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Abstract. Viscoplastic fluid flows through sudden contractions can be found in several industrial processes, such as
polymer extrusion, food pumping, and drilling of oil wells. However, there are not enough experimental studies focused
on the visualization of this kind of flow. This paper presents an experimental study of viscoplastic fluid flow in a cylindrical
axisymmetric contraction facility (1.85 contraction ratio). Aqueous solutions with different weight percent of Carbopol
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, velocity fluctuations (axial and radial), and
vortex structures generation. A stage for validation of the methodology used with the PIV technique was performed for
water in a straight tube at turbulent flow conditions, and the data were compared with numerical and other experimental
studies in the literature. For viscoplastic flow through the contraction was studied the mean axial velocity, the dependence
of the appearance of vortex structure and unyielded zones in the contraction corners and the plug region, and the variation
of the pressure losses with the increasing of Reynolds number. As the Reynolds number is approaching the turbulent
regime, larger shear rates are generated at the contraction, reducing the area of the unyielded regions and promoting the
appearance of large vortex structures at the corners of the abrupt contraction.

Keywords: Viscoplastic fluid, Herschel-Bulkley, experimental study, contraction, unyielded, PIV.
1. INTRODUCTION

The present study deals with the flow of viscoplastic fluids through abrupt contractions, that are commonly encountered
in industrial processes such as polymer mold filling, oil well drilling, among others.

In the oil industry, non-Newtonian materials such as slurries, xanthan gum, sucrose, and polymer solutions are com-
monly used, some of them as drilling fluids (Kfuri ez al., 2011). The drilling fluid used during the drilling of oil wells flows
into a drill string and inner channels, which implies the passage through sudden contractions. This results in pressure and
energy losses (Fester et al., 2008), the appearance of secondary flow regions such as vortex structures at the upstream
zone (1)(Jay et al., 2002), as detailed at Fig. 1.
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Figure 1. Schematic diagram of a viscoplastic fluid flow through an abrupt circular contraction

The flow of viscoplastic fluids in tubes with sudden area reduction has a particular structure, where the laminar fully
developed flow in the entrance and exit tubes consist of peripheral viscous flow zones and an unyielded plug zone around
the central axis of the duct. In the contraction corners, it is possible to have vortex structures or unyielded regions and in
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some cases, the coexistence of both conditions (Jay ef al., 2002). As the flow approaches the contraction, high shear rate
and pressure drops appear and flow velocity increases as the fluid enters to the downstream zone (2) (Kim-e et al., 1983),
as shown in Fig. 1. The size of the unyielded regions depends on the flow behavior index (n) and the Herschel-Bulkley
number (H B), also known as generalized Bingham number (B%). For high H B, large unyielded regions appear (Singh
et al., 2017); thus, this number describes the ratio between yield stress and viscous shear stress. The [ B is given by
Eq (1) (Chhabra and Richardson, 2011):

o " (1)
mU"™

where 77 is the yield stress, m the consistency coefficient, D the upstream pipe diameter and U is the mean velocity
of the flow. Another important dimensionless parameter is the Hedstrom number for Herschel-Bulkley fluids (Hegp)

(Malin, 1998), which correlates the rheological parameters of the fluid, and expresses a ratio between the yield stress and
the consistency coefficient of the fluid; this number is given by Eq. (2):

HB =

D2 H(Z/n—l)
HGHB = —p 70

2

An interesting behavior of viscoplastic fluid flows is that the unyielded plug zone is reduced with high flow rates due to
an increase of the viscous forces. Also, the velocity profile has a Newtonian fluid-like behavior when turbulent conditions
are reached (Rudman et al., 2004; Peixinho et al., 2005; Chhabra and Richardson, 2011). Experimental studies have been
performed to describe the behavior of viscoplastic fluids at different flow conditions using visualization techniques (Ham-
mad et al., 1999; Souza Mendes et al., 2007), and measuring the energy losses through sudden contractions (Mika, 2011).
These studies, in general, analyzed the influence of the Reynolds number and the steady-state rheological parameters on
the flow behavior of viscoplastic fluids. Nevertheless, there are insufficient experimental data for reliable conclusions and
comparisons with numerical and other experimental studies. Most of them are not focused on visualization of the flow
behavior, and correlations with vortex structures formation and rheological parameters are hardly mentioned.

