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Abstract. In the oil industry, drilling, cementing and well completion operations involve the flow, replacement and dis-
placement of fluids. Especially, structured fluids such as cement slurries, drilling fluids, viscous pills and other suspen-
sions and emulsions, which mechanical behavior are typically elasto-viscoplastic, are part of the process. To ensure the
success and optimization of such operations, the displacement flows must be accurately predicted. An unsuccessful oper-
ation can compromise the well’s safety and integrity through undesired inflow into the well, wellbore collapse, inefficient
cuttings transport, failure to isolate zones during cementing, among others. A challenging situation occurs when fluids
with different densities flow in enlarged zones (washout). This work provides a comprehensive analysis of the displace-
ment process of Newtonian and non-Newtonian fluids through concentric and vertical annular expansions-contractions as
a function of rheology, density ratio, flow rate and geometry. The problem was numerically and experimentally analyzed in
order to explore the influence of the governing parameters on displacement efficiency. Results showed that hydrodynamic
instabilities can appear in a variety of situations. The finite volume method was used to solve the governing mass and
momentum conservation equations. To solve the multiphase problem, the volume of fluid method was used. Furthermore,
experiments were performed with Carbopol aqueous dispersion been displaced by a glycerin/water mixture varying the
dimensions of the geometry and the injection flow rate. A Coriolis flowmeter was used to measure the flow rate and the
density of the fluids leaving the test section in order to determine the displacement efficiency. Excellent agreement was
observed between numerical and experimental results. It was observed that density ratio plays a major role on displace-
ment efficiency and that the diameter of the eroded zones has a significant impact on the amount of fluid retained inside
the cavity. Ultimately, numerical simulations were performed considering geometric dimensions, fluids properties and
flow rates typical of oil well cementing operations.
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1. INTRODUCTION

The cementation process of oil wells is one of the most important processes in the oil industry and it is directly related to
the well lifetime (Naccache et al., 2018). Primary cementing is a technique used to place cement slurries into the annular
space after the casings are lowered into the well. The main purposes of this operation are to provide mechanical support
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and to provide hydraulic seal preventing fluids influx from the formation (Frigaard et al., 2017).

This process involves drilling fluids and cement slurries, both yield stress materials. Ideally, the drilling fluid must be
completely removed from the borehole and a complete filling of the cross section with the cement slurry must occur
(Varges et al., 2020). Moreover, displacement of yield stress fluids presents several challenges, which includes static
fluid layers (Moyers-Gonzalez and Frigaard, 2008), unyielded regions (Denn and Bonn, 2010) and viscous fingering
instabilities (Lindner et al., 2000).

The wellbore surface may present irregularities caused by erosion or a poorly consolidated formation (Espinoza et al.,
2022), which makes more difficult to predict flow displacement efficiency. Roustaei et al. (2015) observed that the area
of the yielded region is not affected by the erosion geometry when considering a material with high yield stress and a
geometry with a deep erosion. Furthermore, Naccache et al. (2018) numerically explored the displacement efficiency of
yield stress materials through a model eroded well. It was noted that inertia breaks the fore-aft symmetry of the interface
between the fluids.

Regarding the effect of increasing Reynolds number (Re) in the removal volume of an eroded region, an interesting result
was observed by Espinoza et al. (2022). They found an inversely proportional relation between Reynolds number and
removed volume from an eroded region. A similar result was also pointed out by Etrati et al. (2020) wherein shows that
at large enough Re the flow destabilizes within the eroded zone, recirculates and mixes with the displacing fluid, this
process may or may not improve the actual displacement.

The goal of this work is to better understand the displacement flow of complex fluids in an eroded borehole in order
to optimize cementing operations in the oil industry. The influence of geometric, rheological and flow parameters are
experimentally and numerically investigated in the displacement efficiency.

2. PHYSICAL MODEL

The flow geometry, an annular vertical abrupt expansion–contraction used to model the eroded borehole with column,
is presented in Figure 1. The upstream and downstream length, and the diameter of the outer tube are equal to l and d,
respectively, while the inner tube diameter is defined as d′. The cavity axial length and diameter are L and D, respec-
tively.

