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Abstract. The viscoplastic fluid flows through pipelines can be found in several industrial processes, such as polymer
extrusion, food pumping, and drilling of oil wells. The gel-like state of these fluids inside the pipelines after flow interrup-
tions, represents in some situations a relevant challenge, such as the case of transportation of crude in the oil industry,
due to this phenomenon increases the minimum pressure necessary to start-up the flow. However, there are not enough
experimental studies focused on the relationship between the minimum pressure drop and the breaking mechanisms in
the transient start-up flow. This paper presents an experimental study of transient start-up flow of viscoplastic fluids in
two different horizontal pipe configurations: a straight section and an abrupt contraction arrangement (1.85 contraction
ratio). An ultrasound gel solution with 30 and 20 wt% composed by Carbopol R© 940 are used as a viscoplastic fluid,
characterized by the Herschel-Bulkley model. Particle Image Velocimetry (PIV) is used as a visualization technique to
obtain detailed measurements of mean velocity and deformation maps in the transient start-up flow. A previous stage
for validation of the methodology used with the PIV technique was performed for pure glycerine in a straight tube at
laminar flow conditions, and the data were compared with the analytical solution for velocity in transient flow regime for
a Newtonian fluid. For the viscoplastic flow through both configurations it was possible to observe three different flow
regimes: solid (plug-like), solid-fluid, and fluid. In both geometries and as the forcing of the flow gradually increases,
the yielding appears through a transition. The deformation states are greater in abrupt contraction and are coupled with
the wall slip phenomenon. The wall shear stress increases with external forcing, that is, with the Reynolds number. The
slip velocity increases as a function of the wall shear stress and is higher for the straight section. The results show that
the elastic effect plays an important role in the initial phase of destructuring of solid regime, and that the variation of
Reynolds number has an influence on the elastic behavior of the material.
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1. INTRODUCTION

The viscoplastic fluids are used in several major industries, 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). Understanding the flows of viscoplastic fluids is important in practical settings including
industrially relevant flows 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 interruptions in some production activities, 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, it loses heat and, due to its waxy composition, a gel-like structure is
formed (Sierra et al., 2016). Under such conditions, restarting the flow may present some risks, as the pumping system
needs to provide the pressure necessary to break the gel structure and resume the flow, called the start-up pressure, and in
general, this pressure is higher than the operational one due to the viscoplasticity of the fluid.

The viscoplastic fluids behave a solid-like when the shear stress is below the yield stress (τy) (Dalla et al., 2019),
but they flow when the shear stress exceeds the τy value. Considering that the minimum pressure for the start-up flow is
correlated with the yield stress of material (Coussot, 2014), 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; Møller et al.,
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2009; Benmouffok-Benbelkacem et al., 2010), contrary to the few numbers of experimental studies focused on the start-
up visualization. Experimental studies performed by Poumaere et al. (2014); Sierra et al. (2016); 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 start-up flow is studied in two pipeline configurations, the first one is a straight pipe and the second
one is a straight section followed by an abrupt contraction. A flow rate equivalent to a Reynolds number was imposed,
increasing the pressure on the Carbopol (20 wt% and 30 wt%) and subsequently displacing it and causing it to yield. We
measured the pressure in the Carbopol 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 start-up viscoplastic flow, which increases with the shear stress on the wall.

2. EXPERIMENTAL SETUP AND METHODOLOGY

2.1 Fluid preparation

The fluid used in the present work is composed of Carboxyvinyl Polymer (Carbopol R©). This material chosen because
it is considered a model yield stress fluid, and presents a low thixotropy (Møller et al., 2006), it is transparent and has
stable rheological properties. For these reasons, it is commonly used in studies as a viscoplstic fluid representation (Putz
and Burghelea, 2009; Pérez-González et al., 2012; Ovarlez et al., 2013; Liu and de Bruyn, 2018).

For fluid preparation, initially 40 kg of deionized water were weighed on a precision balance with a resolution of 0.1
g. Subsequently, 10.6 Kg of clinical gel was added, representing 20% of total weight of the mixture, then 10 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 fluid had a pH = 7, a density of 1014
Kg/m3, and it was named Carbopol 20 wt%. A similar procedure was performed for the preparation of Carbopol 30 wt%,
obtaining a fluid with pH = 7 and density of 1002 Kg/m3.