In the present work, an experimental study is conducted to visualize and analyze the flow structure before the contrac-
tion at different Reynolds and Hedstroém numbers. Also the effect of the contraction on the velocity profiles, generation
of vortex structure, the variation of unyielded regions area and the behavior of pressure drop at the contraction, to fulfill
the gap of the experimental data in the literature.

m2/n

2. MATERIALS AND METHODS
2.1 Experimental Setup

The experimental setup used to carry out the present study consists of two systems. The first is a flow-loop presented

in Fig 2.
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Figure 2. Experimental facilities: hydraulic system for tests performing.

The flow-loop facility is comprised of a 100 L tank (i) with a mixing system homogenizes the solution of ultrasound
gel and water. The flow is provided by a helical rotor pump (NETZSCH mono pump) (i¢) through a hydraulic circuit of
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circular acrylic tubes and PVC (Polyvinyl chloride) pipes with 12.5 m of total length. The hydraulic system is an assembly
of pipes with 25.9 mm of diameter (D) for the upstream zone, and 14 mm of the inside diameter (d) for the downstream
zone of the contraction, obtaining a ratio contraction (8 = D/d) of 1.85. The upstream zone before the contractions has
8.3 m length and allows a fully developed flow for laminar conditions. Flow rate is controlled by a frequency inverter (z¢7)
with the aid of a mass flow meter (Micro-Motion) (¢v). Temperature and density are measured as secondary outputs from
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 and after the visualization box (v?), to obtain differential pressure measurements.
Pressure tappings of 4 mm internal diameter are connected to cylindrical tubings that are filled with de-ionized water and
finally to the pressure transmitter (Rosemount). 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).

The second system is used for the visualization of the viscoplastic flow through the flow loop using a Particle Image
Velocimetry (PIV) technique. The PIV is a non-intrusive technique that allows measuring local quantities information,
and it is possible to evaluate the coupling between velocities at different points of the flow field and obtain the spatial dis-
tribution of the velocity Deshpande (2010). This technique uses a double-laser of 60 mJ, and a wavelength of 532 nm with
a frequency of 100 Hz. The laser is synchronized with a CMOS camera to capture 1040 double frames images of the flow.
Then, the images for frame 1 and frame 2 are processed and correlated with the assistance of Dantec Dynamics(C) software
and Matlab™. Figure 3 shows the setup for using the PIV, and the images and the instantaneous vector field obtained by
this technique. The laser system and the camera were set to 90 degrees in order to get a better visualization of the laser
beam plane.

Frame 1

P =) Frame?

Visualization box -,, A

Figure 3. PIV setup for obtaining the double frame imaging and the instantaneous vector field correlation.

The Reynolds numbers were (Re,) set based on the Malin (1998) criterion to facilitate its control by the LabView
platform and to compare the flow scalar maps. This is defined by the Eq. (3):

pU27nDn

Re), =
D= 1n(0.75 + 0.25/n)n8n 1

3)

Nevertheless, in order to compare with some experimental studies in the literature, the values were led to Metzner and
Reed (1955) correlation for a generalized Reynolds number (Rep,, ) for non-Newtonian fluids. The Rep,,,, is given by
the expression:

pU2—n’ D

ReDIWR = W (4)

The parameters n’ and m’ depend on the rheological parameters obtained by the rheometer (Peixinho et al., 2005).
These are described by Egs. (5) and (6) :

o (1-9)+20(1 —9p)(1+a)/2+a)+(1-0¢)*(1+a)/B+a) 5)
a+1-=3(1-0¢)¢*+20(1 - d)(1+a)/(2+a)+ (1 -¢)*(1+a)/(3+a)
n’ 1-n'a —n'
B 0 i+ —¢)(1+a)  (1-¢)*(1+a)
(4) <¢> {(1 s ¢<2+a> M EE) H ©

where a = 1/n and ¢ are the ratio between the yield stress and the wall shear stress (7, / 7'({{ )

Table 1 summarized the Reynolds numbers set by the Malin (1998) and the equivalent generalized Reynolds number
of Metzner and Reed (1955) at the entrance of the test section.

