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Abstract: We present the results of the displacement flows of different Newtonian and Herschel–
Bulkley non-Newtonian fluids in a new-developed eccentric Hele–Shaw cell with dynamic similarly
to real field wellbore annulus during primary cementing. The possibility of tracking the interface
between the fluids using particles with intermediate or neutral buoyancy is studied. The behaviors
and movements of particles with different sizes and densities against the primary vertical flow and
strong secondary azimuthal flow in the eccentric Hele–Shaw cell are investigated. The effects of fluid
rheology and pumping flow rate on the efficiency of displacement and tracing particles are examined.
Moreover, the behavior of pressure gradients in the cell is described and analyzed. Successful results
of tracing the interface using particles give us this opportunity to carry out a primary cementing with
high quality for the cases that the risk of leakage is high, e.g., primary cementing in wells penetrating
a CO2 storage reservoir.

Keywords: cementing; interface tracking; tracing particles; eccentric; Hele–Shaw cell; secondary flow

1. Introduction

One of the essential operations during the drilling of oil and gas wells is the primary
cementing of the wellbore annulus and the displacement of the drilling fluid and formation
fluids in the annulus. The procedure of this operation involves pumping non-Newtonian
yield-stress fluids of progressively higher density and rheology into the wellbore annulus,
spacers with higher density and rheology than drilling fluids, and subsequently cements
with higher density and rheology than the other existing fluids in the annulus. This
successive pumping causes stabilizing the displacement process and the interfaces between
the fluids in the annulus and increases displacement efficiency and well integrity [1,2].
Numerous factors result in imperfect displacement and low-quality cementing, e.g., uneven
borehole due to soft rocks and washouts and eccentric positioning of the casing within the
borehole, which causes the nonuniform advance of fluid interfaces in the wellbore annulus
and bypassing of the pockets or channels of mud/spacer along it [3].

There are numerous numerical and experimental studies of the displacement flows
of Newtonian and non-Newtonian fluids in annular geometries. Due to the problematic
rheological behaviors of non-Newtonian fluids with and without yield-stress, there are
fewer experimental studies about fluid flows in concentric and eccentric annular geome-
tries with similarity to wellbore annulus in primary cementing [4–16]. In these limited
experimental studies, it has been established that the type of flow (laminar, transition,
and turbulent) [5,10–12,17,18] and degree of eccentricity affect displacement efficiency
significantly [19]. These studies generally stated that turbulent displacement flow is more
efficient than the laminar displacement flow [17,18], and the increasing standoff causes
a significant effect on the displacement flow of the fluids and cement placement [20–22].
In cases like washout sections, the effect of inner pipe eccentricity is not significant for
displacement in the washout section [23]. Moreover, inclination reduction is beneficial for
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the displacement efficiency within the hole enlargement for both concentric and eccentric
annuli and in the regular part of the annulus in front of the enlargement [22]. Furthermore,
the effects of viscous and buoyancy forces [5] and the rotation of the inner cylinder [6,7,13]
on the annular displacement process were emphasized. The effects of gravity-driven az-
imuthal flow or secondary flow triggered due to the different fluid interface levels in the
annulus’ wide and narrow sections on improving the displacement flow process and simul-
taneously trapping pockets of displaced fluid on the narrow side were described [4,8,9].
The frictional pressure drop and the relation between pressure drop and flow rate during
the displacement flow of non-Newtonian fluids were described as well [4,10,11]. By us-
ing large-scale eccentric annular geometry, the importance of the rheological properties
of the realistic non-Newtonian fluids for fluid flow and hole cleaning performance was
expressed extensively [14–16], and the propagation of the fluid interfaces and displacement
efficiency were characterized [24]. It was indicated that an enlarged irregular section, i.e., a
washout causes an improvement in displacement in some scenarios in strongly inclined
wellbores [17]; while being independent of the displacement efficiency in the washout
itself, the presence of washouts may lead to poorer cement quality downstream of the
washouts [23].

An alternate methodology for studying the annular displacement flow is neglecting
the local curvature of the annulus and unwrapping it into a Hele–Shaw cell with a varying
gap through the width of the cell to represent an eccentric annulus [25–28]. It has been
proven that this assumption is valid when the ratio of the inner radius and the outer radius
of the annulus is larger than 0.3 (ri/ro ≥ 0.3) [29]. Moreover, a CFD analysis validates using
Hele–Shaw cell geometries instead of annular geometry for more accurate and detailed
studies of the displacement laminar flow tests, by qualitative and quantitative comparison
of an eccentric annular model and an equivalent Hele–Shaw model [30]. This approach was
implemented for numerical modeling and analytical solutions of concentric and eccentric
wellbore annular geometries for the study and more accurate observation of displacement
flow during primary cementing and mud removal in an oil well [25–28]. A Hele–Shaw
cell with a constant gap mimicking a vertical section of a concentric wellbore annulus was
used for vertical displacement flow of Newtonian and Herschel–Bulkley non-Newtonian
fluids, and displacement stability and efficiency, viscous fingering and bypassing pockets
of displaced yield-stress fluid in displacing fluid has been investigated experimentally [31].