2.2 Rheological characterization

A HAAKE MARS III (Modular Advanced Rheometer system) was used to characterize the rheological properties of
the fluids. The geometry used was smooth concentric cylinder, with 0.051 mm gap for shear rates from 50 to 1100 s−1,
and cross-hatched parallel plates with 1 mm gap for rates from 0.01 to 50 s−1. According to Fernandes et al. (2019), the
wall slip effect is minimized using geometries cross-hatched parallel plates with 35 mm and 1 mm gap. Fig. 1 illustrates
the shear stress as a function of shear rate obtained on the rheometer. Measurements were performed in a temperature
controlled environment at 25 oC.
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Figure 1: a) The shear stress τ and b) viscosity η behavior as a function of shear rate γ̇ for each fluid. The continuous line
is the Herschel-Bulkley model fit.

The data obtained with the rheometer were adjusted using the Hershel-Bulkley model, given by:

τ = τy + k (γ̇)
n (1)

where τy is the yield stress, n is the fluid index, and k is the consistency index. The yield stress was obtained by
extrapolating the Herschel-Bulkley curve to zero shear rate. The fluid fit parameters used in this work are shown in Tab. 1.
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Table 1: Yield stress and Herschel–Bulkley model parameters for the Carbopol concentrations
c [wt%] τy [Pa] n k [Pa.s]

30 2.82 0.55 0.55
20 0.26 0.63 0.25

2.3 Experimental Setup

The present study was carried out in a hydraulic facility of acrylic tubes with 12.5 m of total length, as presented in
Fig. 2. A 100 L tank (i) is used to contain the fluid and a helical rotor pump (NETZSCH mono pump) provides the flow
through the pipeline (ii). For the area reduction case, an assembly of pipes with different diameters is used. The internal
diameter of 25.9 mm (D) for the upstream zone of the contraction, and 14 mm of internal diameter (d) for the downstream
zone. The later deals a contraction ratio of β = 1.85, where β is define as D/d. For straight pipe configuration, the
internal diameter was maintained constant and equal to 25.9 mm. The flow rate is controlled by a frequency inverter (iii)
with the aid of a mass flow meter (iv). Temperature and density are measured as secondary outputs of the flow meter.
For a given flow rate, the total error upon the mean velocity is estimated as 1 to 3%. Pressure transmitters (v) are used
along the test section, before the visualization box (vi) to obtain the entrance pressure to the system and the pressure drop
measurements. The accuracy of the transmitter is estimated at 0.1% for span range (0-62 mbar) and a total error of 0.4%
for the full range of measurement (0-138 bar).
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Figure 2: Hydraulic system for tests performing.

The visualization of viscoplastic flow through the flow loop is possible using a particle imaging velocimetry (PIV)
technique. In this study spherical tracer particles coated by Rhodamine-B with a diameter of 10 µm were used to visualized
the flow. The particles absorb light at a wavelength of 532 nm and emit it back at 560 nm. Figure 3 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.

For the experimental procedure, the fluid was placed in the 100 L tank (i) and then it is pumped through the flow loop
system. Once the pipeline is filled, the pump (ii) is turned off and the fluid is left to rest for 24 hours to guarantee that any
residual stress has been dissipated. After the resting time Reynolds of Re=10 and Re=100 were imposed. The Re used
was set based on the Malin (1998) criterion to facilitate its control by the LabVIEW platform. The Reynolds number is
defined by the Eq. (2):

Re =
ρŪ2−nDn

k(0.75 + 0.25/n)n8n−1
(2)

where ρ is the density, Ū is the mean velocity, D is the diameter, and k and n depend on the rheological parameters
obtained by the rheometer.

In order to record the exact moment of the flow restart, the visualization system is activated 10 seconds before the
pump. The inlet pressure, the pressure drop, average flow rate, mean velocity, and temperature data are recorded and
synchronized with the image acquisition system. The pressure data are recorded until 1000 s after the image recording is
stopped.
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Figure 3: Visualization system setup. The plane of the laser beam and the visualization plane of the camera is set in a
perpendicular configuration.