The generalized Reynolds numbers Rep,, , is used to correlate the first part of the results section of this paper, which
are pressure losses and pressure loss coefficient at the contraction.
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Table 1. Reynold numbers equivalence set at the present experimental study.

Fluid Reynolds number
40W | Rep 1 10 100
Rep,,r | 0.92 14 392
30W | Re 10 50 100 200 300 500 650
Repy, g 15 113 339 1114 2332 3230 4167
20W | Relp 10 50 100 200 500 1000 1500
Repy, g 75 941 4263 | 14113 124260 | 578462 | 1.87x10°
10W | Rep 1500 | 2000 | 4000 5000 10000
Repy,, | 2358 | 4949 | 41379 | 59470 | 617x10°

2.2 Rheological fluid characterization

In the choice of a properly viscoplastic fluid to be used in this study, some considerations were stated regarding vis-
cosity, density, chemical compatibility, chemical stability, and physical properties. To achieve all aspects determined,
Carbopol has been chosen. Such fluid was used in the study of Peixinho et al. (2005), that used an aqueous solution of
0.2% weight (wt) Carbopol 940 from B.F. Goodrich®), which was characterized as non-Newtonian fluid and fit by the
Herschel-Bulkley model. Souza Mendes et al. (2007) used different aqueous solutions of Carbopol 676 that were char-
acterized as viscoplastic fluid by the Herschel-Bulkley model. Stein (2005) studied 0.09%wt concentrations of Carbopol
676, which represent with a good agreement the viscoplastic behavior of drilling fluids. Then, for the current study, a
commercial ultrasound gel is used with 40, 30, 20, and 10%wt diluted in water. This gel is composed of carboxyvinyl
polymer (Carbopol 940), with a density of 950 kg/m3, and it exhibits relevant viscoplastic fluid characteristics (Magnin
and Piau, 1992; Piau, 2007). Figure 4 presents the steady flow curve and the viscosity curve behavior for the different
ultrasound gel solutions. The rheological tests were performed in a HAAKE-MARS III (Modular Advanced Rheometer
system) using cross-hatched parallel plates for shear rates below 50 s~!, and concentric smooth cylinders configuration
for shear rates between 50 and 1100 s—!. The cross-hatched parallel plates with 35mm and 1 mm gap minimize the
wall-slip effects in the rheometer for low shear rates (Fernandes et al., 2019).
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Figure 4. (a) Steady-state flow curve for the different ultrasound gel solutions well described by the Herschel-Bulkley
model. (b) Viscosity behavior for the different solutions.

Table 2 shows the rheological parameters obtained after fitting the steady flow curves for each solution by the Herschel-
Bulkley model. A high concentration of ultrasound gel means a higher 77 and greater values for m; thus, the fluid is
getting more viscous consistency. On the contrary, happens with n, a high concentration of ultrasound gel decreases the
value for n, due to a higher consistency of the fluid means a reduction of the shear thinning behavior.

For 10W solution, there was not possible to calculate a Hey p value due to the low value for 747 and n ~ 1 yields to
a higher value than the other fluids. Nevertheless, based on the theoretical definitions of Malin (1998) for n ~1, Hepp
reaches a value of 0, and its behavior can be fit as a Bingham fluid, a particular case for Herschel-Bulkley fluids.
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Table 2. Herschel-Bulkley parameters and Hedstrom number calculated for ultrasound gel solutions.