Several solutions exist in real field operations for evaluating the displacement effi-
ciency and quality of primary well cementing, like cement bond log (CBL) and temperature
logs. However, there is still a lack of an approach to check the cement column quality
during operation and show the presence of voids or mud pockets, required mainly in wells
penetrating CO2 storage reservoirs where the leakage of CO2 is a crucial parameter [32].
For these wells, all annular cement columns must be of a high quality due to the buoyancy
of CO2 and because these wells are exposed to harsh conditions, e.g., the cooling of the
well/formation, elevated pressure, and chemical reactions [3]. A recently introduced ap-
proach for identifying the location of the interface between successive fluids in a wellbore
annulus (e.g., cement–spacer or spacer–mud) is by using tracing particles; particles with
intermediate buoyancy that remain at the interfaces between successive fluids or tagging
one of the fluids with neutrally buoyant particles [30,31,33–35]. The essential active forces
in these situations are drag and buoyancy forces, competing with each other. The drag force
causes the particle to move at the local fluid velocity, while the buoyancy force attracts the
particles where it is zero. The tracing particles must dominate over azimuthal secondary
flows to indicate the interface precisely [34]. This approach has been approved numerically
by solving the Hele–Shaw model and involving the particles in the models with Newtonian
and non-Newtonian fluids [33,34]. Intermediate buoyant particles have been employed
for interface tracking in concentric and eccentric experimental annular geometries, and
their effectiveness in different cell inclinations and by using different fluid rheology and
displacement flow rates were explored [30,35]. Moreover, the use of intermediate buoyant
particles for tracking the interface of stable and unstable displacement flows has been
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examined successfully using an experimental Hele–Shaw cell geometry with a uniform
gap representing a concentric wellbore annulus [31].

In this study, the previously developed concentric Hele–Shaw cell with dynamic
similarity to real field wellbore annulus during primary cementing [31] was upgraded to
a Hele–Shaw cell which mimics a displacement flow in an “eccentric” annulus geometry.
To the best of our knowledge, only the use of Hele–Shaw cells with uniform gaps has
been reported in the literature to investigate different flow mechanisms, and this is the
first experimental Hele–Shaw cell study with a nonuniform gap. Several displacement
flow tests at different flow rates were performed using the upgraded cell and different
pairs of Newtonian and Herschel–Bulkley non-Newtonian fluids. The efficiency of the
displacement and the shape of the interface between the successive pumped fluids and the
applications of particles with different sizes and densities for tracking the interface between
these two fluids are examined. The particles can be placed on the interface between the
fluids or can be immersed in one of the fluids. The effect of secondary azimuthal flow in
the eccentric annuli on the interface shape and behavior of the tracing particles are studied.
The recorded pressure gradients in the cell are analyzed as well.

2. Experimental Design and Procedure

The eccentric Hele–Shaw cell used in this study is an upgrade of the previously
used concentric Hele–Shaw cell, the full experimental description of which was described
elsewhere in detail [31]. Here, a summary of the experimental design, experimental setup
and procedure, fluid property and measurements is reviewed, and the characteristic of the
new upgraded eccentric Hele–Shaw cell is described in more detail.

As described before on dynamic similarity of displacement flow in the concentric
geometries with real field conditions [31], the aspect ratio of the circumferential and
radial length scales (δ), experimental Reynolds and Buoyancy numbers are the main flow-
controlling parameters that should be considered in addition to eccentricity in eccentric
geometries. The degree of the casing eccentricity in the wellbore is usually described by
the standoff, as follows:

stando f f % =

(
1− d

ro − ri

)
× 100 (1)

where in these equations, ro, ri, and d are the outer radius of the annulus, the inner radius
of the annulus, and the distance between the casing and wellbore centers, respectively. The
definition of the aspect ratio of circumferential and radial length scales (δ), experimental
Reynolds (Re) and Buoyancy (Bu) numbers are as follows:

δ = (ro − ri)/π(ro + ri) (2)

Rei =
2ρiwh

µei
(3)

Bu =
∆ρgh2

wµe2
(4)

The subscripts i = 1 and 2 refer to the displaced and displacing fluids, respectively.
Here, µe is a representative effective viscosity that is simply evaluated by µe = τ(γ·e)/γ·e
using an effective shear rate (γ·e) given by γ· e = 4w/h. w and h are the mean flow velocity
and the mean gap in the annulus, respectively [8,9,12].

The first step for designing an experiment is downscaling real well data (in the second
row of Table 1) with a ratio of 0.25 and replacing the density and rheology of the fluids
used in the lab (related data to test no. 6 that will be discussed later) in the calculations
of the dimensionless parameters of the downscaled annular geometry, as shown in the
third row of Table 1. In the downscaled geometry, the aspect ratio of length and width
scales (η = l/h) of 100 was found to be good to produce a fully developed laminar flow,



Energies 2021, 14, 1884 4 of 21

while it is much smaller than a typical value of the real cemented annulus. The aspect
ratio of the circumferential and radial length scales (δ) is in the range of the field values.
The dimensionless numbers were calculated by assuming the mean flow velocity of 0.1
m/s. The Reynolds number for the scaled model shows that the displacement flow is fully
laminar, and the Buoyancy number is at the same order of magnitude as the above-reported
field values [8,9] and in the typical range of the existing experimental studies in this area in
the literature [12].

