluids.
Mayonnaise, hair grease and mud are quotidian examples
of yield-stress fluids.

Carbopol is the standard example of yield-stress fluids
[4, 6]. It is a polymer frequently used as a thickening
agent in gels, creams, lotions, pharmaceutical products,
home care and industrial products, among many oth-
ers. It consists of synthetic polymers, with each primary
polymer being about 0.2 to 6.0 nm average diameter [6].
When a strong base is added to a solution of Carbopol
and water it increases the pH, leading to chemical re-
actions that make the polymer swell as it absorbs water.

o < oy

(1)

o Z>0y

The swelling and jamming of the polymers is what causes
the gelification of the solution. Thus one can deduce
that very low concentrations of carbomer will just lead
to dense liquids. However, if the concentration is high
enough, Carbopol microgels swell and start interacting
with each other and undergoing a jamming transition
[7].

Our main goal here is to study the oscillatory flow of a
Carbopol solution in a cylindrical pipe. Oscillatory pipe
flows are present in the respiratory and circulatory sys-
tems of living beings [8], industrial processes and acous-
tics [3]. We will force the fluid flow using a piston at
the lower part of the vertical pipe and obtain the flow
velocity profiles for different frequencies and amplitudes
of oscillation.

II. INSTRUMENTATION AND
METHODOLOGY

A. Sample preparation

The samples used in both the rheology and the tube
experiment were made using Lubrizol’s Carbopol. We
first dissolved the carbomer in distilled water at room
temperature using a magnetic stirrer. Then we store the
samples for 2 to 5 days to get rid of a frost layer sitting
on top of the samples and air bubbles present in the bulk
phase. Finally we introduced 3 mL of sodium hydroxide
as the base agent to trigger gelation and shook up all of
the samples to ensure the NaOH was well distributed so
we obtained an homogeneous gel.

Five samples were made for the rheological caracher-
ization of Carbopol gels with concentrations 2.0 wt%, 1.5
wt%, 1.0 wt% and 0.5 wt%. Samples with Carbopol con-
centrations < 0.25 wt% did not gel as the concentration
was not enough to undergo the jamming transition. For
the main experiment we made 1 L of solution of 1 wt%
concentration following the same steps (introducing 60
mL of NaOH this time) but we added polyamide parti-
cles to the solution before mixing it. These particles are
tracers used to perform the particle image velocimetry



Study of the oscillatory flow of a yield-stress fluid in a cylindrical pipe

Sebastidn Alvariza Trinidad

Concentration (wt%)|oy, (Pa)|7 (Pa-s™)| n
0.5 44.626 | 22.136 |0.50
1.0 99.607 | 32.888 |0.48
1.0 (postmortem) | 94.335 | 32.551 [0.48
1.5 329.135| 69.244 |0.41
2.0 436.13 | 50.874 ]0.53

TABLE I: Rheological parameters of the different samples
studied obtained by fitting the Herschel-Bulkley model.

(PIV, see Sec. IID). To gel the sample we first put it
inside the cylindrical pipe used in the main experiment
and then with a funnel and a small tube we introduced
the NaOH from the bottom to the top. This was made
in an attempt to obtain an homogeneous gel inside the
tube. Due to the nature of the gellation process air bub-
bles appeared in the bulk of the final fluid and remained
trapped, as the buoyant force was not strong enough to
surpass the yield stress.

B. Rheological characterization of Carbopol

To characterize the rheological properties of the Car-
bopol solutions we used a Discovery HR 20 rheometer
from TA Instruments with a plate-plate geometry of
40 mm diameter and a gap space of 10°> pm to avoid
polyamide particles to jam inside the rheometer. To pre-
vent the samples from slipping, sandpaper was placed
on both the geometry and the plate surfaces, as slipping
would lead to inaccurate results.

We first made a flow ramp applying a decreasing shear
rate over time to obtain the shear stress and the viscos-
ity. Slipping phenomena would appear in the case of an
increasing shear rate, resulting in invalid measurements
[5]. Second, to characterize the temporal response of the
Carbopol gels we obtain the storage modulus and the
loss modulus as a function of the angular frequency by
performing an oscillatory test. Instead of rotating in a
single direction, the geometry oscillates around the ro-
tation axis between two given amplitudes increasing the
frequency over time. We did this test at controlled stress,
so that the amplitude of the oscillation correspond to a
stress value. After this procedure, a second flow ramp
was made to ensure the samples were not damaged dur-
ing the oscillatory test.

We have repeated the rheological tests on the sample
used in the oscillatory pipe flow before and after the ex-
periment, to track any possible changes in the fluid due
the experimental protocol itself or by the possible aging
of the material. Figure 1 shows the flow ramp for both
tests in blue for the original sample and in red for the
postmortem sample. No significant changes are identi-
fied.

