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Abstract

The current experimental study investigates the rheological characterization of Carbopol gel solutions into a pipe flow
using in situ visualization. The shear rate and shear stress profiles for different pressure-driven values are presented and
correlated to obtain new steady-state flow curves compared with rheometrical data performed with cross-hatched parallel
plate (CHPP) and smooth concentric cylindrical (SCC) geometries at a rotational rheometer. The rheological behavior for
the test performed by the in situ visualization was well fitted by the generalized Herschel-Bulkley model, and different
values for the coefficient of consistency (K ), flow behavior index (n), and yield stress (tg) were fitted for the three gel
solutions due to the presence of wall slip behavior. The discrepancies between the values of the rheological parameters
suggest that conventional rheometrical measurements, which avoid the slippage of the fluid, lead to an overestimation of
these parameters, and as a consequence, these discrepancies are extended to the dimensionless numbers calculated for the
hydrodynamic flow description. Also, the experimental plug core velocity was compared with the analytical value obtained
by the rotational rheometer tests to calculate an equivalent slip velocity, and such velocity depicts a quasi-linear trend with
the wall shear stress. This is supported by the apparent viscosity profiles along the pipe diameter, suggesting that the slippage
is an inherent characteristic of polymer gel solutions, and it is disseminated by the presence of layers near the pipe wall
where the Newtonian like-behavior is presented. Finally, applying in situ visualization technique assures a better rheological
characterization and accurate description of the flow conditions for fluids with complex behavior.
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Introduction are used in broad processes such as drilling activities in

the oil and gas industry (Caenn et al. 2011), particle and

The rheology of complex fluids has been studied for decades
due to its relevance for understanding their behavior in
industrial processes and natural phenomena (Di Giuseppe
et al. 2015). In this context of complex fluids, there is a
group of materials that require minimum shear stress to
flow; these materials are known as viscoplastic fluids and
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slurries transportation (Ghaitanellis et al. 2018; Turian
and Yuan 1977; Mika 2012), food products, and fill mol-
ding processes (Coussot et al. et al.Dusunceli and Colak
2008). The viscoplastic fluids present shear-thinning behav-
ior, and the minimum shear stress requirement is due to the
presence of yield stress, which dominates the transition of
the material from a gel-like to an unstructured condition
(Bonn et al. 2017; Fernandes et al. 2017b). Some exper-
imental studies have focused on the measurements of the
rheological parameters of viscoplastic materials, particu-
larly to determine the yield stress value (De Graef et al.
2011; Mendes et al. 2017; Fernandes et al. 2021). Neverthe-
less, there is a disagreement between the different methods
and devices used to evaluate the rheological properties of
viscoplastic materials (Fernandes et al. 2019).

Rotational rheometers (Mahto and Sharma 2004), Cou-
ette viscosimeters (Bourgoyne Jr et al. 1986), and capillary
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rheometry (Li and Wolcott 2005) are the most common
methodologies used for the rheological analysis and char-
acterization of complex fluids. Measurements to determine
the steady-state flow curve for viscoplastic fluids are usu-
ally performed to characterize the rheological behavior, and
the flow curves are commonly fitted using the widespread
general Herschel-Bulkley model. This model is suitable
for polymer solutions since it can be reduced to Bing-
ham or Power-law model according to the value of its
variables (Kim et al. 2003; Zhu et al. 2005). The general
Herschel-Bulkley model is described for the shear stress as

T=1+Ky", T>1 (1)

where 1 is the yield stress, and K and n are the coefficient
of consistency and the flow behavior index, respectively.
Note that the Eq. 1 is valid just for > g, for the condition
where Tt < 79 then y — 0 (Tanner 2000; Chhabra and
Richardson 2011).

Commonly, cross-hatched parallel plate (CHPP) geome-
try is employed at the rheometer to perform the steady-state
flow curve due to the roughness on the wall plate surface
preventing the slipping of shear-thinning materials (Dim-
itriou et al. 2011). Instead, other geometries such as smooth
concentric cylinders (SCC) and smooth parallel plate (SPP)
are employed to perform rheometric measurements at high
shear rates (Fernandes et al. 2017a), conditions where the
slipping behavior at the wall geometry is reduced.

Experimental studies such as the ones by Pérez-Gonzalez
et al. (2012) and Aktas et al. (2014) visualized and quan-
tified the slippage effect on the wall surfaces using rota-
tional and pressure-driven flows by parallel plate geometries
and capillary rheometric configurations. Previous results
suggest the existence of a slipping velocity, which is directly
correlated with the decrease of the wall shear stress. Also,
these experimental studies have allowed a better insight into
the viscoplastic flow for pipeline setups by using different
visualization techniques.