Table 1. Real and down-scaled concentric wellbore annulus data [5,8,9,12,25].

Parameters Real Data Down-Scaled Data

Length of the Cementing Section (l), m 500 1
Wellbore Size, in 16 1/2 —-
Casing Size, in 13 3/8 —-

Wellbore Radius (ro), m 0.2096 0.05274
Casing Radius (ri), m 0.1699 0.04275

Gap (h), m 0.0397 0.01
Pump Rate (Q), m3/s 0.02 3.00 × 10−4

Mean Flow Velocity (w), m/s 0.42 0.10
Density of Displaced Fluid (ρ1), kg/m3 1440 1000
Density of Displacing Fluid (ρ2), kg/m3 1800 1150
Yield-Stress of Displaced Fluid (τy1), Pa 4.79 0.2
Yield-Stress of Displacing Fluid (τy2), Pa 7.05 0.7

Consistency Index of Displaced Fluid (κ1), Pasn 0.02 1.59
Consistency Index of Displacing Fluid (κ2), Pasn 0.03 4.11

Flow Behavior Index of Displaced Fluid (n1), dimensionless 0.7 0.45
Flow Behavior Index of Displacing Fluid (n2), dimensionless 1 0.49

Effective Shear Rate (γ.
e), s−1 42.61 40.04

Effective Viscosity of Displaced Fluid (µe1), Pas 0.1189 0.2139
Effective Viscosity of Displacing Fluid (µe2), Pas 0.1955 0.6434

Aspect ratio of circumferential and radial length scales (δ) 0.033 0.033
Aspect ratio of length and width scales (η) 12598 100

Reynolds Number (Re2) 309.05 3.57
Buoyancy Number (Bu) 67.25 2.28

As the radius ratio is ri/ro = 0.81 ≥0.3, it is acceptable to unwrap the annulus into
a Hele–Shaw cell [14]. By assuming a standoff of 60% equivalent to 0.004 m distance
between the casing and wellbore centers (d) (by using Equation (1)), the width and the
variation of the gap by the width in the equivalent Hele–Shaw cell are calculated using
Equations (5) and (6). The gap of the Hele–Shaw cell representing the annular width at a
given polar angle θ is defined as the distance between the casing and the wellbore contours
measured along the casing radius. It is expressed as follows:

h = dcos
y
r∗

+ ro

√
1−

(
d
ro

)2
sin2

( y
r∗
)
− ri, y ∈ [−πr∗, πr∗] (5)

where h, and y are the gap, and the width, respectively. r* is given by:

r∗ =
πr2

o − πr2
i

4roE(d/ro)− 2πri
(6)

where E(x) is the elliptic integral of the second kind [30]. The width of the Hele–Shaw cell
is calculated as 2πr*, which is 0.3 m here. The calculated variation of the gap by the width
of the cell can be seen in Figure 1 for a 0.6-m width that is double the calculated width for
removing the boundary effects. As shown in this figure, the minimum and maximum gaps
are 6 mm and 14 mm, respectively, and the cross-sectional area of the cell is 0.006 m2. The
0.3-m width in the middle section of the model is the main section of analysis without any
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probable boundary effects. The length of the model is 1 m, and the real pump rate in the lab
will be 6 × 10−4 m3/s, which is twice the calculated pump rate in Table 1 (3 × 10−4 m3/s)
for achieving a mean flow velocity of 0.1 m/s.

Figure 1. Variation of the gap over the width in the eccentric Hele–Shaw cell.

This gap variation is machined on a 50 mm thick acrylic plate, which stands against a
flat acrylic plate using a stainless-steel spacer, as shown in Figure 2. Six inlet and six outlet
ports, and six 1/4-inch ports at a distance of 10 cm above the bottom of the cell and for
releasing particles into the cell were designed.

Figure 2. Drawing of eccentric Hele–Shaw cell. (a) Top view; (b) cross-section view.

The experimental setup consists of two centrifugal pumps for pumping displacing
and displaced fluids into the cell, a variable frequency drive to adjust the displacing fluid
flow rate, a Heinrichs magnetic flow meter, two GE Druck pressure transmitters, and a
Fuji differential pressure transmitter. The ports of the pressure transmitters were placed
in spaces with a depth of 15 mm, length of 600 mm, and width of 15 mm (more than
10 mm average gap in the main body of the cell), as shown by the color red in Figure 2a.
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The pumped fluids are spread in these spaces before arriving in the cell and leaving it.
During the displacement flow tests, the bottom and top transmitters are in contact with
the displacing and displaced fluids, respectively. The whole setup is in Figure 3. The
Hele–Shaw cell is in a vertical direction for performing the tests, and the flow is in the
vertical direction from the bottom to the top. A displaced fluid first fills the cell from the
bottom. This fluid is then displaced with a displacing fluid with a higher density and
viscosity from the bottom to a specified height below the particle release-ports and with
a very small flow rate to have a flat interface between the two fluids. Subsequently, the
particles are released into the cell in the displaced fluid using syringes filled with the
particles. The particles are released in the displaced fluid with lower density and viscosity
to have more opportunity to immerse them on the interface. The interface is then moved
slowly to a height of 20 cm from the bottom of the cell. This is the initial status of the
interface for the start of the tests. The experiment starts by pumping the displacing fluid
from the bottom into the cell. The flow rate, pressures at the inlet, and outlet and pressure
differences are logged on a PC, and images of the displacement process are recorded using
a Canon EOS 5D Mark IV camera at one-second intervals.