Figure 1 top panel shows the flow ramps for the differ-
ent samples. We clearly observe a non-zero yield-stress
value at lower 7 and a shear-thinning behaviour at larger
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FIG. 1: TOP panel: shear stress as a function of the shear
rate for four samples: 0.5 wt% (triangles), 1.0 wt% (blue cir-
cles), 1.0 wt% postmortem sample (red circles), and 2.0 wt%
(diamond). BOTTOM panel: the storage modulus (dots) and
the storage modulus (diamonds) vs oscillation frequency. Col-
ors represent the different stresses applied: o, = 10 Pa (blue),
o4 = 160 Pa (green), and o, = 320 Pa (red).

shear rates. This causes the viscosity to slowly decrease
as the shear rate increases once the yield stress is sur-
passed. Fitting the curves to a Herschel-Bulkley-type
equation 1 we can estimate the yield stress and the con-
sistency and flow index. Those values are collected in
Table L.

In the bottom panel of Fig. 1 we show the results
for the storage G’ and loss G” modulus for the 1 wt%
sample at different stress amplitudes. For low stress
amplitudes the storage modulus is of greater value than
the loss modulus and both are almost constant. This
is typically observed in gels with solid-like behaviors.
Otherwise, for high stress it is the other way around,
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FIG. 2: Sketch of the experimental setup. Top and lateral
views of the setup.

G"” > G’ and an increase of both modulus with w is
observed. This response is typical of liquid-like fluids.
When the stress takes an intermediate value the storage
modulus is larger than the loss modulus for lower
frequencies and there is a crossover after which the loss
modulus stays larger than the storage modulus.

C. Experimental setup

The experimental setup is composed of a methacry-
late tube of 50 mm inner diameter (rop = 25 mm), 60 cm
length and 5 mm thick that contains the solution. The
whole tube is surrounded by a rectangular methacrylate
case filled with glycerin. This serves the purpose of re-
ducing the optical aberration due to the circular shape
of the pipe, since methacrylate and glycerine have ap-
proximately the same refractive index. A Teflon piston
located at the lower end of the tube to impose the oscil-
latory motion and we also placed a freely moving plastic
lid at the surface of the fluid to avoid free interface ef-
fects that might interfere with the flow in the bulk [3].
An infrared laser and a high-speed camera are placed as
shown in Fig. 2 to record the images to later perform the
PIV analysis (see Sec. IID). The laser is connected to

Treball de Fi de Grau

u, (mm/s)

u, (mm/s)

r/ro r/ro

FIG. 3: Vertical velocity maps. TOP panels correspond to
v = 0.6 Hz (LEFT) and v = 3.6 Hz (RIGHT) for wot = 0.
BOTTOM panels corresponds to the velocity profiles with
wot = 7/2. The color code indicate the amplitude of the
piston: zp = 0.75 mm (blue), zo = 1.99 mm (green), zo = 3.29
mm (red) and zo = 4.62 mm (black).

the camera and it only activates when the camera shutter
is open.

With this setup we could control both the frequency
v and the amplitude zy of the piston oscillations. Con-
nected to the piston there is a Linear Variable Differential
Transformer (LVDT) with a resolution of 0.03 mm, that
allows us to record the vertical position of the piston in
time [3].

D. Image acquisition and PIV

Images were taken in a dark room to avoid light reflexes
in the tube. As mentioned earlier, the camera shutter
triggers the laser, which highlights the polyamide parti-
cles. At the same time we record the amplitude of the
piston’s oscillations with the LVDT, the camera sends a
signal when the shutter opens, allowing us to relate each
image with the corresponding piston phase.

The image analysis was performed with the particle
image velocimetry technique [9], using PIVlab, a graph-
ical user interface based PIV free software developed in
MATLAB [10]. The program allowed us to both extract
the velocity field using image pairs and analyze them
within the same environment.

III. RESULTS

Figure 3 shows the velocity profiles for different fre-
quencies and amplitudes, both at wot = 0 (Fig. 3 top
panels) and wot = 7/2 (Fig. 3 bottom panels). Phase
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FIG. 4: Smoothed velocity profile and shear rate along the r
axis, both for wt = 0. TOP panel shows v = 0.6 Hz. For the
BOTTOM panel v = 3.6 Hz. The amplitude is zop = 4.6 mm
for both.

wot = 0 meaning the moment where the speed of the
piston is at its maximum and wyt = /2 at its minimum.

From Fig. 3 top panel we see that for low frequencies
the velocity profile is close to 0 at the pipe walls and rises
abruptly to form a plateau region. This effect is better
appreciated at higher amplitudes, at which the profile
shows a plug flow. Alternatively, at higher frequencies
we observe a parabolic profile, indicating that the flow is
Poiseuille-like (as expected for a Newtonian fluid).