Most experimental studies have suggested and recom-
mended methodologies to correct the shear rate to find
a “real flow curve” for replicating the data obtained
with rheometrical tests under non-slipping conditions such
as Schmidt et al. (1999), Fernandes et al. (2019), Cheng
(1986), and Pérez-Gonzalez et al. (2012). Although widely
used in the study of the rheological properties of viscoplas-
tic fluid, only a few works in the literature have analyzed
the accuracy of these correction methodologies, compar-
ing them with flow kinematics measurements (Kalyon
et al. 1993; Aktas et al. 2014), such as the Weissenberg-
Rabinowitsch equation (Yoshimura and Prud’homme 1988;
Macosko 1994). Since the slip behavior is an inherent char-
acteristic of viscoplastic fluids (Jiang et al. 1986; Schmidt
et al. 1999; Piau 2007) and affects the flow kinematics,
especially in pipe flow (Peixinho et al. 2005; Sobamowo
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et al. 2018; Koponen et al. 2019; Garcia-Blanco YJ et al.
2021), better characterization and evaluation of the rheo-
logical properties of pipeline viscoplastic fluid flow with
non-conventional methodologies are demanded.

In situ flow visualization techniques are generally develo-
ped with Rheo-PIV arrangements, which require expensive
and complex devices such as capillary tubes and control
temperature equipment (Marin-Santibafiez BM et al. 2020;
Younes et al. 2021; Medina-Bafiuelos et al. 2022). Despite
the significant advances in the visualization of flow with
slip behavior and the methodologies for slippage correction
of rheometrical data, few works have performed rheological
characterization of viscoplastic fluids with similar condi-
tions to the industrial performance where these types of
fluids are employed (Andrade et al. 2016; de Oliveira and
Negrao 2015). Therefore, the present study investigates lam-
inar steady-state flows of three viscoplastic Carbopol solu-
tions using in situ PIV in a pipeline flow loop. Shear strain
calculations are conducted based on the velocity gradient
correlations and used to determine in situ shear rate and
shear stress profiles by the imposition of different pressure
drop values along the test section.

This paper outlines the methodology to obtain rheologi-
cal parameters (K, n, and 79) from in situ flow curves for
viscoplastic fluids, which are evaluated by the comparison
of the analytical plug core velocity calculations with the data
obtained from the experimental velocity profiles, demon-
strating suitability for such flow measurements. Also, the
technique developed here is based on a conventional PIV
setup, simplifying the process and the analysis of the slip-
ping behavior for polymer solution with reasonable accu-
racy. The experimental performance is focused on devel-
oping the study in devices with similar dimensions to the
equipment employed in industrial processes such as the
start-up of oil after a flow cessation inside pipelines in
offshore exploration, where a good accuracy characteriza-
tion of the slip velocity is reached, and a relationship with
the increase of the wall shear stress is also presented and
compared with the data available literature.

Materials and methods
Fluids preparation

For the experimental studies developed in this article, aque-
ous solutions of Carbopol at 25 °C were prepared by dis-
solving a commercial ultrasound gel (RMC ind., Brazil)
composed of ~0.4 wt% of Carbopol 940 (carboxyvinyl
polymer) in distilled water to guarantee chemical stabiliza-
tion (Muramatsu et al. 2000; Chun and Choi 2004; Piau
2007; Shamu et al. 2020). The mixtures were stirred for at
least 12 h to guarantee a homogeneous final composition
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and then were maintained at rest for another 12 h. The
pH was adjusted via neutralization with sodium hydroxide
(NaOH) solution with 18 wt% under agitation, and mon-
itored using a digital pH-meter (Quimmis, Brazil) until it
reached a neutral pH between 7.240.1. Final Carbopol con-
centrations of 0.08 wt%, 0.12 wt%, and 0.16 wt% were
obtained and named C1, C2, and C3 for better identification
issues.

For validation of the PIV methodology, a Newtonian fluid
was employed. A 50 wt% glycerin solution with distilled
water was prepared and stirred for 2 h to guarantee proper
homogenization. The Newtonian solution did not require
any stabilization or neutralization during the preparation
stage, and it was kept at rest for 6 h before usage.The diffe-
rent fluids prepared are listed and identified in Table 1.

Rheometrical measurements

The rheometrical tests were conducted in a stress-controlled
rotational rheometer Haake MARS III (Haake Thermo
Scientific, Germany), which is capable of measuring a mini-
mum rotational torque of 0.01 «Nm and a maximum torque
of 0.2 Nm with a resolution of 0.1 nNm, respectively, and
has a maximum uncertainty lower than 5% of the reading
(Longo and Zilio 2011; Andrade et al. 2016; Quitian et al.
2022). The rheometer controlled the temperature of all tests
at 25 °C by a Peltier system assisted by a thermostatic bath.

Two different geometries were employed in the exper-
iments with the Carbopol solutions. A 35-mm diameter
cross-hatched surface parallel-plate geometry (CHPP) with
a 1-mm gap to avoid wall slip (Dimitriou et al. 2011; Zhang
et al. 2018), and a smooth Couette geometry (internal cylin-
der diameter of 25 mm, length of 40 mm, cup diameter of 26
mm, and 0.51 mm groove depth). Further, a 40-mm diame-
ter smooth parallel plate (SPP) with a 0.8-mm gap was used
to characterize the glycerin solution.