Figure 3. Experimental setup for performing the tests in the eccentric Hele–Shaw cell.

Several pairs of Newtonian and non-Newtonian fluids are prepared and used in
this series of experiments. Water and aqueous sucrose solution as Newtonian fluids and
neutralized Carbopol-980 solutions at an intermediate pH value (using NaOH) as non-
Newtonian fluids with shear-thinning and yield-stress behavior are used in this study.
Brilliant Cresyl Blue was added to the displaced fluids for visualization purposes [36],
sucrose was used as a weighting agent to increase the Carbopol solution density, and NaCl
was added to increase electrical conductivity. Fluid densities and pHs were measured in
the lab, and the rheological properties of the fluids were measured before each test using
an Anton Paar MCR 102 rheometer at a fixed temperature of 21 ◦C. The rheology data were
fitted to a Herschel–Bulkley model, τ = τy + κ

.
γ

n, where n is the power-law index, κ is the
consistency index, and τy is the yield-stress. Table 2 presents an overview of compositions,
pH, and density of the displaced and displacing fluids in the tests.
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Table 2. Compositions and pHs of the displaced and displacing fluids.

Test Fluid Type pH Carbopol
(wt/wt%)

NaOH
(wt/wt%)

Sucrose
(wt/wt%)

NaCl
(wt/wt%)

Blue Dye
(wt/wt%)

1
Displaced —– 0.00 0.000 0 0.00000 0.00023
Displacing —– 0.00 0.000 35 0.00042 0.00000

2
Displaced —– 0.00 0.000 0 0.00000 0.00023
Displacing —– 0.00 0.000 35 0.00042 0.00000

3
Displaced —– 0.00 0.000 0 0.00000 0.00023
Displacing 7.40 0.10 0.035 35 0.00042 0.00000

4
Displaced —– 0.00 0.000 0 0.00000 0.00023
Displacing 7.40 0.10 0.035 35 0.00042 0.00000

5
Displaced —– 0.00 0.000 0 0.00000 0.00023
Displacing 7.40 0.10 0.035 35 0.00042 0.00000

6
Displaced 7.41 0.08 0.032 0 0.00000 0.00023
Displacing 6.86 0.10 0.035 35 0.00042 0.00000

7
Displaced 7.41 0.08 0.032 0 0.00000 0.00023
Displacing 6.86 0.10 0.035 35 0.00042 0.00000

8
Displaced 7.41 0.08 0.032 0 0.00000 0.00023
Displacing 6.86 0.10 0.035 35 0.00042 0.00000

9
Displaced 8.08 0.08 0.032 7 0.00000 0.00023
Displacing 7.53 0.10 0.032 21 0.00042 0.00000

Table 3 shows the properties of the fluids used in the tests. Subscripts 1 and 2 are
representative of displaced and displacing fluids, respectively. The rheology data have
been extracted from shear stress vs. shear rate plots shown in the following sections.

Table 3. Density and rheology of the displaced and displacing fluids.

Test ρ1 (g/cc) ρ2 (g/cc) τy1 (Pa) τy2 (Pa) κ1 (Pasn) κ2 (Pasn) n1 n2

1 1 1.15 0 0 9.56 × 10−4 3.17 × 10−3 1.00 1.00
2 1 1.15 0 0 9.56 × 10−4 3.17 × 10−3 1.00 1.00
3 1 1.15 0 1.33 9.56 × 10−4 3.56 1.00 0.48
4 1 1.15 0 1.33 9.56 × 10−4 3.56 1.00 0.48
5 1 1.15 0 1.33 9.56 × 10−4 3.56 1.00 0.48
6 1 1.15 0.2 0.7 1.59 4.11 0.45 0.49
7 1 1.15 0.2 0.7 1.59 4.11 0.45 0.49
8 1 1.15 0.2 0.7 1.59 4.11 0.45 0.49
9 1.027 1.086 0.13 0.45 1.21 2.58 0.50 0.49

Table 4 shows the names and properties of the particles that we have used.

Table 4. Names and properties of the particles.

No. Particle Name dp (µm) ρp(g/cc)

1 Fluorescent Green Polyethylene Microspheres 710–850 1.025
2 Grey Polyethylene Microspheres 850–1000 1.05
3 White Polystyrene Polymer Spheres 2960–3000 1.05

3. Experimental Results and Discussion
3.1. Experimental Overview

We completed nine tests in the eccentric Hele–Shaw cell using different pairs of
Newtonian and non-Newtonian fluids, particle sizes, flow rates, and effective shear rates,
as shown in Table 5. The calculated Reynolds number based on the displacing fluid ranges
from 0.98 in tests with two non-Newtonian fluids to 369.3 in the tests with two Newtonian
fluids showing fully laminar displacement flows. The range of the buoyancy number
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is from 1.69 in the tests with two non-Newtonian fluids to 924.49 in the tests with two
Newtonian fluids. In the most similar tests to a real primary cementing operation (tests no.
6 to 9 with two non-Newtonian fluids with yield-stress), the buoyancy numbers are in the
same order of magnitude as the reported values [8,9].