For wt = m/2 the velocity remains close to 0 for low
amplitudes. At higher amplitudes the velocity reaches
a maximum value in the center of the pipe and has two
smaller peaks close to the walls.

Finally, we can also notice how at higher frequencies
there’s a considerable amount of noise compared to the
lower ones. This may be caused by the bubbles contained
in the tube.

IV. DISCUSSION

We observed plug flow velocity profiles for the low fre-
quency experiments shown in Fig. 3, meaning that the
bulk of the fluid reacts to the forcing exerted by the pis-
ton as a “rigid body”. Plug flows are characterized by flat
velocity profiles that rapidly decays at the walls to fulfill
continuity (u, = 0 at the walls), as we see in Fig. 3 for
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FIG. 5: Velocity at the center of the tube at wot = 0 vs
amplitude keeping v constant (TOP LEFT) and vs amplitude
keeping zo constant (TOP RIGHT). BOTTOM figure shows
the product u.(r = 0) vs zov.

low frequencies. Plug flows are also typically observed
in ideal liquids (n — 0) which is clearly not our case.
This indicates that under these circumstances the shear
stresses are localized close to the walls and are strong
enough to surpass the yield stress but not to fluidize the
whole volume of the yield-stress fluid. Top panel in Fig. 4
shows the shear-rate (4 = du,/dr) corresponding to one
of these cases and it is possible to see how the shear is
localized close to the walls. Alternatively, at higher fre-
quencies and wot = 0 (see Fig. 3 right panels) the flow
is Poiseuille-like, dropping to 0 at the walls caused by
the non-slip conditions and reaching a maximum value
at the center of the tube. This velocity profile is that of
a viscous fluid, so the whole volume of fluid has overcome
the yield stress value and flows (see Fig. 4 bottom panel
where now v changes continuously in opposition to what
we observed for low frequency forcing). Figure 4 clearly
shows the difference of the shear rate tendency in both
cases, reinforcing the idea that the sample behaves dif-
ferently in lower frequencies than how it does at higher
frequencies.

The fact that shear rates are non-zero for large forcing
experiments is consistent with the rheology of Carbopol,
since for large enough stresses Carbopol flows as a liquid
(see Fig. 1). Same reasoning can be done for the low
frequency experiments (lower forcing experiments) where
the shear stress is not strong enough to overcome the
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yield stress and therefore Carbopol behaves as a solid on
those parts.

We also show in Fig. 5 the velocity at the center of the
pipe at wot = 0. Top panels in Fig. 5 display u.(r = 0)
as a function of the applied frequency at constant am-
plitude, and as a function of amplitude for a given fre-
quency. Finally in the bottom panel of Fig. 5 we plot the
velocity as a function of the piston velocity zgr and we
clearly see that u,(r = 0) o zov. This proportionality
is expected for Newtonian but still holds in the present
case.

Finally, the fluid velocity profiles shown in Fig. 3
are comparable to those observed in Newtonian fluids.
Plug flow profiles in Newtonian fluids are observed in
oscillatory pipe flows when the Stoke’s parameter A =
ro/pwo/(2n) is much lager than 1, and parabolic profiles
appear when A < 1 [3]. In the present case of Carbopol,
the viscosity thins with the shear-rate, so larger ¥ re-
sults in lower viscosity. Then experiments with lower wg
should result in Stokes parameters lower than for those
experiments at larger wy. Therefore the transition from
a plug flow towards a parabolic Poiseuille flow seems re-
versed in the case of this yield-stress fluid.

V. CONCLUSIONS

e The fluid behaves as a Bingham pseudo-plastic, as
the flow curve shows a shear-thinning behaviour for
all concentrations. This is reassured by the values
of the flow index estimated by fitting the data to

the Herschel-Bulkley model.

e The oscillatory experiments allow us to see that
for o = 10 Pa Carbopol gel at 1 wt% behaves as
a solidgel, as the storage modulus is considerably
larger than the loss modulus. At ¢ = 160 Pa the
higher stress cause a non-linear response and both
magnitudes cross each other. Finally, for ¢ = 320
Pa the solution is in fluid state, thus the loss mod-
ulus is much higher than the storage modulus.

e The plug flow observed in the velocity maps at
wot = 0 for low frequency is caused by the low
pressure induced by the piston, There is no wall
slip due to the viscosity of the sample.

e On the contrary, the high frequency profiles indi-
cate a viscous fluid behaviour. The viscosity of the
fluid drops due to the higher pressure made by the
piston, which induces a Poiseuille-like flow in the

pipe.
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