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 different pressure drop along the test section and compared with the analytical
solution for unidirectional velocity in the transient flow regime given by Watson (1995), Eq. (3):

u(r, t) =
R2∆p

4µL

[
1 −

( r
R

)2]
−
∞∑
n=0

CnJ0(λnr)e
−λn νt

R2 (3)

where ∆p is the pressure drop between two points along the test section with a distance (L), (R) is the radius of the pipe,
(µ) is the dynamic viscosity, (ν) the kinematic viscosity, (r) radius, (J0) and (J1) are the zero and first Bessel function,
respectively. The (λn) variable represents the eigenvalues calculated for the respectively Bessel functions, and (t) is
variable of time. The coefficients Cn are expressed as:

Cn =
8R2

λ3nJ1(λn)
(4)

Figure 4 shows the comparison of the velocity profiles obtained by the flow visualization with the analytical profiles
obtained by Eq. (3) 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 4: Velocity profiles obtained for a Re =1 and pressure drop of 911 Pa by PIV technique in transient regimen and
compared with the analytical velocity solution for a Newtonian fluid, Eq. (3).

4. RESULTS AND DISCUSSION

The results below will be present the profiles velocity, the deformation maps, the evolution of shear stress over time,
and the behavior of the wall slip velocity as a function of the shear stress, for Carbopol 20 wt% and 30 wt% for different
Reynolds.

4.1 Profiles velocity

The velocity profile was obtained using the PIV technique and the help of a software to correlate the images obtained.
By correlating the seeding particles set in motion from rest, the vector map was calculated for each position of the particle
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in the test section. Then, from this vector map, the mean axial velocity and shear maps were calculated.
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Figure 5: Dimensionless axial velocity u/Ū for two geometries, usingRe =10 and corrected for the slip velocity us. They
are plotted for three times (t1=0.2s, t2=0.4s, t3=0.7s) and the steady-state (ts.s=2.5s). the y-axis is the dimensionless
radius by the diameter. The velocity profiles for Carbopol 20 wt% are shown in Fig. 5: a) straight section, c) abrupt
contraction, and e) steady-state. The results for Carbopol 30 wt% are shown in Fig. 5: b) straight section, d) abrupt
contraction, and f) steady-state. The black dashed line represent de plug core diameter. The red dashed line in Fig. 5e and
Fig. 5f is the steady-state velocity profile predicted by the HB model.

The axial velocity profiles (u-us) as a function of radial position r, for Carbopol 20 wt% and 30 wt% were made
dimensionless by the mean velocity (Ū ) taken from the mass flow meter. Here u is the velocity determined from the
PIV data and us is the slip velocity at the wall of the pipe, determined by averaging the fitted values at the walls on the
two sides of the velocity profile. The (u-us) for a Re =10 are showed in Fig. 5 for three different times during start-up
flow and for steady state. Initially, it is observed that for t1=0.2s, the velocity profile for Carbopol 20 wt% in the straight
section (Fig. 5 a) and in the abrupt contraction (Fig. 5 c) presents some irregular and asymmetric regions, probably related
to the fact that in the first moments the propagation of the pressure is not uniform and the breakdown of the material has
not occurred (Mitishita et al., 2018). In the other hand, the shear stress is less than the yield stress, and it is possible that
the material responds elastically to the pressure imposed. For t1 the black dashed lines indicate the formation of plug core,
which is also observed for Carbopol 30 wt% in the two geometries (Fig. 5 b and Fig. 5 d). Subsequently, it is observed
that for t2=0.4s y t3=0.7s the experimental velocity profile for Carbopol 20 wt% and 30 wt% in both geometries presents
a greater destructuring and the experimental velocity profile at steady-state (Fig. 5 e,f) was close to the plug flow predicted
by the HB model (Eq. (5)), with an experimental error of 9.42% for 20 wt% and 4.24% 30 wt%. It is also observed that
the size of plug core increases with the yield stress, since the higher values τy present larger areas without yielding in
the flow structure. This means that for the first instants of the start-up flow, the structure of the plug core is greater as
observed in t1, where the external forcing (the applied stress in our experiments) is greater to initiate the breakdown of
material, but decreases as the destructuring of fluid advances (t2, t3).

