(\)(

b COB=M DABGM

AZ) o g 26" International Congress Assmucw Brasileira ¢e Engenhana e Ciéncias Mecanicas
() ) - of Mechanical Engineering November 22-26, 2021, Virtual Congress, Brazil

COB-2021-0599
STARTUP FLOW VISUALIZATION OF VISCOPLASTIC MATERIAL IN
THE PRESENCE OF WALL SLIP

Angel De J. Rivera Jimenez
Yamid J. Garcia Blanco

Eduardo Matos Germer

Admilson T. Franco

Federal University of Technology-Parand - UTFPR, Research Center for Rheology and Non-Newtonian Fluids - CERNN, 81280-340,
Rua Deputado Heitor Alencar Furtado 5000 - Ecoville, Curitiba-PR, Brazil

angeljimenez @alunos.utfpr.edu.br, yamidblanco @alunos.utfpr.edu.br, eduardomg @utfpr.edu.br, admilson @utfpr.edu.br

Abstract. Viscoplastic materials are characterized by the presence of a critical stress value below which there is no
flow, and a decrease of the apparent viscosity occurs when shear stress imposed is above this critical stress. Despite
the complexity of viscoplastic materials, they are widely used in several industrials segments, such as polymer injection
molding processes, food pumping, debris flow, cementing horizontal wells, and processes in the waxy crude oil industry.
During shut down situations of the crude oil transportation caused by emergency or maintenance activities, the crude oil
in rest exhibits a gel-like structure after a period of time. In order to restart the flow, high pressures are applied, which
can cause risks of damage to the transport pipeline network and can compromise the operation. To prevent these risks,
the pipeline dimensions are overestimated reflecting high infrastructure costs that sometimes make projects unviable.
Therefore, an accurate prediction of the minimum pressure to restart the flow is necessary as an operational requirement.
The objective of this experimental study is to investigate and visualize the startup flow of yield stress materials in the
pipeline. The velocity profiles, the presence of plug structure and the solid-fluid transition are analyzed before and during
the yielding of the fluid. For a better understanding of the flow dynamics of these materials, a test section of length 0.980 m
with a circular cross-section of inner radius 0.011 m was attached to two reservoirs to control the inlet and outlet pressure.
A 2D-Farticle Imaging Velocimetry system is used as visualization setup. An aqueous ultrasound gel solution (25 wt%)
is used as viscoplastic material. A previous validation stage was carried out using a glycerine solution as a Newtonian
fluid. The validation test was performed in the laminar regime. The velocity profiles were compared with the analytical
solutions for Newtonian fluid in a transient laminar flow regime. To verify the startup flow, constant pressure values were
applied for a period of 600 seconds, and pressure measurements were obtained by pressure transducers located at the
inlet and outlet of the test section. A relationship between the minimum startup flow pressure drop and velocity field
evolution is observed. Also, the time required to restart the line blocked depends mainly on the applied pressure drop and
the viscosity that decreases with time. Finally, it was observed that a slip velocity is presented during the restartup flow,
which can be scaled as a power-law relation with the shear stress at the wall and the wall velocity gradient.
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1. INTRODUCTION

The viscoplastic fluids are used in several major industries, and from a practical perspective, such materials have
found an increasing number of applications, which include foods, cosmetics, oil field, etc (Alba and Frigaard, 2016;
Burfoot et al., 2009). Also, they are encountered in daily life in various forms such as hair gels, emulsions, food pastes,
and mud (Fryer et al., 2006; Cole et al., 2010). The understanding of viscoplastic fluid flows is essential in some industrial
processes like the flow of waxy crude oils, debris flows, and flows in the food industry (Phillips et al., 2011; Coussot and
Meunier, 1996; Curran et al., 2002).

After flow interruptions in these industrial processes, whether for operational or emergency reasons, the fluid at rest
in the pipeline shows gel-like behavior (El-Gendy et al., 2012). Such is the case of waxy crude oil that, when exposed to
a cold environment during transport through long pipelines, loses heat and a gel-like structure is formed due to its waxy
composition (Sierra et al., 2016). Under such conditions, startup flow could be unsafe, as the pumping system needs to
provide the pressure necessary to break the gel structure and resume the flow, called the startup pressure. Normally, the
restart pressure is higher than the operational one due to the viscoplasticity of the fluid.