Table 5. Overview of the performed tests.

Test Displaced Fluid Displacing Fluid dp
(µm)

Q
(L/min)

γ·e
(s−1) Re2 Bu

1 Water Water + Sucrose 3000 18.06 20.09 364.86 924.49
2 Water Water + Sucrose 1000 18.28 20.33 369.30 913.36
3 Water Carbopol + Sucrose 1000 15.27 16.99 1.09 3.91
4 Water Carbopol + Sucrose 3000 22.86 25.43 2.05 3.28
5 Water Carbopol + Sucrose 850 22.17 24.66 1.96 3.32
6 Carbopol Carbopol + Sucrose 1000 15.43 17.16 0.98 3.47
7 Carbopol Carbopol + Sucrose 3000 21.6 24.03 1.64 2.96
8 Carbopol Carbopol + Sucrose 850 25.53 28.40 2.12 2.74
9 Carbopol + Sucrose Carbopol + Sucrose 850 25.14 27.96 3.11 1.69

3.2. Displacement Flow Tests 1 and 2: Newtonian Fluids

In this section, the snapshots of fluid displacement in the eccentric Hele–Shaw cells are
presented, and the use and effectiveness of particles for tracking the interface between the
displaced and displacing fluids are described. The rheological properties of the displaced
and displacing fluids are reviewed and discussed. Moreover, the pressure drop values in
the tests are described and analyzed. We consider a middle section of the model with a
width of 30 cm for analyzing snapshots of the displacement flow, as we discussed before, to
remove edge boundary effects. We have marked the narrowest part of the cell by a dashed
red centerline in the middle of the cell, and the left and right-hand sides of this line are the
widest sides.

In tests no. 1 and 2, both displaced and displacing fluids have Newtonian behavior;
water with a density of 1.00 g/cc and a viscosity of 9.56 × 10−4 Pa·s as displaced, and
35 wt/wt% sucrose solution with a density of 1.15 g/cc and a viscosity of 3.17 × 10−3 Pa·s
as displacing fluid. We used particles with diameters of 3000 (no. 3) and 1000 µm (no. 2)
in tests no. 1 and 2, respectively. After initializing the cell, the main displacement flows
are started with the recorded flow rate rates of 18.06 L/min and 18.28 L/min in tests no. 1
and 2, respectively. In these two tests, the released particles remain on the interface after
release. Figures 4 and 5 show snapshots of the displacement flows in these two tests. We
can see stable and pistonlike displacement that verifies a strong secondary azimuthal flow
in these two tests, mainly due to the small fluid viscosities. In test no. 1, we can see a little
movement of the particles from the wide side to the narrow side on the right-hand side of
the cell and simultaneously from the narrow side to the wide side on the left-hand side of
the cell. This means that the particles on the right-hand side of the cell may be influenced
by the secondary flow in the displacing fluid from the wide side to the narrow side, while
the particles on the left-hand side of the cell may be affected by the secondary flow in the
displaced fluid in this section. While there is a symmetry in the cell, two opposite effects are
observed on two sides of the cell. It shows the importance of the particle locations (above
or below the interface) to know which secondary flows, in the displaced or displacing fluid,
affect them. In test no. 2, we do not see any considerable movement of particles through
the width of the model by comparing the concentration of particles over time in Figure 5,
and it can be expressed that the interface is appropriately tracked using these particles.
Additionally, it confirms that the negligible movements of particles in test no. 1 are because
of the particle interactions and not the secondary flows in the fluids.



Energies 2021, 14, 1884 9 of 21

Figure 4. Snapshots of displacement flow in test no.1: (a) t = 0 s; (b) t = 5 s; (c) t = 10 s; (d) t = 15 s.

Figure 5. Snapshots of displacement flow in test no. 2: (a) t = 0 s; (b) t = 5 s; (c) t = 10 s; (d) t = 15 s.
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3.3. Displacement Flow Tests 3 to 5: Newtonian/Non-Newtonian Fluids

In tests no. 3, 4, and 5, the displaced and displacing fluids are water with a density
of 1.00 g/cc, and carbopol and sucrose solution with a density of 1.15 g/cc, respectively.
Figure 6 shows the rheological behavior and viscosity of the displaced and displacing fluids
and the range of the effective shear rates in these three tests. It confirms the Newtonian
behavior of the displaced fluid with a viscosity of 9.558 × 10−4 Pa·s, and non-Newtonian
behavior of the displacing fluid with a yield stress of 1.33 Pa and considerably higher
equivalent viscosity compared to the displaced fluid. Therefore, the displacing fluid has
higher density and viscosity than the displaced fluid. Particles with diameters of 1000
(no. 2), 3000 (no. 3), and 850 µm (no. 1) and displacement flow rates of 15.27, 22.86,
22.17 L/min are used in tests no. 3, 4, and 5, respectively. For the initialization of the tests,
the same procedure as before is applied.

Figure 6. Rheological behavior of the displaced and displacing fluids in tests no. 3, 4, and 5. (a) Flow curve; (b) equivalent
viscosity.