uz =
nR

n+ 1

(τw
k

)1/n{
(1 − φ)

(n+1)
n −

( r
R

− φ
) (n+1)

n

}
(5)

where n is the fluid index, k is the consistency index, τw is the wall shear stress, r is the radius, R is the radius of the pipe,

and φ is the ratio
τHy
τw

for the Herschel Bulkley case.
The ratio u-us/Ū for Re =10, reaches at t3 a value of 0.1 for 30 wt% (Fig. 5 b) and 0.27 for 20 wt% (Fig. 5 a) that is

two order of magnitude greater than 0.1 at the straight section. For this value of u-us/Ū the radius of plug core (rp) for
each fluid is 0.15D for 20 wt% and 0.24D for 30 wt%, and represents near 30% and 48% of the entrance area section. For
the abrupt contraction the u-us/Ū takes values of 0.5 and 0.13 for Carbopol 20 wt% and 30 wt% respectively, and of rp
represents the 8% and 20% of the entrance area section. Therefore, as the Reynolds number reaches higher values, the rp
is reduced and the time requiered for the destructuring of fluid is less, as shown below for a Re =100 (Fig. 6).
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Figure 6: Dimensionless axial velocity u/Ū for two geometries, using Re =100 and corrected for the slip velocity us.
They are plotted for three times (t1=0.04s, t2=0.08s and t3=0.14s) and the steady-state (ts.s=1.2s). the y-axis is the
dimensionless radius by the diameter. The velocity profiles for Carbopol 20 wt% are shown in Fig. 6: a) straight section,
c) abrupt contraction, and e) steady-state. The results for Carbopol 30 wt% are shown in Fig. 6: b) straight section, d)
abrupt contraction, and f) steady-state. The black dashed line represent de plug core diameter. The red dashed line in
Fig. 6e and Fig. 6f is the steady-state velocity profile predicted by the HB model.

Fig. 6 shows the velocity profiles of Carbopol at 20% by weight and at 30% by weight for Re = 100. Initially,
at t1=0.04ss, the asymmetric profiles and the formation of the core of the plug are also observed in the straight section
(Fig. 6 a,b) and in abrupt contraction (Fig. 6 c,d). However, it is observed that for Re = 100 the external forcing is greater
and the motion of the rigid body of the non-yielded fluid of the nucleus is less compared to Re = 10, that is, for a lower
external forcing, the shear stress in the wall cannot exceed the yield stress of fluid and the size of plug core does not show
a change in its structure for a longer time. Therefore, the higher the Reynolds number, the plug core appears early, the
material destructuring time is shorter, and rp decreases. This statement can be confirmed by comparing the Carbopol 20
wt% for two approximate times t1=0.2s and t3=0.14s in the straight section for Re =10 and Re =100 , it is observed
that the rp is 0.268D and 0.25D, respectively, representing 53.6% and 50% of the test section area for each time. On the
other hand, it is again observed that due to the Carbopol 20 wt% has a lower yield stress, the ratio u-us/Ū is twice greater
than compared to the Carbopol 30 wt% in both geometries. The steady-state velocity profiles for the two fluids and the
two geometries are plotted and compared with the analytical solution of the HB model in Fig. 6 e,f. A good agreement
is observed between the experimental profile and the analytical solution, with an experimental error of 8.27% and 6.32%
for Carbopol 20 wt% and 30 wt%, respectively.

For the two concentrations of Carbopol and for the Reynolds numbers analyzed, it was observed that the velocity in
the abrupt contraction is twice greater in the straight section, and this is due to the fact that the fluid is under large velocity
gradients, and the slip velocity is lower in this geometry. The velocity profiles plotted for Carbopol 20 wt% Re =10 and
Re =100, the slip velocity in the straight section and in the contraction represents 22.3% and 8.2% of the total velocity
at the center of the pipe. In the case of Carbopol 30 wt%, this percentage was 24% and 3.48%. In the following sections,
the behavior of us at each time will be discussed in function of shear stress.