Figure 1(a) and (b) depict the schematic representation
of the parallel plate and concentric cylinder geometries
used for performing rotational rheometry tests. In both
geometries, one of the walls is in contact with the fluid
and spins while the other one is maintained fixed. For the
case of the parallel plate configuration, the upper plate
spins at a controlled velocity, and the lower plate is fixed
instead. In the case of the concentric cylinder configuration,

Table 1 Fluids and concentrations used in this study

Fluid name Type of fluid Concentrations
Cl1 Carbopol 0.08wt%

C2 Carbopol 0.12wt%

Cc3 Carbopol 0.16Wwt%

G50 Glycerin 50wt%

the outer cylinder is fixed, and the inner one spins with a
controlled rotation. The velocity field in the gap between
the walls in both geometries can be analyzed thoroughly
as unidirectional flow, characterized by a linear profile and
a high-velocity gradient. The shear rate in the whole gap
is calculated and used for correlating the shear stress as a
response to the shear rate imposed on the fluid.

Steady-state flow curves for Carbopol solutions were
conducted by imposing a series of constant shear rates. Mea-
surements made with CHPP had shear rate levels ranging
from 0.01 to 1100 s~! for 600 s each shear rate, which
is enough time for the material to reach the steady-state
regime. For the SCC geometry, the shear rates were from
1 to 1100 s~!, with the same duration per shear rate.
The measurements for the glycerin solution were carried
out by applying a descending shear rate ramp in the range
between 1 and 100 s~!. Before each experiment, the Car-
bopol solutions (C1, C2, and C3) were presheared at 5 g1
over 120 s; after, the sample was kept left under a zero-shear
stress condition for 180 s. All the rheometric measurements
were conducted in triplicate, each test was performed with
fresh sample in order to avoid fluid degradation and evapo-
ration, and also to guarantee statistical accuracy. Figure 2(a)
shows the flow curve obtained for the three Carbopol and
glycerin solutions, and the fit of the rheometric data by
the Herschel-Bulkley model. Carbopol solutions display a
shear-thinning behavior with a dynamic yield stress, which
increases with the weight concentration. The confidence
interval at low shear rate values is presented for the Car-
bopol solutions in Fig. 2(a)-(c). The band width of the
confidence interval is lower for the more concentrated Car-
bopol solutions, due to the low deviation of the data for
low shear rates. However, the band width and the low val-
ues of the error bars show a satisfactory performance of the
rheometric tests.

The SCC geometry presents a reduction of the yield
stress for the three Carbopol solutions. The latter supports
that there is a significant slippage behavior for this
geometry. For glycerin solution (G50) presented Newtonian
fluid behavior with a dynamic viscosity of 6.32e-3 Pa.s.
Table 2 summarizes the fitted parameters of the Herschel-
Bulkley model and the physical properties of each fluid.

Experimental setup and apparatus arrangement
for visualization

The flow loop facility of length 12.5 m is presented in
Fig. 3. The test section consists of an acrylic assembly of
a solid transparent, straight pipe inside a box filled with
water, providing optical access for flow visualization. The
flow loop facility has pipes with an internal diameter (D)
of 25.9 mm. The fluid was contained in a 100-1 tank (i)
provided with a mixing system for homogenization. The
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Fig.1 Schematic
representations of the typical
geometries employed for
rotational rheometric tests and
the velocity distribution for a
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fluid was homogenized before running each experiment,
and the flow was provided by a helical rotor mono pump of
3 HP (ii). The pump was controlled by a variable-frequency
inverter (iii) with a mass flow meter (iv); temperature and
density were measured also by the mass flow meter as
secondary outputs. The error of the mass flow meter upon
the mean flow rate was estimated as +1%. Two pressure
transmitters (vi) obtained pressure measurements, and they
were connected to the measure points 1, 2, and 3, with
a distance of 1 m between them. The gauge pressure
transmitter at point 1 controls the entrance conditions
into the test section to prevent over-pressure in the flow
loop, and the differential pressure transmitter measures
the pressure drop at points 2 and 3, before and after
the test section (v), respectively. Pressure tappings with
4 mm of internal diameter were connected to the pressure
transmitters by cylindrical tubes filled with de-ionized water
to avoid pH modifications of the fluid and erroneous
pressure measurements. The pressure transmitters error was
estimated at £0.1% for the span range (0-62 mbar), and
40.4% for a full measurement range (until 138 bar).