The viscoplastic fluids behave as a solid when the shear stress is below the yield stress (7)) (Dalla et al., 2019), but they
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flow when the shear stress exceeds the 7, value. Considering that the minimum pressure for the startup flow is correlated
with the yield stress of material (Coussot, 2014), a large number of studies devoted to the yielding of viscoplastic fluids
in rheometric flows have been performed (Roberts and Barnes, 2001; Putz and Burghelea, 2009; Mgller et al., 2009;
Benmouffok-Benbelkacem et al., 2010), contrary to the few numbers of experimental studies focused on the startup
visualization. Experimental studies performed by Poumaere et al. (2014), Sierra et al. (2016), and Huilgol et al. (2019)
revealed the existence of three flow regimes. Initially, an elastic behavior similar to that found in solids was observed,
being characterized by the dependence of stress and shear deformation. Immediately a solid-liquid state coexistence phase
is observed, and finally, a completely viscous regime is reached, which is maintained in the remaining flow.

In this work, the startup flow is studied in a straight pipe configuration. Constant pressure values were imposed on
the ultrasound gel solution (25 wt%) and subsequently displacing it and causing it to yield. We measured the pressure in
the viscoplastic material and using the particle image velocimetry (PIV), the transient flow field of the fluid was studied.
For the flow conditions and geometries used, the results are consistent with the yielding process described by Putz and
Burghelea (2009), it was observed that the transition between the solid-like regime and the fully yielding regime is not
direct, but mediated by the coexistence of a solid-liquid regime. The presence of wall slip is observed and reveals that it
is a phenomenon present in the startup viscoplastic flow, which increases with the shear stress on the wall.

2. EXPERIMENTAL SETUP AND METHODOLOGY
2.1 Fluid preparation

Ultrasound gel composed of Carboxyvinyl Polymer (Carbopol®) was used as yield stress fluids. Due to their low
thixotropy, excellent micro-structural stability, optical transparency, highly reproducibility and stable rheological proper-
ties, Carbopol gels has been considered as model yield stress fluid (Buscall, 2010).

For fluid preparation, initially, 8.5 kg of deionized water was weighed on a precision balance. Subsequently, 3 kg of
ultrasound gel was added, representing 25% of the total weight of the mixture, then 6 g of sodium benzoate was also added
to balance the pH and prevent the proliferation of bacteria, which could affect the properties of fluid. The mixture was
stirred for 6 hours, to ensure homogeneity. The final pH and density values were set in 7.31 and 1014 kg/m3, respectively.
For identification issues, the ultrasound gel 25 wt% solution was named fluid C-25.

2.2 Rheological testes

To analyze the rheological behavior of the viscoplastic fluid used in this study, rheometric tests of steady flow curve
and creep flow were performed. The procedure to perform each test is described below, and the results obtained are
presented in the section 4.

To perform the flow curve tests, a HR-3 rotational rheometer (TA Instruments) was used. The rheological tests were
carried out at a temperature of 22 °C, in order to represent the same conditions in the laboratory. A smooth parallel plate
(S-PP) geometry was used to perform the tests, and decreasing shear rate ramps were applied from 100 to 0.02 s~!. The
data obtained with the rheometer were adjusted using the Hershel-Bulkley model, given by:

=7yt k()" W

where 7, is the yield stress, 7 is the shear thinning index, and k is the consistency index.

In order to determine the behavior of the fluid before the starting flow, creep tests were carried out, which consisted of
applying constant homogeneous shear stress and then measuring the variation of the resulting shear rate with time. The
rheological tests were performed at a temperature of 22 °C and using a rotational HR-3 rheometer (TA Instruments). Two
geometries were used to evaluate the effects of slip on the applied shear stress: S-PP and cross-hatched parallel plates
(CH-PP). The measurements were carried out according to the following protocol: initially, the fluids were left at rest for
a time of 120 seconds (s), at the end of rest time, shear stress is applied to the material for the time of 600 s, determined
as enough time to verify the material flow. After the imposition time, the fluid was again left at rest for another 120 s. The
same procedure was repeated for various values of shear stress.

2.3 Experimental Setup

An experimental setup was designed to study the startup flow of fluid C-25. Figure 1 shows a schematic illustration
that identifies the main components and the subcomponents of the experimental setup. The device is basically made up of
two systems: hydraulic and control/acquisition. The hydraulic system is integrated into three parts: the main pipe (C), two
auxiliary sections (B), and two reservoir tanks (A). These tanks were identified a the external tank and the internal tank.
Therefore, the tank placed before the test section (right) was named the external reservoir tank (or external reservoir), and
the opposite side (left) internal reservoir tank (or internal reservoir). Both tanks had a quick coupler adapter on the top
cap for filling with compressed air, and also had a manometer (K), a pressure relief valve (J). Finally, to visualize the level
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variation in the tank due to the startup flow a level sight glass was installed (H). To record the pressure difference during
the flow restart, two pressure sensors (D) were used. Temperature monitoring is done by four thermocouples (F).