Concentration Téq [Pa] | m [Pa-s™] n Hepp

40%wt (40W) 6.994 1.976 0.495 16.402
30%wt (30W) 2.818 0.847 0.553 | 18.706
20%wt (20W) 0.262 0.251 0.634 | 2.938
10%wt (10W) 0.074 0.0023 0.986 -

3. METHODOLOGY VALIDATION

Calibration tests were carried out to validate the PIV technique with water as Newtonian fluid flow were performed
for different Reynolds numbers. The data obtained were compared with Laser Doppler Velocimetry (LDV), and Direct
Numeric Simulation (DNS) performed by Den Toonder and Nieuwstadt (1997) and Eggels et al. (1994), respectively.
Axial velocity profile (u) and axial velocity fluctuations (u") were normalized by the friction wall velocity (u* = U+/f/8)
(Van Doorne and Westerweel, 2007). Then, the normalized velocities were obtained as: U =u/u* and u'*=u’/u*, see
Fig. 5 a)-d). An error of 1.1% is showed near to the pipe wall between DNS and experimental data, due to the refinement
limitations of the PIV technique at the wall region.

The validation stage shows that the methodology used has a good agreement with the studies found in the literature
for Newtonian and non-Newtonian fluid flows in straight pipes.
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Figure 5. Normalized axial velocity profiles a), ¢) and and the axial velocity fluctuations b) and d) for water, obtained in
the present study. Data were compared with LDV and DNS data at turbulent Reynolds numbers

4. RESULTS AND DISCUSSION

The results are presented in two parts. The first one is dedicated to the pressure drop behavior at the contraction and
the pressure drop coefficient. The second part presents the behavior of the different viscoplastic fluids at different regimes.
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4.1 Pressure losses

The pressure along the axial direction of the test section decreases linearly. This linear trend allowed to fit the pressure
gradient using the least square method. The pressure gradients are shown in Fig. 6, upstream and downstream pressure
gradients equations were extrapolated to the contraction plane (Z/D = 0), in order to calculate the pressure drop at the

contraction (A P,,,,), using the equation AP,,,, = P,y — P..
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Figure 6. Pressure profiles along the flow-loop in function of the dimensionless distance from the contraction Z/D and
the Reynolds number at the test section entrance, Rep,, .. Each viscoplastic solution is presented: (a) 10W, (b) 20W, (c)
30W and (d) 40W.

The square value for the correlation coefficients (R?) was calculated, obtaining a range between 1.000 and 0.991 and
an average value of 0.999 for the upstream region of the contraction and 1.000 for the downstream one. Pressure values
are presented in Pascal [Pa] trough the dimensionless axial distance from the contraction. The non-dimensionalization of
the data was done with the test section entrance diameter (D).

From figure 6, it is possible to state that for high generalized Reynolds number at the entrance Rep,, ., and high yield
stress values, are required higher entrance pressures to keep the flow regime. The fluid 10W, with lower yield stress,
presents low-pressure losses for Rep,,, < 5000. This behavior is due to the low consistency and the high shear-thinning
behavior of this fluid, hence, there is not necessary imposed high stress to keep the material flowing until high Rep,,
are reached and pressure losses are increased substantially at the downstream region.

For high Rep,,, values, the pressure drop at the contraction is increased. The increasing pressure drop is related to
the increase of the Reynolds number values when the fluid passes through the contraction. As the velocity of the fluid is
increased according to the continuity equations, the regime after the contraction varies concerning the Reynolds number
at the entrance section according to the Metzner and Reed (1955) expression: Reg,,, = Rep,,, x 322~"). Thus, the
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value of n’ is approximately 1 for the different viscoplastic solutions it is possible to state that Reg,,,, =~ Rep,,, X (3%,
at the downstream region of the contraction a high Reynolds number is obtained, and the variations on the fluid behavior
are more significant, and consequently the losses at the contraction are increased.

Also, at Figure 6 is depicted that the pressure drop at the contraction is increased as higher is the Hey g, for fluid 40W
at Rep,,, = 392 is found that AP,,,, = 16.6 x 10% Pa, and for fluid 30W Rep,,, =339is AP.o, = 8.3 % 10 Pa. This
behavior is kind of contradictory with the stated by Nakamura and Sawada (1988), that for Bingham fluids, high He has
an effect which decreases the pressure drop in the converging plane of a contraction. Nonetheless, for Herschel-Bulkley
fluids, this behavior can vary according to the rheological parameters of these type of fluids. At the next subsection, the
pressure loss coefficient at the contraction was obtained and compared with some experimental studies to validate the
results obtained for the pressure drop.