@ Springer

The experimental setup for the PIV system is schemati-
cally illustrated in Fig. 4(a). It consists of a double-pulsed
laser of 60 mJ (Nano-L-50-100) (8) and a wavelength of
532 nm with an optical lens (10). The laser was synchro-
nized with a CCD camera (7) (Hi-Speed Nano Sense MK
IIT) and a Nikon AF Micro Nikkor 60 mm {/2.8D lens (9).
The laser sheet (11) was aligned at 90 degrees to the cam-
era plane, with 1 mm of thickness. According to the flow
conditions, the data acquisition was set at 100 Hz, and the
time between pulses varied from 50 to 650 ps. The cam-
era has 4 GB of onboard memory, able to achieve 1040
pairs of images at 1280x 1024 pixels of maximal resolution.
Laser reflections were filtered with a 570-nm optical filter
mounted on the camera lens. Polyamide particles coated by
Rhodamine-B and an average diameter of 10 um were used
as seeding particles. The Dynamic Studio software (Dantec
Dynamics A/S) was employed to control the data acqui-
sition and the further process correlation of the acquired
images. Figure 4(b) shows the straight pipe test section
dimensions scaled by the internal pipe diameter, defined as
D x 2D, its dimensions are chosen to be large enough to
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Fig.2 (a) Steady-state flow
curve for Carbopol solutions Cl1,
C2, C3, and G50 Newtonian
fluid, along with the best fit by
the Herschel-Bulkley model.
Empty and filled symbols are the
rheometrical data obtained with
CHPP and SCC geometries,
respectively. Rheometrical data
for Newtonian fluid G50 was
fitted by the Newtonian model,
represented by the long-dashed
line. Bandwidth of the
confidence interval for each
Carbopol solution: (b) C1, (c)
C2, and (c) C3. Error bars show
the standard deviation of the
rheometric tests performed in
triplicate
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ensure a good description of the flow behavior. The sam-
pling error of the PIV technique associated with the flow
statistics measurements is obtained by estimating an equiv-
alent measure time (M;) expressed in integral time scales
(Iy). M, is estimated by the size of the area visualized in the
axial direction multiplied by the number of recorded images
and then divided by the mean velocity of the flow, M,

10"

10 1 1 L 10 1 L 1
10° 107 100 100 100 107 107 10 10' 107

y[s7] 7 s7]

2D x N;/U; the integral time may be estimated by dividing
the pipe diameter by the mean velocity, I; = D/U. Accord-
ing to Westerweel et al. (1996), the sampling error for the
flow statistics is inversely proportional to the square root
of the measuring time expressed in integral times scales,
e 1/+/N;; where N; is the total number of recorded
images. Then, the current visualization setup yields a

Table 2 Density (p) and Herschel-Bulkley model parameters fitted for the Carbopol solutions

Fitted parameters

CHPP SCC SPP
Fluid p[Kg/m3] T0[Pa] K [Pa-s"] n[—] 7o[Pa] K[Pa-s"] n[—] u[Pa-s]
Cl 997.32 0.262 £0.040 0.251 £0.010 0.634 +0.006 0.11 £ 0.042 0.24 + 0.008 0.64 + 0.004 —
Cc2 997.44 2.821 £0.252 0.85£0.0752 0.551 £0.013 1.178 £0.2488 1.054 £0.075 0.527 £0.010 —
C3 997.75 6.994 +0.327 1.975+0.153 0.4954+0.011 2.53 +0.724 2.88 +0.297 0.451 £0.014 —
G50 1150 - — — - - — 6.32e-3 + 3.53e-6

The G50 solution is a Newtonian fluid; the dynamic viscosity () value was fitted using the linear Newton’s correlation. For Newtonian fluid, 7o
and n are considered as 0 and 1, respectively; u is the equivalent variable for K in Newtonian fluids

@ Springer
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Fig.3 Schematic diagram of the flow loop facility

sampling error of 2.2%. The processing stage of the images
was performed using interrogation areas of 32x32 with
overlapping of 50%, obtaining a vector point each 0.432 mm
(1 pixel~0.027mm).

Velocity, shear rate, and shear stress calculation
The velocity fields were obtained by comparing the velocity

neighbor vectors to one another. The central difference
scheme was used to compare an interrogation area located

schema is used instead, and the interrogation area in m, n is
compared with the neighbor m,n + 1 or m,n — 1 (Raffel
et al. 1998). Both difference schemas are presented in Fig. 5
with a simple representation.

The velocity gradient of the axial component u in
the z-direction is calculated by the spatial correlation of
the interrogation area located at position (m, n), with its
neighbors as:

at a given position m, n with its neighbors in m, n + 1 and a_u(m, ) ecentral = Umtln = Um—ln _ Umtln = Um—ln
m,n — 1 (Raffel et al. 1998). If only one velocity neighbor dz Lm+ln = Zm—Ln 24z
vector can be found, a forward or backward difference (@)
Visualized area , r (b) (7) CCD Camera
T |
D i —Z
L : !
I 2D I
(9) 60 mm
(8) Double-pulsed laser (10) Laser  y .1s
\ optical lens
(5) Test
section
(@

Fig. 4 Experimental setup for image visualization: (a) PIV technique components; (b) detailed view of the visualization area dimensions as a

function of the internal pipe diameter (D)
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Fig.5 (a) Central and (b) forward/backward different schemas for the
calculation of the velocity and velocity gradients. The calculations are
generated by correlating the seeding particles displacement along the
visualized section during two image frames. The position m, n is the

The results of the velocity gradients calculated by the
central difference scheme correspond to the slope of a
second-order polynomial fit to three neighbor velocities and
are thus a second-order accurate. If there are only two valid
neighbors, the forward or backward difference scheme can
be applied:

du ~ Um+ln — Um,;n Un+1,n — Um,n
—(m, n)forward = = 3
0z Zm+1,n — Zm,n Az
ou ~ Um+1,n — Um.n Um+1,n — Um,n
— (m, Mpackwara = =
0z Im+1,n — Zm,n Az

“4)

In this case, forward and backward difference schemes
correspond to the slope of first-order polynomial fits to two
neighbor velocities and are first-order accurate.