Figure 1. Schematic illustration of the components of the experimental setup.

The pressurization system consisting of a pressure regulator and a manometer (I), and two solenoid valves (M) were
connected to the compressed air system of the CERNN’s LabFlow, allowing to impose the pressure required for startup
flow during the tests. The pressure values imposed were controlled through a program developed in LabVIEW, which
allowed the set pressure values to be applied with greater precision.

The visualization of viscoplastic fluid flow through the experimental setup is possible using a particle imaging ve-
locimetry (PIV) technique. In this study, spherical glass tracer particles with a diameter of 10 ym were used to visualize
the flow. The particles absorb light at a wavelength of 532 nm and emit it back at 532 nm. Figure 2 shows the setup for
using the PIV, a laser system of 60 mJ is synchronized with a CMOS camera by a synchronization box. A visualization
plane is obtained after setting the camera at 90 degrees with the laser beam.

CMOS
Camera

Figure 2. Visualization system setup. The plane of the laser beam and the visualization plane of the camera is set in a
perpendicular configuration.

In order to record the exact moment of the flow restart, the visualization system is activated 10 seconds before the
regulator valve is opened. The inlet pressure, the pressure drop, mean velocity, and temperature data are recorded and
synchronized with the image acquisition system. The pressure data are recorded until 600 s after the image recording is
stopped.

3. METHODOLOGY VALIDATION

The PIV methodology in transient regime flows was validated with a test performed with glycerine as Newtonian fluid.
The velocity profiles were obtained for a pressure drop along the test section and compared with the analytical solution
for velocity and for Newtonian fluid (WATSON, 1995) given by the Fourier-Bessel solution and expressed as:

R2Ap r\2 = gt
u(r,t) = L [1 - (E) ] - T;)CHJO()\RT)e R (2)

where Ap is the pressure drop between two points along the test section with a distance L, R is the radius of the pipe, u
is the dynamic viscosity, v the kinematic viscosity, r radius, Jy and J; are the zero and first Bessel function, respectively.
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The ()\,,) variable represents the eigenvalues calculated for the respectively Bessel functions, and ¢ is the variable of time.
The coefficients C,, are expressed as:

_ 8R?
"B

Figure 3 compare the velocity profiles obtained by the flow visualization with the analytical profiles obtained by Eq. (2)
at different times for a Re =1 and pressure drop of 911 Pa.

The validation stage shows that despite the refinement limitations of PIV technique at the wall region, the methodology
used has a good agreement with the analytical solution for Newtonian fluid flows in straight pipes for different instants of
time.
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Figure 3. Comparison between the evolution of the dimensionless velocity profiles u/U,,,, experimental (solid symbols)

and analytical solution Eq. (2) (solid line) for a Ap 911 Pa (R, = 1) and different dimensionless times.The error bars are

defined by the root mean square deviation of the velocity profiles and the error of the PIV technique. Figure t ; represents
the steady-state.

The dimensionless time (¢ /) used for the validation and the experimental tests consisted of dividing the dimensional
time scale (t) by the value of time until reaching the set wall shear stress, which was denominated critical time (¢.), in this
way a dimensionless time scale ¢’ from zero to one (0-1) was obtained, which allow compararing the transient process of
the fluids. This dimensionless time scale is described by Eq. (4)

te
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4. RESULTS

This section presents the rheological results of fluid C-25. The constant flow curves obtained from the experimental
setup are compared with the rheometric data. Finally, the flow kinematics using the PIV technique, the analysis of the
sliding behavior of the wall as a function of the wall shear stress and the calculation of the wall shear stress through the
velocity profiles are exposed and discussed.

4.1 Rheological measurements

The analysis begins with the steady flow curves of the materials. The results obtained in the experimental setup were
compared with the data from the HR-3 rotational rheometer (TA Instruments). To obtain the steady flow curve show in
Fig. 4 a, seven shear rates were used. It is observed that the curves have similar trends, however, the difference of the
shear stresses in the range of measured shear rates is practically constant and the absolute percentage error between the
adjustments was 60.6%, which is considered high. A possible explanation for these discrepancies between the results
obtained in the experimental setup and the rheometric tests is the existence of wall slip. Then, based on the evidence that
there is wall slip in the results obtained from the experimental setup and looking to obtain a better correlation with the
data from rheometric measurements, the correction presented by Weissenberg-Rabinowitsch (WRC) (Macosko, 1994),
Eq. (5), and new shear rate values were obtained and a new steady flow curve was plotted (Fig. 4 b).