4.2 Pressure loss coefficient

The pressure loss coefficient is calculated with the equation used in experimental studies by Fester ef al. (2008) :

con U%/Qg

where a1, ag, Uy and Us are the kinetic energy correction factor and the mean velocity at the downstream and upstream
region of the contraction. The values for oy and ay were calculated with the correlations presented by Mika (2011). These
correlations are based on the Strzelecka and Jezowiecka-Kabsch (2008) criteria, used for non-Newtonian fluid flows at
turbulent regime. Equation 8 related the kinetic energy correction factor with the generalized Reynolds number.

3 2

10 10 11.3

a=1+4+105 (2) —11.88 <2> + 1.208 <2> ®)
In ReMR In RGJWR In ReMR

For laminar flow conditions the correlation calculated by Mika (2011) is based on the shear stress ratio ¢:

54 (47¢2 + 58¢ + 35)
o =
35 (¢2 + 26 + 3)°

€))

Figure 7 shows the behavior of the loss pressure coefficient calculated for each concentration at the different Reynolds
numbers. For a log-log plot, the laminar Reynolds depicts a linear behavior. Instead, for Reynolds greater than 3000,
K.on reaches a constant value. In the literature, there are mainly two models to fit the pressure loss coefficient. One of
these methods is K’s method presented by Hooper (1981) and expressed by:

k1

K= 7o T koo (10)
where k; is the coefficient related to a decreasing behavior at the laminar regime. So k. is the constant behavior reaches
the turbulent regime.

For the present study, the fit K’s values were set as k;=783.19 and k.,=2.668, given the follow representative equation
for the pressure loss coefficient at the contraction:

Keon = T83.19 + 2.668 (11)

ReDMR

The correlation is compared with some found in the literature, as Turian et al. (1998); Fester ef al. (2008) and Mika
(2011). The firsts stated correlations with rational functions, 900/ Rep,,,, and 288/Rep,, ., respectively. Mika (2011)
fit the experimental values by a power function given by 11000/ Re}jifR. On the other hand, for the turbulent Reynolds
numbers each correlation reach different constant values, 1.114 by Turian et al. (1998) and 0.38 by Mika (2011). However,
in these studies it is highlighted that the correlation for loss pressure coefficients is sensible to geometrical and rheological
parameters; for that reason, it is not possible to lead to a global correlation for viscoplastic fluids.

Nonetheless, the behavior for the different fluid shows a critical Reynolds number, hence, for Rep,,,, >2000, where
the K., values reach an asymptotic value (k.), it seems to be constant in any event for each viscoplastic solution, but it
is important to note that this value can be different for each experimental design and the particular type of piping elements
through the flow-loop.

4.3 Flow field and mean quantities

The mean velocity vector map was obtained using the PIV technique and the assistance of software to correlate the
images obtained. Through the correlation of the displacement of seeding particles was calculated a vector for each position
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Figure 7. Pressure loss coefficient at the contraction in function of the Reynolds number at the entrance section. Experi-
mental values fit by K’s method proposed by Hooper (1981) and compare with other viscoplastic fluid flow correlations.
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Figure 8. Dimensionless axial velocity component u/U for different Re’y, set for viscoplastic fluid 10W.

of the test section, and then a statistic from multiple vector maps was done to obtain a single vector map. From this vector
map were calculated the mean axial and radial velocities, as well as the shear rate and vorticity maps.

Figure 8 illustrates the axial velocity mean flow for a solution 10W. When the Re’, increases, the dimensionless
velocity u/U decreases along the upstream region, including the region near to the contraction. Hence, as the turbulent
regime is reached the velocity profile presents a flat shape.

Figure 9 shows the evolution of the velocity profile through the test section before the contraction plane. Near to the
contraction, the axial and radial velocity gradients increase drastically, and thus, the shear rate increases. The high shear
rates reduced the plug region (dot-dashed line), near to Z=-0.1D the plug has almost disappeared and the velocity increase
at the entrance of the contraction as a function of 3, as it was referenced at the validation section, and reaching values of
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2.5 for the dimensionless velocity u/U.