Figure 1. Schematic of the annular abrupt expansion-contraction geometry.

The upstream and downstream tubes length were kept equal to l = 5Dh to avoid any disturbances inside the enlargement
region due to entrance and exit boundaries. The hydraulic diameter is defined as Dh = d − d′. Well eccentricity and
inclination were not explored.

The scaling was discussed in (Espinoza et al., 2022), where the dimensionless geometry parameters are: D∗ = D/d,
which is called cavity diameter, L∗ = L/d is the cavity length, d′∗ = d′/d is the inner tube diameter, and l∗ = l/d
is the inner and outer tube length. Moreover, the density difference is defined as ρ∗ = (ρ2 − ρ1)/ρ2 and the viscosity
ratio is η∗ = µ2/η1,c, being η1,c the characteristic viscosity given by ηc = η(γ̇c) obtained at a characteristic shear rate
γ̇c = V/Dh. Ultimately, the Reynolds number is defined as the maximum value at the annular space. Then, Re =
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max(4ρ1QDh/(π(d2 − d′2)η1,c), 4ρ2QDh/(π(d2 − d′2)µ2)).

3. NUMERICAL PROCEDURE

Two-dimensional numerical solutions were obtained using Ansys®Fluent (Ansys Inc.) considering laminar, axisymmetric,
isothermal, and isochoric flows.

The governing equations are:

∇ · v = 0 (1)

ρ

[
∂v

∂t
+ v · ∇v

]
= −∇p+∇ · σ + ρg (2)

where v is the velocity field; p is the pressure field; ρ is the mixture density; and g is the acceleration due to gravity. The
quantity σ is the extra-stress tensor, assumed to obey the generalized Newtonian fluid model, namely σ = η(γ̇)γ̇, where
γ̇ ≡ [∇v +∇vT ] is the rate of strain tensor.

The fluids are assumed to be immiscible and incompressible. The displacing fluid, fluid 2, is Newtonian, so the viscosity
is constant and equal to µ2. The displaced fluid, fluid 1, is a yield stress material, modeled by the following regularized
Herschel-Bulkley viscosity function (ANSYS, 2020):

η(γ̇) =


σy
γ̇

+K(γ̇)n−1 if γ̇ ≥ γ̇cr
σy
γ̇cr

[
2− γ̇

γ̇cr

]
+Kγ̇n−1cr

[
(2− n) + (n− 1)

γ̇

γ̇cr

]
if γ̇ < γ̇cr

(3)

where γ̇ ≡
√

1
2 trγ̇2 is the intensity of the rate of strain, σy is the yield stress, K is the consistency index, n is the

power-law index and γ̇cr is the regularization parameter, given by the small rate-of-strain below which the viscosity is
equal to a constant high value ≈ 500ηc (Burgos and Alexandrou, 1999; Soares et al., 2003; Beverly and Tanner, 1992).
Then γ̇cr ≈ σy/500ηc.

To handle the two fluid phases, the Eulerian Volume of Fluid Method (VoF) was employed. The volume fractions φi
(i = 1, 2) are obtained by solving the mass conservation equation, Eq. (4) for one of the phases along with the constraint
equation, Eq. (5):

∂φi
∂t

+ v · ∇φi = 0, i = 1 or 2 (4)

2∑
i=1

φi = 1 (5)

The initial and boundary conditions used in the simulations were such as to represent the cementing operation. The no-slip
and impermeability conditions were assumed at all walls. Initially the whole domain is filled with fluid 1 and the velocity
is zero. At the instant t = 0, Fluid 2 is injected with a developed (parabolic) flow profile with average velocity V . The
flow is assumed fully developed at outlet. Interfacial tension was not considered.