4.2 Deformation Map

For simplicity, the deformation maps are shown for one case of Reynolds number to compare the two fluids. The
deformation at a point is derived from the velocity gradient, which is estimated by comparing neighboring vectors with
each other. A central difference scheme is used, and the resulting gradient corresponds to the slope of a 2nd polynomial
(i.e. parabolic) fit to three neighboring velocities, and therefore with 2nd accurate. Then the gradient at the point (m, n)
of the velocity component U in the direction x will be calculated as follows:

∂U

∂x
(m,n)Central

∼=
Um+1n − Um−1n
xm+1n − xm−1n

=
Um+1n − Um−1n

2∆x
(6)

Figure. 7 shows the deformation maps for Carbopol 20 wt% and 30 wt% using Re =10 dimensioned by the apparent
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shear rate (γ̇aw) calculated as a function of flow rate by Eq. (7). Comparing the evolution of the velocity profiles for
the two fluids at t1=0.2s for the straight section (Fig. 5a and Fig. 5b) with the results shown in Fig. 7a and Fig. 7i, it
is initially observed that for low shear stress values (τ<τy), an elastic solid regime characterized by constant rates of
material deformation (Putz and Burghelea, 2009; Divoux et al., 2011), where the stress of the solid regime is practically
unresponsive to the rate of forcing, and it probably reflects the local force of the gel structure. Then, non-uniform breaks
of gel are evidenced, indicating that a destructuring process is taking place. For the abrupt contraction, the deformations
of Carbopol 20 wt% are higher, as observed in Fig. 7e when compared to Fig. 7m, Carbopol 30 wt%. This is due to the
geometry of the section where high velocity gradients are created, for longer times the deformations increase as explained
below. Furthermore, the initial destructuring process in both geometries and the elastic effects present are affected by the
applied external forcing, which varies with the Reynolds number.

γ̇aw =
4Q

πD
(7)

where Q is the flow rate and D is the diameter of the pipe.
Figure 7b and Fig. 7j, show of the alternation of the elastic effects (t2=0.4s), between approximately at r/D =0.20

and r/D=0.45. It is observed that the transition from the solid (plug-like) to the viscous state is not direct, is mediated
by an intermediate deformation regime, that is, the applied shear stress is less than the yield stress, but the yield stress
is less than the shear stress after destructuring, and according to (Putz and Burghelea, 2009; Poumaere et al., 2014) the
rheological behavior of material is not that of a Hookean solid (the deformation increases non-linearly with the applied
stresses) and neither is that of a viscous fluid, as observed in the deformartion map. At the same time, it is observed that
the dimensionless value of the deformation for the fluid 20 wt% is higher compared to 30 wt%, which is expected because
its yield stress is lower. This is not only observed in the straight section, in the abrupt contraction is more evident due to
the high shear rates generated by the area reduction (Fig. 7f and Fig. 7n).

Figure 7c and Fig. 7k show the flow in a more viscous state at t3=0.7s, near to the steady-state, but irregularities and
regions are still observed even without deformation between 0.25D and 0.30D, in the same way, it is observed in the abrupt
contraction (Fig. 7g and Fig. 7o), but higher values of deformartion were reached between X/D =0 and X/D =0.25,
being more noticeable for 20 wt%. Finally, the deformation map and the axial velocity profile for steady-state flow at
t=2.5s were obtained by the statistical mean of the data acquired 10 s after the detection of fluid movement, using 300
images.

It is possible to observe that the magnitude of the deformation is directly proportional to the velocity at which the fluid
is forced. In other words, the linear increase in deformation is a direct consequence of varying the applied stress linearly.
In the next section, the evolution of shear stress over time will be analyzed.