Velocity vector field maps were obtained after the
statistical analysis of the correlated values. These vector
field maps furnished information on the mean axial velocity
and the velocity gradients.

The shear rate tensor is derived from the velocity
gradients calculation (Raffel et al. 1998), which is expressed
in cylindrical polar coordinates by:

1 auz> R
——X )¢
r 06

R 10u, Oug ugp\ . dug
y_(r8u9+8r r)er+(8z+
ouyr  duz \ .
— 5
+<Bz * 3r>ez )
where each term describes the shear parallel to the r6-,

0z-, and rz-planes, respectively. However, for the planar
projection of the visualized area by the PIV technique,

(b) AZ

° / O o ©
O
° @/ m, n+1
o) © le)
o o ©

m, n

interrogation area under analysis. According to the scheme applied, the
interrogation area is correlated with the neighbors located at positions
m,n + 1 and m, n — 1 (Raffel et al. 1998)

only the shear rate values parallel to the rz-plane can be
determined as (Reuss et al. 1989; Raffel et al. 1998):

dur , uz

0z ar
The shear stress distribution was calculated using the

linear wall shear stress relationship (Katritsis et al. 2007)

(6)

)}rz =

Tw

R
- (N
T, F

where 7, is the local shear stress along the pipe diameter.
The wall shear stress was calculated using the extension of
the Hagen-Poiseuille formula (Katritsis et al. 2007; Wilms

et al. 2020)
APy, 3D
Ty = —————
4L, 3

®)

where pressure drop values AP were measured with the
differential pressure transmitter placed in the test section at
points 2 and 3, as indicated in Fig. 3. The pressure drop
was increased with the flow rate imposed by the pump into
the flow loop. The laminar and fully developed flow was
guaranteed with a constant pressure drop behavior during
the flow and a large relatively L/D = 115, where L is the
entrance length of the flow loop before the test section.

Results

Figure 1(c) shows a schematic representation of a pressure-
driven flow of a viscoplastic material in a pipeline confi-
guration. The viscoplastic fluids depict a central unyielded
plug region, where the shear stress does not exceed the
material’s yield stress, and this region is delimited by r =
ro, where ro is the radius of the central plug. The axial

@ Springer
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Fig.6 Comparison of the axial
velocity profiles obtained from
rheological parameters
measured with a rotational
rheometer Haake MARS III with
parallel plate geometry and the
experimental data obtained by
the Particle Image Velocimetry
technique of a Carbopol
solution. On the left side is
presented the velocity profile for
a pressure drop of 244 Pa. The
right side depicts the velocity
profile after increasing the
pressure drop value to 643 Pa.
The zoom region shows a
non-zero velocity depicted at the
pipe wall by the PIV data for
both cases.Error bars present the
deviation for each point
measured by the PIV technique

Fig.7 Axial velocity profiles
for different driven pressures:
(a) C, (b) C2, and (c) C3; the
dashed lines represented the
radius of the plug region, ry.

(d) The size of the plug radius as
a function of the wall shear
stress is presented; the visualized
plug radius by the PIV
methodology is compared with
the shear stress-yield stress ratio
obtained from the rheometric
test with the CHPP geometry,
represented by the red solid lines
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velocity profile for pressure-driven flow configuration is
then given by Chhabra and Richardson (2011)

Uz = (nnfl> (%)Un |:(1 _ ¢)(n+l)/n _ (% _ ¢)("+1)/i1]
©

where ¢ is the ratio between the yield stress and the wall
shear stress (to/ty); this ratio can be also expressed as the
ratio ro/R.

Figure 6 compares the analytical axial velocity profile
obtained with the rheological data measured in the rotational
rheometer Haake MARS III with parallel plate geometry,
and the data obtained with Particle Image Velocimetry
(PIV) visualization of a pressure-driven flow into a pipeline
configuration.

Noticeable differences in the velocity profiles are
depicted for the plug core region. Near the wall, a non-zero
velocity is also depicted by the PIV technique, supporting
the presence of slipping movement at this region, which
affects the final velocity measurements.

The radius of the plug region ry is reduced as the pressure
is increased, since the wall shear stress increased with the

pressure, ro is a function of the wall shear stress, ro =
toR/7y. The evolution of the axial velocity profiles for
the Carbopol solutions is presented in Fig. 7(a)—(c). The
decreasing of the radius rg is noticeable for high-pressure
values and wall shear stress. The rp values were calculated
using the relationship between wall shear stress and yield
stress. The yield stress values obtained from the previous
rheometric tests in CHPP geometry were employed to
calculate the expected values for ro. Nevertheless, Fig. 7(d)
shows that a noticeable difference in the rqg values is
presented when compared with the pressure measurement
data. This discrepancy is a result of the slip behavior
presented by the Carbopol solutions, where higher plug radii
are visualized for low wall shear stress than expected from
the rocgpp/R = 10/Ty relationship.