0.5F AL B DL R BN BN BN 0.5 3 LN e s I B
i »& a) > b)
R e,

. SN
S
0.25- % 1 025 -
I {%5 >
I a] Z=-2D % " >
I + Z=-0.5D % % " ">,
r/D 0 <& Z=-0.1D o R A SR oo 0 > -
i > Z=-0.02D E o >
% > >
L B o » »
" t‘<><><>>’> o 7
L Op > »»b
-0.25F =+ 025 How b
R
i pro< ¥ >
R I
N
_055&& & | | | | | -05 | |
0 0.5 1 -—-15 2 2.5 3 2 25 3

u/u
Figure 9. Dimensionless axial velocity component u/U for fluid 10W in different Re’,: a) 1500, b)5000. Dash-dotted
lines represent the plug core diameter.

Figure 9(b) show for turbulent Re’, at the entrance of the test section (Z= —2D), flat shape is presented, and the core
plug has vanished, and u/U has a uniform distribution along the section visualized. At position Z=—0.02D the velocity
profile presents a reverse flow near to the wall for turbulent Re’,. This secondary flow is generated by the vortex structures
formed at the corner of the contraction, that increases his intensity as the Re’, is increased. At the following subsections,
this topic is discussed.

4.4 Plug core structure

The plug core size increases with the yield stress, as higher values for 7! and H B, more unyielded areas are presented
in the flow structure. For viscoplastic solution, the ratio u/U decreases for low n and high 747, which means that for high
HB and Hepp values the fluid presents a greater plug core structure, this is depicted in Fig. 10, where is shown a

comparison of the velocity profiles at Z = —2D for each solution and different Reynolds number, Re’,.
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Figure 10. Comparison of the velocity profile and the plug core size at Z=—2D for different Re’,: a) 10, b) 1500.

For the laminar Reynolds numbers, Re’D=10 and 100, the ratio u/ U reaches a value of 1.5 for fluid 30W and 40W.
Instead of the fluid 20W that has a lower yield stress value, this ratio reaches values between 1.8 and 2. The plug core
radius 7, for Re’D=10 varies for each solution at the entrance of the test section for fluid 40W is 0.187D, instead of fluid
30W is 0.173D and for 20W is 0.067D. These values represent 38%, 35%, and 13% of the entrance area. When the Re’D
is increased to 100, the value for rp is reduced to 0.149D, 0.103D and 0.032D for 40W, 30W and 20W, respectively.
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As the Reynolds number reaches transitional values, u/ U trends to 2, the u / U ratio reached by Newtonian fluids in
laminar flows. For values of n near to 1, this ratio is achieved, and there is a presence of a tiny plug core region, for a
Re'r, = 1500 the value for rp is reduced to 0.009.D for fluid 20W and 0.001.D for 10W.

The rheological properties affect the reduction of the plug core area directly when the Reynolds number increases.
High 7!? and low n values generate larger plug regions and maintain the unyielded region including at transitional Re’y,.
Instead, low 7d7 and high n lead to a sudden deformation of the plug core and like Newtonian behavior for viscoplastic
fluids, that means for each viscoplastic fluid there is a critical Re’r, where the unyielded regions disappear, and the fluid
reaches a behavior like a Newtonian fluid. This behavior agrees with the correlations Hanks et al. (1967), Hanks (1963),
and Malin (1998), which stated that exist a critical Reynolds number Re. where the yield-stress fluids change their
behavior, but this value varies as a function of the He. For Hedstrom numbers below 1000, the critical Reynolds number
is set between 2000 and 2100, (Hanks et al., 1967).

Figure 10 d) shows that the velocity for 20W and 10W present an asymmetry profiles for a Re’, = 1500. As stated
by Escudier and Presti (1996) and Peixinho et al. (2005) the viscoplastic fluids has this particular behavior for Re’, at the
transitional regime, more specific when Re’, reaches the critical value. According to the Malin (1998) correlation, fluids
10W and 20W have a critical Reynolds number of 2000 and 2100, respectively. As it was mentioned in the validation
section, this asymmetry profile is presented due to an instability of the flow presented for transitional regimes, where are
generated turbulent spots. This behavior is a topic of ongoing researches.