4.3 Wall shear stress

The results of the tests using Carbopol 20 and 30 wt % for Re =10 are presented. The inlet pressure (Pi) and wall
shear stress τw, calculated using Eq. (8) and shown in Fig 8a,b. In this experiment, the imposition of flow rate started at
t=0.1s, time for which Pi and τw initially suddenly increased, and then close to t=1.5s reached stable values. The black
dashed line in Pi is the linear adjustment made before and after τw began to stabilize (0 < t < 1s and 1.2 < t < 2.5s).
The lines intersect at t∗ and then it was designate τ∗w to be the value of τw at that point. For Carbopol 20 wt% τ∗w=1.34 Pa
and for Carbopol 30 wt% it is 3.8 Pa, these shear stress values were six and three greater than τy calculated by rheometer
tests.

τw =
D∆p1−2
4L1−2

(8)

here D is the diameter, ∆p1−2 is the difference between the two pressure measurement points (inlet Pi and outlet Po
pressure), and L the length between the pressure sensor at the inlet and outlet of the test section.

Fig 8c,d shows the evolution of Pi and τw as a function of time for the same fluids using Re =100. As in the
experiment with Re = 10, a sudden increase in both Pi and τw is observed (0 < t < 0.3s), followed by a stabilization of
the values (0.48s < t < 1.2s). The sudden increase in Pi and τw is due to the fact that in the first moments of start-up
flow a greater pressure is required to break the gel-like structure, immediately after a subtle pressure drop is observed,
followed by a time interval until reaching stable values. The τ∗w value at t∗ considerably exceeds the τy calculated in the
rheometer and is also greater than that obtained for Re =10, this is due to the fact that the shear stress increases with the
Reynolds number.

The two experiments shown in Fig 8 show that for low and higher Reynolds number the τw exceeded the yield stress,
breaking the material structure, at the same time it was observed that the higher the Reynolds imposed, the time required
to exceed the yield stress is low. These results contrast with those obtained by Liu and de Bruyn (2018), where it is shown
that for the experiments carried out on smooth pipes for low forcing rates, the τw was substantially less than the yield
stress calculated in rheometric tests. An explanation for this discrepancy in the results may be due to the long forcing
times applied and the rheological properties of the materials studied.
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Figure 7: Dimensionless deformation maps for (γ̇aw) using Re =10 in straight section for Carbopol 20 wt %: a), b), c)
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0 0.5 1 1.5 2 2.5
0

5

10

15

20

0 0.5 1 1.5 2 2.5
0

1

2

3

4

τ 𝑤
[P

a]

(a)

t [s]

(b)

t [s]

P
𝑖 [1

0
  P

a]
3

0

5

10

15

0

7.5

15

30

22.5

𝜏𝑤

𝑃𝑖

𝜏𝑦

0 0.3 0.6 0.9 1.2
0

7

14

21

28

35
(d)

60

45

30

15

0
0 0.3 0.6 0.9 1.2

0

4

8

12

16
(c)

28

14

7

0

21

τ 𝑤
[P

a]

t [s] t [s]

𝜏𝑤

𝑃𝑖

𝜏𝑦

P
𝑖 [1

0
  P

a]
3

t*

t*

t*

t*

Figure 8: Time evolution of inlet pressure (Pi) and shear wall stress (τw) for Re = 10 a) Carbopol 20 wt%, b) Carbopol
30 wt%, and Re = 100 c) Carbopol 20 wt% and d) Carbopol 30 wt%. The time at which the two fits intersect is t*. The
wall shear stress τw, calculated from Eq. (8). The blue circle is τw*, the wall shear stress at t*. The dashed line is the
yield stress measured with the rheometer. The uncertainty of τw and Pi are shown by the error bars.