Validation stage

The laminar flow of Newtonian fluid represents the most
straightforward case to solve using visualization techniques.
Therefore, the validation of the PIV methodology was
performed using the aqueous solution of 50 wt% glycerine
as a Newtonian fluid (steady-state flow curve presented

Fig.8 PIV methodology T T T T

validation with Newtonian fluid. 2r @ 7 2r () ]
Comparison between the 1.8+ © . 1.8 a
analytical solution and
. 1.6 B 1.6 =
experimental data of the
instantaneous velocity in the 14F b 14+ =
fully developed laminar regime 120 i 12k il
for (a) Re =1, (b) Re =10, and 3 ’ 3 ’
(c) Re =160 s 1r 7 s 1 T
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in Fig. 2). The instantaneous field of the axial velocity
was calculated for three defined Reynolds numbers, Re=1,
10, and 100, by correlating pairs of images. The classical
definition for the Reynolds number was applied for this
validation stage Re = pUD/u, where U and p are the
mean velocity and the dynamic viscosity of the Newtonian
fluid, respectively. Figure 8 compares the instantaneous
axial velocity u, measured along the pipe diameter for three
positions, and the analytical solution for Newtonian flow
in the laminar regime. The results show a good agreement
between the experimental and the analytical data for the
three Reynolds cases, and the chosen parameters assure an
excellent repeatability of the fluid flow phenomena. The
highest deviation values are presented at the wall, reaching
a maximal value of 12.7% for Re=10. Such a difference is
due to the light refraction at this region of the test section,
which affects the final correlation. Nevertheless, the error
value is within an acceptable range for this technique. It is
important to remark that our area of interest in the velocity
profile is its central region, where a low refraction error
is guaranteed. The error associated with the visualization
technique for this validation stage is the same described

in “Experimental setup and apparatus

for visualization™.

arrangement

Shear stress and shear rate profiles

Figure 9 shows the linear shear stress distribution for each
Carbopol solution for different pressure drops. The values
were obtained by the experimental pressure drop measured
at the test section and then were extrapolated along the pipe
diameter using Eqgs. 7 and 8. An increase of the 7, (r/R=1
and r/R=-1) with the pressure drop is depicted for the
three Carbopol solutions. The latter is expected as the poly-
meric material’s concentration increases, and higher pres-
sure gradients are demanded to start and maintain the flow.

The shear rate values were obtained by applying the defi-
nition presented in Eq. 6 to the data obtained by the PIV
technique. The shear rate distribution for each solution at
different pressure drops values are presented in Fig. 10. As
depicted for the shear stress distribution, the shear rate va-
lues at the wall boundaries increase with the pressure drop.
The region near the wall decays in shear rate values when
r/ R reaches values higher than 0.8. This behavior suggests
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Fig. 10 Shear rate profiles were 160 I I R 300 T T R
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a layer under a sliding flow, as presented by the early studies
of Coussot et al. (2009) and Park and Liu (2010).

Figure 11 shows a comparison of the shear rate profile
between the three Carbopol solutions and the Newtonian
fluid G50, flowing a the same Reynolds number, Re= 150.
The decaying of the shear rate profile near the wall, for
r/R >0.8, is not depicted for the Newtonian fluid, which
seems to be a condition presented for fluids with shear
thinning behavior.

Steady-state flow curve and Herschel-Bulkley model
fit

New flow curves are calculated from the shear rate and the
shear stress profiles presented in the last section. The flow
curves fit by the Herschel-Bulkley model are depicted in
Fig. 12(a). A shear stress value is related to a shear rate value
for each position along the pipe diameter.

The flow curve is then reconstructed using the shear
rate and shear stress distribution. The shear rate and shear
stress values were limited to the regions out of the plug
core region, where the shear rate values remain constant,
and out of the layer near the wall, which seems to be under

T ! T
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Fig. 11 Shear rate profiles are depicted for the three Carbopol
solutions and the Newtonian fluid. The data were obtained for the same
flow conditions, Re=150
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Fig. 12 (a) Flow curve for the
Carbopol solutions obtained
from the shear stress and the
shear rate distribution with

Egs. 6 and 7. The continuous
line represents the fittings to the
Herschel-Bulkley model.

(b) Schema of the shear stress
and shear rate values used to
obtain the steady flow curve.
The continuous red lines
represent the range of the values
validated for the flow curve
extrapolation (values out of the
slip and plug core regions)
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sliding effects. The excluded regions can lead to a high
deviation of the data and a misunderstanding of the shear
stress behavior, as presented in different works that expose
measurement mistakes related to the shear banding and slip
conditions during the rheological analysis (Divoux et al.
2016; Andrade et al. 2020). Figure 12(b) depicts the region
employed for the new flow curve calculation with red lines.
Table 3 presents the parameters as a result of the fitting
process by the Herschel-Bulkley (HB) model of the new
flow curves. Lower values for t are obtained for the three
solutions, as well as K and n values.