In Figures 7–9 showing the snapshots of the displacement flows in these three tests, we
see almost pistonlike and stable displacements. The interfaces between the fluids in these
tests are not entirely flat, confirming the existence of a weaker azimuthal secondary flow
than tests no. 1 and 2 due to the higher equivalent viscosity of the displacing fluids here.
The lower flow rate in test no. 3 causes a flatter interface due to the lower displacement
flow rate and higher secondary flow. Figure 7 shows that the 1000-µm particles move from
the wide sides to the narrow side and accumulate on the narrowest side of the cell due to
the secondary flow in the displacing fluid. On this side, most of the particles travel toward
the top of the cell with the same velocity as the interface and track the interface. Some
particles bypass the interface on the narrow side and move toward the top with a lower
velocity than the interface. Figure 8 shows slight movements of the 3000-µm particles from
the narrow side to the wide side on the right-hand side of the cell and from the wide side
to the narrow side on the left-hand side of the cell. While it seems that the particles are
located in the displaced fluid and affected by the secondary flow there, their movements
toward the narrow section on the left-hand side of the cell are not reasonable. The particles’
interactions on each other could be a reason for the movement of particles in this test and
on both sides of the cell, and it seems that these particles overcome the secondary flow in
this test. The displacement flow in test no. 5 is disturbed by the air bubbles, as can be seen
in Figure 9. However, it can be seen in this figure that the particles with the size of 850 µm
move from the narrow side to the wide side because they are under the influence of the
secondary flow in the displaced fluid from the narrow side to the wide side.
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Figure 7. Snapshots of displacement flow in test no. 3: (a) t = 0 s; (b) t = 6 s; (c) t = 11 s; (d) t = 17 s.

Figure 8. Snapshots of displacement flow in test no. 4: (a) t = 0 s; (b) t = 4 s; (c) t = 7 s; (d) t = 11 s.
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Figure 9. Snapshots of displacement flow in test no. 5: (a) t = 0 s; (b) t = 4 s; (c) t = 8 s; (d) t = 12 s.

3.4. Displacement Flow Tests 6 to 9: Non-Newtonian Fluids

In tests no. 6, 7, and 8, a carbopol solution with a density of 1.00 g/cc as a displaced
fluid and a carbopol and sucrose solution with a density of 1.15 g/cc as a displacing fluid
are used. Figure 10 shows the rheological behavior and equivalent viscosities of these fluids.
The fluids are non-Newtonian with yield-stress behavior, and yield-stress and equivalent
viscosity of the displacing fluid is higher than the displaced fluid. Higher density and
viscosity in the displacing fluid than the displaced fluid causes no viscous fingering in
these tests. Displacement flow rates of 15.43, 21.6, and 25.53 L/min and particles with
diameters of 1000 (no. 2), 3000 (no. 3), and 850 µm (no. 1) are assigned to tests no. 6,
7, and 8, respectively. For the initialization of the tests, the same procedure as before is
applied, and we tried to establish a flat initial interface with very small flow rates during
the initialization of the cell. Figures 11–13 show snapshots of the displacement flows in
these three tests, and the interfaces in these three tests at the time of zero show nearly
nonflat initial interfaces. In test no. 6, a low displacement efficiency occurs compared to the
previous tests due to the high equivalent viscosities of the displaced and displacing fluids.
By increasing the displacement flow rates in tests 7 and 8, lower displacement efficiencies
are observed due to secondary flow weakness by increasing the velocity. In test no. 8,
with the highest displacement flow rate, bypassing pockets of the yield-stress displaced
fluid (blue) by the displacing yield-stress fluid (white) is observed, while there is no clear
evidence of this phenomena in the previous tests.
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Figure 10. Rheological behavior of the displaced and displacing fluids in tests no. 6, 7 and 8. (a) Flow curve; (b) equivalent
viscosity.

Figure 11. Snapshots of displacement flow in test no. 6. (a) t = 0 s; (b) t = 4 s; (c) t = 9 s; (d) t = 13 s.
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Figure 12. Snapshots of displacement flow in test no. 7. (a) t = 0 s; (b) t = 4 s; (c) t = 9 s; (d) t = 13 s.