4.4 Slip velocity behavior

The yielding transition of yield stress fluids is often associated to wall slip conditions which affects the start-up process
and flow behavior. The effect of the slip velocity on the total velocity at the center of the pipe was analyzed for two fluids



18th Brazilian Congress of Thermal Sciences and Engineering
November 16–20, 2020 (Online)

used and Re =10. Fig. 5a and Fig. 5b showed the velocity profiles for Carbopol 20 wt% and 30 wt% in the straight
section. It was observed that the slip velocity (us) represented 22%, 4.5%, 3.80% and 48% of total velocity in the center
of the pipe (u-us) for t1, t2, t3 and steady-state (Fig. 5e), respectively. In contrast us for Carbopol 30 wt% represented
7.38%, 5.72%, 3.04% of u-us for the transient time and 71.6% in steady state. For the case of the abrupt contraction and
the fluid 20 wt% (Fig. 5c and Fig. 5d) us represent 7.38%, 0.98%, 0.59%, and 2.72% for the steady-state of u-us. For the
same geometry and using the 30 wt% fluid, us were 2.48%, 1.79%, 9.17% in the three times analyzed, and 0.13% for the
steady-state flow (Fig. 5f). This first part of analysis shows that the slip velocity is higher in the straight section, compared
to the abrupt contraction at all times, and finally, it presents an unstable behavior in the transient interval and increasing
again in the steady-state for both geometries.
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The second part involved the analysis of the slip velocity for Re =100 and Carbopol 30 wt% (Fig. 6). It was observed
that the slip velocity in the straight section for the two fluids was always greater than in the abrupt contraction, although
curiously for t1 in the contraction us it represented 33.1% of u-us, it is possible that this fact is related to the pressure
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oscillations produced in the first moments of the destructuring of the plug core in this region. Comparing the results of
the two fluids for the two Reynolds in the two geometries it is found that us principally affects the total velocity for the
straight section. A major static residual slip layer in the straight section is the answer to why slip velocity was perceived
compared to the abrupt contraction (Taghavi et al., 2012). However, although the slip velocity is lower in the abrupt
contraction, due to the acceleration of the fluid in this region, the fact that this phenomenon is coupled to the yielding
transition and its independent of the geometry cannot be ruled out.

Figure 9 shows the shear stress τw(t) and slip velocity us(t) for Carbopol 20 and 30 wt% using Re =10 for the start-
up flow times analyzed in the two geometries. Initially, it is observed that the shear stress in the wall increases for both
fluids and that beyond the yield stress it continues to do so until a stabilization value is reached. The slip velocity also
increases along with τw, as shown for the straight section and contraction, indicating a dependence with τw. However, for
both fluids us the contraction is approximately one and three orders of magnitude less than the straight section. According
to Nguyen and Boger (1992), us decreases beyond the yield stress, these results contrast with those obtained in this study,
which indicate that the slip velocity continues to increase after the τw exceeds the yield stress of material.

Figure 10 shows τw(t) and us(t) as a function of time for Re =100, again the findings indicate an increase in the slip
velocity, with the applied shear stress, independent of the solid, fluid, or solid-fluid degree of deformation (Fig. 7). This
conclusion is consistent with the experimental findings for the case of a constant pipe flow (Pérez-González et al., 2012).

5. CONCLUSIONS

An experimental investigation on the transient yielding of two Carbopol R© 940 solutions in pipe flow is presented by
PIV technique. From results was possible obtain velocity data, from which velocity profiles were obtained for different
times from start-up to fully developed condition in a horizontal straight pipe and a abrupt contraction configuration. The
visualization of start-up flow allowed to identify some mechanisms present during the restarting flow of a viscoplastic
fluid. It was observed the existence of different phases during the start-up regardless of the geometry. The first phase
is characterized by an elastic behavior, which indicates that during the yielding of viscoplastic fluids, the influence of
elastic effects during the solid-fluid transition cannot be ignored. Then, after the yield stress of material is exceeded. It
is observed a coexistence of solid and liquid phases, in which the fluid offered resistance for flowing, and a oscillation
between the destructuring and structuring of the material is presented. It is also observed that in the coexistence of
phases, the wall shear stress increases with the Reynolds number, and proportional to this increase, the effects of wall slip,
observing larger non-yielding areas and core un-yielded fluid movements. Furthermore, the time and space measurements
of the flow fields based on the PIV technique allowed us to attempt to provide an experimental characterization of the wall
slip phenomenon, revealing coupling between the irreversible solid-fluid transition and the slip phenomenon. Finally, the
fluid exhibited steady-state flow that is well-described by the predictions of the Herschel–Bulkley model.
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