The finite volume method is used to discretize the conservation equations. To numerically solve the governing equations,
a first order implicit-transient-formulation pressure-based solver was used, including the PRESTO! (PREssure Staggering
Option) discretization scheme for pressure, the second-order upwind for momentum, least squares cell-based for the
gradient, the geo-reconstruct algorithm for the volume fraction and the PISO algorithm for the pressure-velocity coupling
(ANSYS, 2020). The simulations were carried out up to the time instant where one test section volume had been injected.
A non-uniform mesh with 348,824 nodes was generated with GMSH software, and chosen after some mesh tests were
performed.

4. EXPERIMENTS

Experiments to study the displacement of a non-Newtonian fluid by a Newtonian fluid were carried out for different
configurations. The displacer fluid, which is denser, was represented by an aqueous solution of glycerin and the displaced
fluids are different aqueous solutions of Carbopol.
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Figure 2 present the experimental setup. Three fluid reservoirs are connected to a double-headed peristaltic pump with a
pulse damper through valves and silicone hoses. The test section, which is on the other side of the pump, consist of an
annular geometry whose external wall possessed a sudden expansion–contraction, as can be seen in Fig. 3. A Coriolis
flowmeter was positioned at the outlet of the test section, to measure the flow rate and density of the fluids leaving the test
section.

Flow rate and
density meter

Test section

Pump

Fluids
reservoir

Figure 2. Experimental setup.

Figure 3. Test section.

It is interesting to note that all cases present low Re, which means that we only investigated laminar flows. Furthermore,
all cases present η∗ < 1, indicating the occurrence of unstable flows leading to viscous fingering formation thus reducing
the displacement efficiency. It should be noted that η∗ is defined at a critical shear rate at the inlet annulus so it does not
represent a fixed and constant value throughout the entire geometry. Therefore, locally there are regions with different
values of η∗.

The displacement efficiency Φ is defined as the ratio of the displaced volume to the total volume.

Φ =
Vdisplaced
VTotal

(6)

In the experimental case, the displacement efficiency is calculated in relation to the entire geometry because, due to
experimental limitations, it is not possible to separate the contribution of the cavity from the annulus to the calculation
of the efficiency. In the numerical case, the displacement efficiency is calculated only in the cavity as it is our region of
interest.
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5. RESULTS

5.1 EXPERIMENTAL RESULTS

Comparisons were made between experiments and numerical simulations in order to validate the numerical methodology
implemented. More results are found in (Espinoza et al., 2022; Varges et al., 2022; Espinoza, 2020).

Figure 4 present, as an example, the displacement efficiency as a function of time considering ρ∗ = 0.187, d′∗ = 0.846,
D∗ = 4.25,L∗ = 2.70, η∗ = 0.016 andRe = 8.28, which represents a 0.1% Carbopol aqueous dispersion (τy = 2.96Pa,
k = 1.35Pa.sn and n = 0.47) been displaced by glycerin/water mixture (µ = 0.032Pa.s). Diffusion effects are
negligible, as can be seen in Espinoza (2020). Moreover, Figure 5 presents the time evolution (from left to right) of fluid
interface at plane rz. It can be observed a good agreement between the experimental and numerical data.

Figure 4. Displacement efficiency as a function of time for ρ∗ = 0.187, d′∗ = 0.846, D∗ = 4.25, L∗ = 2.70, η∗ = 0.016
and Re = 8.28.

t = 0 s

t = 7 s

t = 15 s

t = 18 s

t = 30 s

Figure 5. Time evolution for ρ∗ = 0.187, d′∗ = 0.846, D∗ = 4.25, L∗ = 2.70, η∗ = 0.016 and Re = 8.28. The
Newtonian displacing fluid is represented in black, and the displaced viscoplastic material in gray.

5.2 NUMERICAL RESULTS

The results of flow displacement were obtained for different combinations of flow parameters, fluids rheology and geom-
etry. Tables 1 and 2 present the non-Newtonian and Newtonian fluids properties at 25°C, which were obtained according
R. Varges et al. (2019). Flow rates of 4 and 15 bpm were explored leading to inertia flows since 4 < Re < 1800 and to a
range of 0.0038 < η∗ < 11.64.

Figure 6 presents data from 24 combinations of parameters that were evaluated in numerical simulations considering the
inlet and outlet annulus length of 0.33ṁ, the well diameter of 12.25" and the casing diameter is 9.625". In general terms,
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Table 1. Non-Newtonian fluids properties.