. . ;Yczw dan
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where 7,,, and 7,, are the apparent shear rate and the shear stress in the pipe wall, respectively, @) is the volumetric
flow rate measured in m3/s. The term dInQ/dInT,, is the inclination of In() as a function of In,, for each point. For
Newtonian fluid, the inclination is 1. For non-Newtonian fluids, the function can be expressed by InQ) = a (lnTw)2 +b
InT,, + ¢, where a , b and c are constants that can be adjusted for each case.
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Figure 4. Steady flow curves for the fluid C-25 using S-PP geometry obtained by rheometric measurements and tests in
the experimental setup (a) without slip correction and (b) with WRC slip correction. The error bars are defined by the
uncertainty of the calculation of the wall shear stress.

From constant flow curve results, it was obtained that the yield stress is equal to 1.22 Pa.

A yield stress of 1,22 Pa was obtained from the flow curve results. In order to determine the behavior of the fluid
before startup flow creep tests were performed. Figure 5 presents the results of the creep flow tests for the two fluids used.
It can be observed that the value of shear stress for which the shear rate tends to a non-zero value varies with the geometry
used. The results for the fluid C-25 with S-PP (Fig. 4 a) show that when the shear stress is equal to 2 Pa, the shear rate
tends to a constant value, although for the stress equal to 1 Pa, the shear rate does not tend monotonically to zero and can
also be considered as a startup flow shear stress value, which coincides with the results obtained for CH-PP (Fig. 5 b).
Based on the results of Fig.5, the yield stress value 7y = 1 Pa for the fluid C-25 was adopted.

From Fig.5, three different deformation regimes were identified, consistent with previous investigations ((Benmouffok-
Benbelkacem et al., 2010) (Poumaere et al., 2014)). These regimes were determined considering the final behavior of
the fluid for each value of applied shear stress between 0 seconds and 600 seconds. The dashed lines in Fig.5 delimit the
analyzed time period. For shear stress values lower than the yield stress, the variation of the shear rate tends to zero; this
corresponds to a solid behavior of the material (region (S) in Fig.5). When the shear stresses more significant than the
yield stress, determined as 7o= 1, the shear rate increases monotonically for a constant value, indicating that the material
fully yielded (region (F) in Fig.5).

It is observed that for values of shear stress that slightly exceed the yield stress, the shear rate reaches a peak and
then decreases, remaining at a moderately constant value. This behavior is shown for the fluid and is consequent with
the coexistence of regimes (region (S + F) in Fig.5), in which the fluid does not behave as a solid-like, nor as a fluid,
indicating that the startup flow is not direct, but it is a transition process between the solid and fluid phases.

4.2 Temporal evolution of the velocity fields

The focus is on the temporal evolution of the velocity for a better understanding of the viscoplastic fluid's yield
transition. The results were obtained by applying eight values of wall shear stress. However, for practicality, the temporal
analysis is shown for three values of 7,,, chosen as critical for two reasons: 1) they are values close to the yield stress
calculated by creep tests, and 2) fluid displacement was visualized during the increase of wall shear stress to a set value.

Figure 6 shows velocity field behavior for fluid C-25. Figure 6a to 6f show the evolution of the velocity field for 7,,=
0.43 Pa. It is observed that the dimensionless velocity w/U values fluctuate between a dimensionless time and another,
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Figure 5. Creep flow tests using two types of geometries and applying different values of shear stress for the fluid C-25
a) S-PP, b) CH-PP. The symbols marking the highlighted regions denote the deformation regimes and are explained in the
text: (S), solid; (S + F), solid-fluid coexistence; (F), fluid.

this is more notable for Fig. 6b and Fig. 6d, where the dimensionless velocity reaches values of 1.2x10~2 and 2x 1073
(color bar) respectively, but immediately this value decreases as shown in Fig. 6¢ and Fig. 6e. This behavior is similar for
the velocity fields shown in Fig. 6g to 61, measured when a 7,,= 1.02 Pa is applied. The u/U values shift between 0 and
1.5% 1073, which is moderately less than 7,,= 0.43 Pa.