Figure 13. Snapshots of displacement flow in test no. 8. (a) t = 0 s; (b) t = 4 s; (c) t = 7 s; (d) t = 10 s.
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In these tests, the particles released into the displaced fluid above the interface do not
have this possibility to travel downward and toward the interface and reside on it during
the initialization and the main displacement flow tests because the fluids have yield-stress
and the particle densities are not high enough for the downward movement of the particles.
Therefore, we cannot establish a uniform spreading of the particles at the interface, as can
be seen at time zero in these three tests (see Figure 11a, Figure 12a, and Figure 13a). In test
no. 6 (Figure 11), after the release of particles in the cell, the particles remain in place due to
yield-stress. During the initialization with a very small flow rate for adjusting the interface
level on the 20 cm height, the particles move with small velocity toward the wide sides due
to small secondary flow in the displaced fluid. The particle movements are discontinued
when there is no flow in the cell. When the mail displacement flow starts, the particles
move once again toward the wide side from the narrow side. The particles on the wide side
travel with higher velocity than the interface toward the top of the cell. The particles in
between the narrow and wide sides first reach the interface due to lower velocity than the
interface, and when they reach the wide side due to secondary flow, their velocity increases.
There are many black dots in the displaced fluid in this test because of the air bubbles.
In test no. 7 (Figure 12), and similar to the previous test, the released particles remain in
place after release into the cell. During the initialization, the particles on the narrow side
travel upward with the same velocity as the interface, but the particles on the wide sides
move up with higher velocity than the interface. This is why the distance between the
particles and interface at the time zero is different in the wide and narrow sides in this
test. When there is no flow in the cell, the particles remain in their place. During the main
displacement flow, the particles are affected by the secondary flow in the displaced fluid
and move from the narrow side toward the wide side. Simultaneously, it is observed that
some particles in the wide sides move up with a higher velocity than the interface, and
the ones in between the narrow and wide sides move up with a lower velocity. As shown
in Figure 12b, some particles are above the interface around the wide side, and some are
below the interface in between the wide and narrow sides. The ones above the interface
move from the narrow side to the wide side due to secondary flow in the displaced fluid,
and ones below the interface move from the wide side to the narrow side due to secondary
flow in the displacing fluid. Therefore, there is a possibility for tracking the interface on
the narrow side with the particles here. In test no. 8 (Figure 13), the particle behavior is
similar to test no. 7. The particles released into the cell remain in place first, and during
initialization, it is observed that the particles move upward toward the wide side. During
the main displacement flow, the particles move from the narrow side toward the wide side,
and those on the wide side travel upward with higher velocity than the interface. The
particles between the narrow and wide sides first reach the interface and subsequently
bypass the interface due to the lower velocity than the interface. The ones in the displaced
fluid move toward the wide side, and the ones in the displacing fluid move toward the
narrow side. Therefore, there is an opportunity to track the interface in the narrow side
that is a more critical section during a primary cementing operation. In conclusion, we
can say that top of the interface in the wide sides are tracked with all types of the used
particles, and the interface on the narrow side is trackable with particles no. 3 and 1 in tests
no. 7 and 8, respectively.

In test no. 9, we use another approach for tracking the interface between two fluids by
using neutral buoyant particles and immersing them in the displaced or displacing fluids
(displaced fluid in this case) instead of using particles with an intermediate buoyancy on
the interface. The advantage of this approach is that the particles are immersed in the bulk
of displaced or displacing fluids, and we know precisely which secondary flow, i.e., in
the displaced or displacing fluids, is affecting the particles. The fluids used in this test are
a carbopol and sucrose solution with a density of 1.027 g/cc as a displaced fluid and a
carbopol and sucrose solution with a density of 1.086 g/cc as a displacing fluid. Figure 14
represents the rheological behavior and equivalent viscosities of these two fluids. Both
fluids have non-Newtonian behavior with yield-stress, and the displacing fluid has higher
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equivalent viscosity and yield-stress than the displaced fluid. Particle no. 1 with a diameter
of 850 µm and a density of 1.025 g/cc is mixed with the displaced fluid, and due to the same
density of the displaced fluid and the particles, the particles are immersed in the displaced
fluid. The displacement flow rate is 25.14 L/min in this test, and the same initialization
approach as before is applied. Figure 15 shows the snapshots of the displacement flow
in this test. It shows a poor displacement due to the high flow rate and high equivalent
viscosities of the displaced and displacing fluids. By the start of the test, some particles
bypass the interface due to their lower velocity than the interface. The particles above
the interface are affected by the secondary flow in the displaced fluid and move slowly
from the narrow side to the wide side. The bypassed particles in the displacing fluid move
toward the narrow side due to the secondary flow. In real field practice with long wellbore
annulus, applying this approach resulted in tracking the wide and narrow sides. This
approach can be applied by immersing the particles in the displacing fluid as well. By
extending the results here and in the worst-case scenario that the particles cannot overcome
the secondary flow, particles immersed in the displacing fluid move toward the narrow
side, and we can track the interface on the narrow side.

Figure 14. Rheological behavior of the displaced and displacing fluids in test no. 9. (a) Flow curve; (b) equivalent viscosity.

3.5. Pressure Gradient Analysis

The pressure gradients recorded by the two pressure transmitters for some of these
tests in the eccentric Hele–Shaw cell were plotted in Figure 16. ∆P is the measured pressure
drop involving hydrostatic and frictional pressure drops in the cell, and L is the height
of the cell in these plots. The x-axis is the volume of the pumped displacing fluid from
the time of zero. Over time, increasing trends are observed in the measured pressure
gradients in all four tests in this graph for the displacement flow periods. Test no. 1, with
two Newtonian fluids, has the lowest pressure gradient with negligible frictional pressure
drop, and test no. 7, with two non-Newtonian fluids with yield-stress, has the highest
pressure gradient, with a hydrostatic pressure drop similar to tests no. 1 and a considerable
frictional pressure drop. Test no. 3 with a Newtonian displaced fluid, and a non-Newtonian
displacing fluid is in the middle. Test no. 6 has lower pressure gradients than test no. 7 due
to lower flow rate and lower frictional pressure loss. At the start of the tests, the measured
pressure gradients have strange behavior because of the initial disturbances and unstable
conditions due to the pumping of the fluids.
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Figure 15. Snapshots of displacement flow in test no. 9: (a) t = 0 s; (b) t = 3 s; (c) t = 5 s; (d) t = 8 s.