4.5 Vortex structures

Vortex structures are possible to identify analysing the velocity gradient tensor \7/u. The most widely used schemes
to identify vortex are the Q criterion of Hunt ef al. (1988), the Lambda-2 criterion of Hussain and Jeong (1995) and the
A criterion proposed by Chong et al. (1990). The analysis of \7u provides a rational basis for vortex identification, using
the velocity gradient decomposition:

where S = 1/2((vu) + (Vu)?) is the symmetric (rate of strain tensor) and © = 1/2((s7u) — (7u)?) the antisymmetric
component (rate of rotation tensor) of s7u. Considering S2 + €22, the eigenvalues for this symmetric tensor are real. If
A1, A2 and A3 are the eigenvalues and A\; > A\g > g, at least two of these eigenvalues will be negative when the point
under analysis is part of a vortex, corresponding to the Lambda-2 vortex criterion requiring simply A2 < 0.That means
that the vorticity magnitude (solid-body rotation) prevails over the strain rate magnitude (deformation).
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Figure 11. Vortex structure detection with lambda criteria at different Reynolds numbers: a) for fluid 10W, and b) for fluid
20W.

Figure 11 shows the analysis led for 10W and 20W solutions using the Lambda-2 criterion. The values obtained allow
to identify the area where there is a prevalence of vorticity; high values mean high vorticity rates. The limits of the area
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under the effect of solid-body rotation are considered when the values obtained for Ao reach 0. For the 10W fluid at
Re’D=1500, the vortex structure starts its formation with low vorticity rates and near to the corner walls, at Z/D=-0.04.
When Re’, is increased, the size of the area affects by the vorticity, represents by a square, starts to increase at the laminar
regime. After turbulent Re’, are reached, the size of the area starts to decrease but presents higher vorticity rates, that
means a concentration of the solid-body rotation effect, constant viscosity areas. For Re/D=2OOO, the sides of the area are
~ 0.1D, whereas for Re’D:SOOO these decrease to ~ 0.06D. It is possible to state that the vortex starts to move backward
when the turbulent regime is reached, for Re’D=5000 the area under the effect of vorticity is located atZ/D=-0.06.

On the other hand, for 20W fluid, the formation of the vortex structure starts with a Rep=500. As this value is
increased, higher rates of vorticity are generated, and the sides of the area affected increases from ~ 0.04D to ~ 0.08D.
In contrast with 10W, the formation of the vortex structures for 20W fluid starts at Z/D=-0.1, farther than the vortex
structures for 10W. The fluid near the corners of the contraction has low velocities due to the presence of yield stress. As
the yields stress increases the velocity of this section is lower, making a barrier for the formation of the vortex structures
that are generated farther from the corner walls. As the Re’D is increased, the vortex starts to move forward, due to the
deformation of these regions have increased, modifying the velocity field at the corners of the contraction. It is possible to
appreciate this behavior with the vectorial maps at the corner regions present in Figure 11. The vector maps at the corners
of the contraction show low values for the velocity magnitude at laminar Re’D.

5. CONCLUSIONS

The study and the visualization of the viscoplastic fluid flow through axisymmetric contraction allowed to establish
correlations of the flow structure and the rheological properties: High Hepp means large plug cores and unyielded
regions, reducing the effective flow area. Also, high 7/ values difficult the flow of the fluid, and high entrance pressures
are required to lead the flow at turbulent regimes. For Re’, near to the transitional regime, an asymmetric behavior
is presented. This condition is associated with the generation of turbulent spots and the sensibility of the flow with
geometrical changes along the flow-loop. As turbulent Reynolds numbers are reached, the viscoplastic fluids present
a shear-thinning behavior reducing the unyielded regions, and promoting the generation of secondary flows as vortex
structures. As the Re’, is increased at the turbulent regime, the area affects by the vortex structures is reduced, and
the unyielded regions are vanished due to the high shear rates generated by the pressure drop at the contraction plane.
Nevertheless, such behavior is easily reached by viscoplastic fluids with low 747 values and Hey g < 10, allowing larger
effective flow areas and low-pressure losses.
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