Figures 6m to 6r, present the results obtained for 7,,= 1.5 Pa, apparently the behavior of the velocity field shown with
the two previous values of 7, it is only noticeable in the early dimensionless times. This leads to the conclusion that
the fluctuations are originated from low or close to the yield stress 7y values. However, for wall shear stresses greater
than 7, this behavior is less evident or practically disappears. Due to the limitations of the PIV technique for transient
phenomena, it is not possible to quantify the value of the fluctuation of the velocity field for each dimensionless time.
However, these breakthroughs are consistent with the reported by Putz and Burghelea (2009), Poumaere et al. (2014) and
Liu and de Bruyn (2018), when performing tests in experimental and rheometric settings, respectively.

A necessary data that was visualized in the velocity fields for the two fluids, that was the presence of static zones or
with very low velocity (box of dashed line) for the ratio /R = +0.5. The following statement cannot be assured, because
it is beyond the scope of the resolution of the PIV technique used, but could be slip zones on the wall and according to
Bingham (1922) could be the slip layer and "slip comes from a lack of adhesion between the material and the shearing
surface. The result is that there is a layer of liquid between the shearing surface and the main body of the suspension".
Taghavi et al. (2012), also observed these areas in the study of viscoplastic fluid displacements using the UDV technique,
although in greater dimension and accuracy. Some problems caused by slip were discussed in the rheological results, but
it was not possible to verify these sliding areas; the results obtained by the PIV technique allow "visualize" the existence
of areas over which the fluid can slide. The graphs of the velocity profiles presented in the next section will allow us to
understand a broader vision of what is observed in the velocity fields.

4.3 Temporal evolution of the flow regimes in the presence of wall slip

To better appreciate the variations in the velocity fields, this section presents the evolution of the velocity profiles for
several wall shear stresses. For the sake of simplicity, the results are presented only for three dimensionless times, '=0.74,
'=0.94, and r'=15. The first is related to the wall shear stresses below the yield stress [region (S) in Fig. 5]. Figure 7a
and Fig. 7d show that the velocity profiles for the fluid C-25 at #=0.74 and '=0.94 are irregular and fluctuate for u/U=0
and u/U= 2.5x 1073, reaching negative values in some cases, as observed for the velocity profile (blue symbols). This
negative value is related to reversal flow and possibly caused by the elastic-recoil effect of the material. Similar behavior
was reported by Poumaere et al. (2014), in the investigation of unstable pipe flows for Carbopol® gels, and also previously
reported by Benmouffok-Benbelkacem et al. (2010) in rtheometric studies, indicating that the elastic effects of material
play an essential role in the yield transition of viscoplastic fluids.

The second flow pattern is observed when the applied wall shear stresses exceed the yield stress. The velocity profiles
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Figure 6. Velocity fields for the fluid C-25, measured as a function of time for: a)-f) 7,=0.43 Pa; g)-1) 7,=1.02 Pa, and
m)-r) for 7,=1.5 Pa. The values of velocity and time are dimensionless.

of Fig. 7b, Fig. 7e, and Fig. 7h show a flat or plug-like zone around the centerline of the pipe and a partially yielded region
near the pipe wall, due to large values of the velocity gradients.

Finally, the fluid C-25 (Fig. 7i) yielded completely, and the radius of central plug-like decreases, qualitatively indi-
cating that the flow corresponds to the fluid regime (F) observed in the tests of Fig. 5. As a quantitative argument, it is
observed that in the framework of a yield stress fluid, the velocity profiles of Fig. 7i are fitted with good agreement with
the Hagen—Poiseuille flow of a Herschel-Bulkley fluid described in Damianou et al. (2014), with absolute percentage
error (APE) of 4%.

Concerning the wall slip of viscoplastic flows in acrylic pipe analyzed in the present study, it is observed that the
dimensionless slip velocity ' continues to increase beyond the yield stress and as a function of the wall shear stress, as
reported by Pérez-Gonzalez et al. (2012). For the values of s obtained, it is observed that the fluid C-25, when 7,=2.03
Pa is applied at #=0.94, has a the dimensionless slip velocity u’;=0.058 and for 7,,=6.15 Pa at =15, v’ ;=0.65, which is
an order of magnitude greater, and represents 77.3% and 32.5% of the total dimensionless velocity, respectively.

4.4 Slip velocity behavior

Wall slip is quantified by the relative fluid-solid velocity at the interface. Section 4.3 presented the estimation of the
slip velocity for the several flow conditions analyzed and a dependency relationship between slip velocity and wall shear
stress was observed. In this section, the dependence of the wall slip velocity is scaled with the wall shear stress. The scale
laws obtained are compared with the results of other works.