Figure 16. Pressure gradients in displacement flow tests in the eccentric Hele–Shaw cell.

Comparison of pressure gradients of displacement flow tests in the cells with eccentric
and concentric geometries [31] and with the same cross-sectional area is shown in Figure 17.
Comparing the tests with the same used fluid in the concentric and eccentric geometries
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shows that the effect of eccentricity on the pressure gradients is not significant in these
displacement flows, where the hydrostatic pressure gradient has a dominant role. In this
figure, the same trends exist for displacement flow tests in these two geometries. Test
no. 1 in eccentric geometry has almost the same behavior as test no. 4 in concentric
geometry with the same used fluids and properties and close displacing flow rates (18.06
and 16.43 L/min in eccentric and concentric geometries). The pressure gradient in test
no. 3 in eccentric geometry is comparable with test no. 5 in concentric geometry with the
same used fluids (same densities and rheologies, but different effective viscosities due to
different shear rates). The displacement flow rates in these two tests are far from each
other; 15.27 L/min in the eccentric test and 3.71 L/min in the concentric one. The higher
flow rate in eccentric geometry results in the lower effective viscosity of the displacing
fluid, but their global effect on the pressure gradient is a negligible increase in pressure
gradients in the eccentric geometry with the higher flow rate. By comparing test no. 7
in the eccentric geometry with test no. 7 in concentric geometries with the same used
fluids, densities, and rheologies, it can be seen that the higher flow rate of 21.6 L/min in
the eccentric geometry than 7.86 L/min in the concentric geometry causes lower effective
viscosity, and the recorded pressure gradients in the eccentric geometry are higher than the
concentric geometry. While it is known that frictional pressure drop in an eccentric annulus
is lower than in a corresponding concentric annulus [24], due to the dominating hydrostatic
pressure gradient and somewhat different fluid and flow properties from test to test, this is
not apparent from our experiments here. The observed differences of pressure gradients
in the eccentric and concentric Hele–Shaw cells are due to the flow rate differences and
consequently equivalent viscosity differences rather than the degree of eccentricity.

Figure 17. Comparison of pressure gradients of displacement flow tests in the cells with eccentric
and concentric geometries.

4. Conclusions

Different displacement flow tests were performed in an eccentric Hele–Shaw cell ge-
ometry with dynamic similarity to a real field wellbore annulus during primary cementing
and using different pairs of Newtonian and Herschel–Bulkley non-Newtonian fluids. The
displacement efficiency, the performance of tracing particles with intermediate or neural
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buoyancy for tracking the interface between the displaced and displacing fluids, and the
behavior of the pressure gradients in the cell were investigated. We conclude from the
results that:

1. While the strong secondary flows in the tests with two Newtonian fluids cause
pistonlike and highly efficient displacement, the used particles can overcome these
secondary flows and track and move by the interface appropriately.

2. The relative weakness of the secondary flows in the displacement tests with a Newto-
nian displaced fluid and a non-Newtonian Herschel–Bulkley displacing fluid causes
an almost stable and pistonlike displacement and a nonflat interface between the flu-
ids. While 3000-µm intermediate buoyancy particles overcome these secondary flows
and track the interface, smaller particle sizes (e.g., 1000-µm diameter) are affected by
the secondary flows in the displacing fluid and accumulated on the narrow side. On
this side, most of the particles travel toward the top with the same velocity as the
interface and track it, and simultaneously some particles move toward the top with a
lower velocity than the interface and bypass the interface.

3. High equivalent viscosities of the fluids in the tests with two non-Newtonian Herschel–
Bulkley fluids cause very weak secondary flows, and consequently, low displacement
efficiencies and nonflat interfaces between fluids. All types of the used intermediate
buoyancy particles released in the displaced fluid are affected by the secondary flow
and move from the narrow side toward the wide sides. The particles on the wide
side travel with higher velocity than the interface toward the top and the particles
between the narrow and wide sides reach the interface or bypass it due to their lower
velocities than the interface. Those that reach the interface move toward the wide side
due to secondary flow in the displaced fluid, and their upward velocities increase.
The bypassed particles below the interface move from the wide sides to the narrow
side due to secondary flow in the displacing fluid, and there will be an opportunity
for tracking the interface in the narrow side that is a more critical section during a
primary cementing operation.

4. Using neutral buoyant particles and immersing them in the displaced fluid in a
displacement flow test shows that some of the particles bypass the interface due to
their lower velocity than the interface. The particles above the interface move slowly
from the narrow side to the wide sides, and the bypassed particles in the displacing
fluid move toward the narrow side. In real field practice with long wellbore annulus,
applying this approach resulted in tracking the wide and narrow sides. By using
the neutral buoyant particles in the displacing fluid and their movement toward the
narrow side in the worst scenario that the particles cannot overcome the secondary
flow, we will have this hope to track the interface only on the narrow side.

5. The measured pressure gradients in the eccentric Hele–Shaw cell indicate increasing
trends over time in the displacement flow tests. The tests with two Newtonian fluids
have the lowest pressure gradients, and those with two non-Newtonian fluids have
the highest pressure gradients, and considerable frictional pressure drops that increase
by flow rate.
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