τy,1 K n ρ1
[lbf/100ft2] [lbf.sn/100ft2] [ ] [lb/gal]

3.57 0.11 0.78 10.00
25.06 3.39 0.34 16.50
19.30 16.00 0.30 16.50

Table 2. Newtonian fluids properties.

µ2 ρ2
[cP ] [lb/gal]

7 9.9
7000 9.9
120 9.9
40 9.9

12161 16.0
111 16.0
88 16.0

it is possible to verify that the displacement efficiency increases with L∗ and decreases with D∗ for a fixed value of ρ∗.
Furthermore, it was observed that there is a critical value of the Reynolds number that defines the trend of the evolution
of displacement efficiency in the eroded zone.

ForD∗ = 1.47, the efficiency increases with the Reynolds number, except when comparingRe = 10.65 andRe = 35.62.
In this case, the largestRe, which has the smallest η∗, gives slightly less displacement efficiency. In this way, it is possible
to observe that a small difference in the viscosity ratio, namely ∆η∗ = 0.12 generates a greater resistance in the flow
capable of influencing the displacement efficiency.

For D∗ = 3.27, there is a non-linear behavior about the influence of Re and η∗ on displacement efficiency. It grows with
the Reynolds number in the range fromRe = 4.05 toRe = 10.65, while for 10.65 < Re < 35.62 the efficiency decreases
due to increased inertia and possible advection in the flow. Similar results were found by Naccache et al. (Naccache et al.,
2018). For 35.62 < Re < 102.57, it is observed that for the smallest L∗ there is a reduction of Φ and the inverse occurs
for the largest value of L∗ investigated.

Figure 6. Displacement efficiency as a function of L∗ for ρ∗ = −0.03 and d′∗ = 0.786.

Figures 7, 8 and 9 present the results of numerical simulations performed with ρ∗ = −0.01 and d′∗ = 0.846. It represents
an inlet and outlet annulus length of 0.51ṁ, the well diameter of 26" and the casing diameter is 22". Trends similar to
those in Figure 6 were observed.
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Figure 7. Displacement efficiency as a function of L∗ for ρ∗ = −0.010, d′∗ = 0.846 and D∗ = 1.08.
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Figure 8. Displacement efficiency as a function of L∗ for ρ∗ = −0.010, d′∗ = 0.846 and D∗ = 1.54.
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Figure 9. Displacement efficiency as a function of L∗ forρ∗ = −0.010, d′∗ = 0.846 and D∗ = 2.50.

Concerning viscosity ratio, it was observed that when η∗ and Re increases, the yield stress is overcome in all regions,
inertia seems to become dominant, and most of fluid 1 is removed, except for a region close to the entrance. Moreover, it
was also observed that the displacement efficiency is not a monotonic function of the Reynolds number.

Figure 10 presents the influence of the imposed flow rate on displacement efficiency for a fixed geometry (D∗ = 1.54,
L∗ = 22.71, d′∗ = 0.85) and with the same pair of fluids (ρ∗ = −0.010). Figure 10(a) shows the volume fraction field
imposing 4bpm (η∗ = 3.83 andRe = 7.25) while Fig. 10(b) presents a flow rate of 15bpm (η∗ = 11.63 andRe = 82.68).
It was observed that Φ increases from 77 to 86% with η∗ and decreases with Re.

6. CONCLUSIONS

We experimentally and numerically studied the flow of yield stress materials through annular abrupt expansions–contractions
forming an axisymmetric cavity. The effect of geometry on displacement efficiency was investigated varying the enlarged
region length L and diameterD. In general, it was observed that displacement efficiency increases and reaches asymptotic
values as L∗ increases and that Φ decreases with D∗. It was also observed that the displacement efficiency is not a mono-
tonic function of the Reynolds number and viscosity ratio. Moreover, it strongly increases with density difference.
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Figure 10. Flow rate influence on displacement efficiency: (a) 4bpm and (b) 15bpm.
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