In Figure 8 it is initially observed that for #=0.74 in the region (S), the slip velocity does not show a relationship
between the data. For 7 = 0.94, the slip velocity in the region (S) is slightly constant, possibly because the fluid is not
affected by the stress value applied in the first instants. Beyond the region (S) at #=0.94, the slip velocity data correlates
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error bars are defined by the root mean square deviation of the velocity profiles and the error of the PIV technique.

with good agreement, that is, in the regions (S+F) and (F) and is scaled as u,0c7,, 1227022, Finally, for # = 15, a similar
behavior is observed for the solid-like regions and the slip velocity between the transition and fluid zones is scaled as
, it is observed that the fits overlap and indicate the beginning of the region (F), where the fluid is entirely
viscous. These results are in good agreement with the results reported by Poumaere et al. (2014), ugsoxty,
generally observed that the power-law scales are almost linear, which is in good agreement with the assumption that the

UsXTy

1.13£0.04

binder fluid is Newtonian.

According to these results, it is possible to affirm that there is a relationship between the slip velocity and the wall
shear stress, and under the assumption that this relationship exists due to a depleted layer of width (§) that prevents the
fluid from adhering to the solid limit (Bingham, 1922), the correlation proposed by Kalyon (2005) (Eq.(6)) is used to

obtain a simple phenomenological scale of the behavior of the sliding of the wall of the viscoplastic fluid.

Ug =

where (3 relates the width of the slip layer ¢ to the consistency index kp, and the power-law index n;, of binder fluid. As
Carbopol® is considered as a jammed system of swollen gel microparticles (Piau, 2007), and the solvent used to obtain

B(rw)™

the fluids was distilled water ("binder fluid"), it is considered Newtonian fluid, then k,=1x 103 Pa.s and ny=1.

1.32+0.26 It is
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Figure 8. Dependence of the wall slip velocity on the wall shear stress at three dimensionless times for fluid C-25.

The full and dashed line in Figure represents the power-law fit at #'= 15, u,0c7, " 3+0%4 and ¢'= 0.94, u,ocr,, -2240-22,

respectively. The error bars are defined by the root mean square deviation of the slip velocity and the error of the PIV

technique.The symbols marking the highlighted regions denote the deformation regimes and are explained in the text:
(S)—solid, (S+F)—solid-fluid coexistence, (F) — fluid.

In this study the factor 3 measured for the fluid C-25 is 3=1.01 x 10~* mPa.s~!, which leads to a slip layer thickness
~0.101pm. The thickness of the slip layer found is of the same width order as reported by Poumaere et al. (2014),
(6~0.23um). The estimation of the thickness of the slip layer was carried out for #=15. However, the thickness of the
slip layer calculated by simple estimates is too small to be directly visualized from the flow images, and the hypothesis
underlying the prediction of this scale is simply hypotheses for now.

5. CONCLUSIONS

In the present work, the startup flow of a viscoplastic material in a smooth pipe with the presence of wall slip were
analyzed using different flow conditions given by the imposition of pressure drop (wall shear stresses).

The steady flow curve obtained experimentally for the fluid C-25 was compared with the rheometric data. It was
observed that the fluid presented values lower than the data measured in the rheometer, indicating a slip of the gel on the
internal walls of the pipe. The data were corrected for the slip based on the truly shear volumetric flow rate (MACOSKO;
LARSON, 1994; AKTAS et al., 2014), resulting in a better comparison with the rheometric data. Additionally, the
behavior of fluid as shear stress is applied was analyzed by rheological creep tests. The results showed three states of
deformation consistent with a solid-like behavior (region S) for low values of shear stress, i.e., lower than the yield stress.
This behavior changed when the shear stress was slightly greater than the yield stress, and it was consistent with a region
of coexistence of solid and fluid states (region S + F). Beyond yield stress, for greater shear stress values, the material
showed a fluid behavior (region F). Finally, from the slip behavior observed in the evolution of the dimensionless velocity
profiles, scaling was performed with other hydrodynamic quantities such as shear stress and velocity gradients in the
wall. The data showed that the slip velocity is scaled in the form of a power-law only between the regions (S+F) and the
region (F), due to that in the solid region (S), the slip velocity is independent of the values of shear stress and the velocity
gradient. Based on the dependence of the slip velocity on the shear stress, a phenomenological picture of the slip behavior
was established and the value of the thickness of the slip layer was estimated, whose value was on the order of microns, a
minimal value for being observed within the resolution of the visualization technique used.
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