Figure 13 shows that the SCC geometry data follow
the trend of the fitting flow curve obtained by the PIV
shear rate calculations (SR), evidencing the presence of
similar behavior in both geometries, between the pipe and
the concentric cylinders, and could be associated with
the presence of slippage at the wall boundaries. Such
a condition is not presented in hatched geometry, as
depicted in Fig. 13. The results suggest an overestimating

Table 3 New flow fitted parameters were obtained by the Herschel-
Bulkley model

Fluids 7o[Pa] K [Pa-s"] n[—]

Cl 0+0.182 0.394 + 0.100 0.543 £ 0.050
Cc2 1.05 + 0.808 1.193 £ 0.409 0.481 £ 0.058
C3 1.506 £ 0.878 3.452+1.233 0.386 + 0.057

Data were obtained using the velocity gradients from the PIV
methodology. The standard error values for all the fitted parameters
result from the analysis of the residual values for a non-linear fitting
process (Motulsky and Ransnas 1987)
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Herschel-Bulkley’s parameter values in CHPP geometries
for viscoplastic fluids when compare with pipe flow data.

For fluid C1, the 1 fitted value is 0, which reduces the
general Herschel-Bulkley equation model to a Power-law
(Oswald-de Waele) relationship, whose results differ from
the initial values found by the CHPP geometry, suggesting
that an erroneous description of fluid dynamics can be done,
as the flow structure is strongly dependent on the parameters
fitted by the rheological model.
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Fig. 13 Comparison of the steady-state flow curve for the three
solutions performed for CHPP and SCC geometries and the fitted flow
curve obtained by the shear strain calculations (SR)
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It is interesting to remark that the differences found in the
rheological parameters affect the flow regime calculation
for each solution. Figure 14 compares the Reynolds number
calculated with the parameters obtained for the CHPP geo-
metry in the rheometer and the Reynolds number obtained
by the shear rate calculations of the pipe flow with the PIV
technique (SR) for the three shear-thinning solutions. The
Reynolds number is calculated using the Malin’s (1998)
expression for viscoplastic fluids

p0(2—n)Dn
"~ K(0.75 4 0.25/n)n8(n=1

For low Reynolds numbers, it is noticeable a deviation
higher than 10% between the Rej., »p and the Re, in the
range of 1 and 100. For Reynolds numbers above 100, the
values lie within the deviation band of 10%:; nevertheless,
the difference increases for all the solutions as higher
Reynolds numbers are demanded.

Re'

(10)

Plug and slip velocity

At first look, the slip velocity can be obtained directly
from the velocity at the pipe wall. Nevertheless, this
description is mere qualitative because any quantitative
analysis is compromised by the low correlation and velocity
gradient in this region. Figure 15 shows the axial velocity
profile distribution near the pipe wall of the three Carbopol
solutions for a Re’ ~ 100. The velocity profiles are
presented with the raw image of the seeding particles
flowing along the pipe captured by the PIV high-speed
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Fig. 14 Reynolds numbers comparison using the data fitted by the
Herschel-Bulkley for data obtained from the rheometer tests and the
data obtained from the shear rate distribution by the PIV technique

camera. A non-zero velocity is depicted at the pipe wall, and
seems to increase with the Carbopol concentration and the
wall shear stress; see the detailed region in Fig. 15, where
the increase of the wall shear stress leads to a more stretched
axial velocity profiles.

Therefore, the central region of the velocity profile
is our main focus. In this region, the plug region for
fluids with yield stress gives the maximal velocity value,
and small variations of the local plug core velocity are
depicted, which allows a better quantitative comparison
of the velocities obtained by the different rheological
measurements presented in this paper. Figure 16 shows the
plug core velocity (Up) as a function of the wall shear
stress (Ty). The U, analytical values are calculated with
the different rheological parameters: tests performed in the
rheometer with the CHPP geometry and the rheological
data obtained with the shear rate profiles (SR). Also, the
experimental velocity values calculated directly with the
PIV correlations (VP) are compared. The analytical values
for U, are calculated as (Chhabra and Richardson 2011;
Peixinho et al. 2005)

p_(n—i—l) K Tw

this equation also applies to the cases of null values for p.

A good agreement between the experimental data
obtained directly from the velocity profiles and the shear
rate profile measurements is depicted in Fig. 16 for
Up. On the contrary, the U, values calculated by the
rheological data with the CHPP geometry present the
highest differences with the PIV experimental values.

The increases of the t,, value lead to more significant
differences in the U, values between the rheometric and
the pipe flow measurements in steady conditions. Therefore,
using the plug core velocity, it is possible to achieve a
macroscopic estimation of the slip velocity. Assuming the
CHPP geometry avoids the slippage of the viscoplastic
material with its wall surface, the slip velocity (Uj) is
defined then as the difference between plug core velocity
calculated by the fitting of the shear rate profiles (U 4, ) and
the plug core velocity calculated with the CHPP rheometric
data (Upcypp)s Us = Upgp — Upcypp- Early studies defined
U, as a function of the wall shear stress for different
polymers and suspensions, where a power model commonly
represents the relationship (Kalyon 2005; Pérez-Gonzalez
et al. 2012; Poumaere et al. 2014)

Uy o Bt (12)

)
K
slip consistency coefficient K; and the slip behaviour

index m = 1/ng of the fluid inside the slipping layers.
This relationship was early proposed by Kalyon (2005)

where 8 =

is related to the slip layer §, the
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Pipe wall

Cl 1,=43[Pa]

0.2 0.4
C2 r1,=149[Pa]

Seeding particles 0.0 0.2 0.4

Non-zero

. Detailed area
velocity

Cc3 t1,=31.7[Pa]

0.0 0.2 0.4
u,[m-s1]

Fig. 15 Non-zero velocity is depicted at the pipe wall for the Carbopol solutions with Re’ ~10. The region near the pipe wall is detailed, and an
increase in the wall shear stress seems to affect the non-zero velocity. The horizontal axis shows the dimensional axial velocity

based on Bingham’s (1922) statements about the slip
behavior. Figure 17 presents the behavior of this slip
velocity as a function of the wall shear stress for the three
Carbopol solutions, where a power scale is depicted from
our experimental data. The power relationship given by
Ug~547T x 10_3II}J'26 presents a quasi-linear trend of the
slip velocity with the wall shear stress; similar correlations
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L VP SR CHPP i
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Fig. 16 Plug core velocity (U,) as a function of the wall shear
stress (ty,) for each Carbopol solution. The U, is presented for each
measurement methodology: CHPP geometry in the rheometer, shear
rate profiles (SR), and the velocity profiles data obtained directly from
the PIV technique
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were exposed by Pérez-Gonzilez et al. (2012), Poumaere
et al. (2014), and Aktas et al. (2014), where the m value
is also close to unity. This relationship is also consistent
with the qualitative description previously presented in
Fig. 15. The findings confirm the theory that the fluid
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Fig. 17 Relationship of the slip velocity U, with the wall shear stress
Tyw. Experimental data were fitted by a Power-law model based on the
Kalyon (2005) proposal expressed as Ugoc ;). The red and the solid
blue lines are the Power-law models for the slip velocity obtained by
Poumaere and Pérez-Gonzalez, respectively. Pérez-Gonzalez model is
given by § = 5.151e — 4 and m = 0.876, and the Poumaere model is
represented by B = 2.3¢e — 4 and m = 1.32
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close to the wall presents Newtonian fluid characteristics,
and its behavior shows the independence of the Carbopol
fluid concentration. Our correlation is compared with the
experimental fitting of the mentioned works of Pérez-
Gonzélez and Poumaere. The major discrepancy lay under
the B value, explained by the different concentrations and
the methodology used during the fluid preparation stage.
These two factors strongly influence the final distribution of
the micro-particles into the Carbopol solutions, which leads
to different thicknesses of the shear layer §.

Viscosity profiles were also obtained by the in situ
approach of the viscoplastic fluid. The viscosity along the
pipe diameter 7, is defined by the Herschel-Bulkley model
as following

Toyrzl + Kl}rnz_lv J}FZ < yOO
Nrz = 13)
UESE Yrz Z Voo
where the viscosity values were calculated using the
fit parameters obtained for the Herschel-Bulkley model
resumed in Table 3. The 7,, values were normalized by the

Viscosity 7o, Which is the viscosity at Yoo (¥, ~ 2000s~1).

Fig. 18 Dimensionless viscosity 40— . T

Figure 18 shows the changes in the viscosity profile with
the increase of the driven pressure drop and the wall shear
stress. It is interesting to remark that low wall shear stress
values lead to a high viscosity gradient near the pipe
wall and high viscosity values at the wall. These marked
viscosity variations present low Uj values, as depicted in
Fig. 17. Such behavior reinforces the idea that the higher
slip velocities are depicted as nearer to the Newtonian
behavior in the fluid layer near the pipe wall. The latter
could also be sustained by the differences in the flow
behavior presented in the fluid layers; as these layers reach
the pipe wall, a disruption in the propagation of the shear
rate is presented. Such disruptions are highlighted with a red
region in Fig. 18, where 7,;/n« reaches the local minima
value and then increases until the pipe wall. These minima
values are presented due to the shear rate in this region
depicting higher values.

To conclude this subsection, we observe during the flow
of polymer solutions, such as Carbopol ones, that the slip
behavior is an inherent condition of this material. The slip-
ping condition is then strongly dependent on its composition
and the interaction between the fluid layers during an
imposed pressure-driven flow.
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Conclusions

The PIV measurements were employed to estimate a new
flow curve for three different Carbopol solutions. Using
correlations of the velocity gradients calculations to obtain
shear rate profiles along a test section for a pipe flow, and
supported with pressure drop and shear wall stress measure-
ments to calculate shear stress-shear rate relationships. The
application demonstrated that the Herschel Bulkley model’s
parameters obtained from rheometric measurements can dif-
fer from in situ techniques due to the geometrical aspect
differences and the presence of inherent behaviors related
to the micro-structural interactions as the slipping velocity
presented at the pipe wall. Such as condition is not con-
sidered in a controlled performance in the rheometer. A
wrong interpretation of the hydrodynamic behavior can be
made with results from a rheometer performance due to the
direct influence of the rheological parameters in the vis-
coplastic fluid behavior. Also, it was proved that with the
present methodology is possible to provide a reliable macro-
description of the slip velocity U values for different wall
shear stress, presenting good agreement when compared
with early experimental works focused on the study of the
slip behavior in polymers by a micro-scale approach.

As a final remark, we expect this in situ rheological
technique to be extended for studying and comprehending
other complex materials such as thixotropic and viscoelastic
fluids, furnishing a better description of realistic actual
transporting conditions in pipe flow geometries.
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