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Abstract—This study experimentally investigates the injection of a
buoyant miscible suspension into a prefilled Newtonian fluid within a
closed-end pipe, where the two fluids form a miscible configuration.
The experiments are conducted using an industrially scaled-down
dump-bailing setup, used for cementing oil and gas wells. A high-
speed camera captures the experiments, and flow parameters are
extracted through image post-processing. Motivated by industrial ap-
plications, we examine the effects of initial particle volume fraction,
inclination angle, and injection rate to analyze various flow patterns
and assess the impact of these parameters on the quality of suspension
placement, as quantified by a mixing index. The results show that
reducing the inclination angle and injection rate improves placement
efficiency. However, changes in the initial particle volume fraction
lead to improved placement efficiency in the short term but degrade
placement quality over the long term. This study offers valuable
insights for cementing operations, including dump-bailing, primary
cementing, hydrocarbon production, and wellbore decommissioning
in oil and gas wells.

Keywords-component—suspension; particle-laden flow; buoy-
ant miscible injection; oil and gas wells cementing

I. INTRODUCTION

Displacement flows are observed in both natural systems
and a wide range of industrial applications, including mi-
crofluidic devices [1], 3D printing [2], food processing [3],
and the oil and gas industry [4]-[11]. In the oil and gas
sector, a critical application of displacement flow is found in
cementing operations, particularly during the plug and aban-
donment (P&A) of oil and gas wells. In cemening proceses,
accurate placement of cement slurries, plugs, or alternative
sealing materials at designated intervals within the wellbore
is essential for mitigating environmental concerns, including
greenhouse gas emissions, groundwater contamination, and

ecological damage during the decommissioning of aging wells
[12]-[14].

The success of such operations depends on various pa-
rameters, including the wellbore configuration and trajectory,
conditions in the targeted cementing zone, operational tech-
niques, and process parameters [12]. These factors have led
to the development of different cementing methods, such as
the balanced plug technique [15], squeeze cementing [16],
two-plug methods [12], off-bottom techniques [17], and dump
bailing [12], [18]. This study focuses on the dump bailing
method, where cementing involves initially setting a perma-
nent mechanical bridge plug below the designated cementing
zone. A bailer containing the cement slurry is then lowered
into the wellbore, which is typically filled with wellbore fluid,
often water in Canada. The cement slurry is later released or
injected onto the bridge plug. From a fluid mechanics stance,
this process can be considered as the release or injection
of a dense suspension fluid, such as cement paste, into a
Newtonian fluid within a closed-end pipe, representing the
wellbore casing and bridge plug. The combination of various
parameters, including geometrical characteristics, fluid prop-
erties, and operational conditions, makes studying this process
under different scenarios particularly challenging. Given these
complexities, this work aims to investigate buoyant miscible
suspension fluid injection into a closed-end pipe filled with
quiescent Newtonian fluid.

Several studies have investigated buoyant miscible displace-
ment flows relevant to the dump-bailing method. Akbari and
Taghavi [5] conducted experiments on the injection of a heavy
Newtonian fluid into a quiescent lighter Newtonian fluid within
an inclined, closed-end pipe, simulating the dump-bailing
process. They identified distinct flow patterns, including a
buoyant jet at the initial stage, mixing near the inlet at high



injection rates, slumping due to transverse buoyancy stresses,
and fluid return. Further research by Akbari and Taghavi [18]
highlighted that reducing the dumping height and increas-
ing the viscosity and density of the injected fluid improved
placement efficiency, while the flow in the gap between the
bailer and casing remained unaffected by fluid dynamics in
the targeted zone. Following research [19], [20] studied the
impact of the non-Newtonian properties of cement slurries.
Considering the shear thinning behavior of cement slurry,
both experimental and numerical investigations demonstrated
fluid separation when highly viscous fluids were injected [21].
Moreover, when treating the cement slurry as a high-yield
stress fluid, they identified various flow regimes, including
breakup, coiling, and bulging under vertical configurations.
Faramarzi et al. [22] expanded this research by investigating
moderate to low yield stress fluids in both inclined and vertical
configurations, identifying four primary regimes: stable slump-
ing, unstable slumping, separation, and mixing, with stable
slumping emerging as the most favorable due to its minimal
mixing and stable interface.

The cement slurry, including cement particles, can be cat-
egorized as a particle-laden fluid or suspension. Extensive
research has studied the dynamics of such suspensions, with a
focus on key phenomena such as turbidity currents [23], [24]
and debris flows across inclined surfaces [25], [26]. Despite
extensive research, the behavior of buoyant particulate suspen-
sions injected or released into other fluids has received limited
attention, particularly in dynamically active systems where
fluid motion influences suspension dynamics. Existing studies
primarily focus on neutrally buoyant particles, where the parti-
cle density closely matches that of the fluid medium. Findings
indicate that higher injection rates enhance turbulence, thereby
reducing particle settling [27]-[30]. Furthermore, increasing
the inclination angle toward the vertical direction promotes
turbulence, further reducing particle deposition [31], [32]. In
this context, this study examines the injection of a heavy
suspension into a closed-end pipe filled with lighter New-
tonian fluid, investigating the effects of inclination angle,
injection rate, and initial particle concentration on flow dy-
namics. Advanced non-intrusive visualization techniques and
data processing methods are employed to quantify key factors,
including the position of the suspension front, concentration
distributions, and placement efficiency, using a mixing index.

The structure of this paper is organized as follows: Section
2 outlines the methodology, providing a detailed overview of
the experimental setup and the procedure employed. Section 3
discusses experimental results, focusing on the effects of initial
particle volume fraction, inclination angle, and injection rate.
Finally, Section 4 provides a summary of the key findings.

II. METHODOLOGY

In this study, experiments were conducted using a scaled-
down experimental setup consisting of two transparent pipes
connected eccentrically, as shown in Fig. 1. The inner pipe,
with a diameter of 1.27 cm and an outer diameter of 2.54
cm, represents the bailer used for injecting the suspension.

The outer pipe, with an inner diameter of 3.81 cm, represents
the wellbore casing. The setup includes a movable piston
inside the inner pipe, which adjusts the falling height from the
injection inlet to the piston, defining the medium of interest in
this study, as highlighted by the pink dashed line in Fig. 1. The
entire setup is mounted on a rotatable structure, facilitating the
study of buoyant suspension injection at different inclination
angles. A gate valve installed at the end of the inner pipe
isolates the injection fluid from the ambient fluid. Additional
details regarding the experimental setup can be found in [22].

To conduct an experiment using this setup, the inner pipe
is initially filled with the suspension, while the outer pipe
is cleaned and then filled with deionized water. The two
fluids are separated by a gate valve installed at the end of
the inner pipe. The experiment begins by opening the gate
valve and turning on the pump at a predefined flow rate to
transfer the suspension. In this work, dosing pumps (RJ30)
are used to handle the suspension from a bucket, where a
mixer (IKA Werke EUROSTAR POWER) continuously stirs
the suspension to prevent particle settling and maintain a
homogeneous mixture.

The suspension preparation starts with adding a designated
quantity of ink (0.8 g/l) to a 99.7% glycerin solution, char-
acterized by a density of 1260 kg/m>® and a viscosity of
1400 cp. The mixture is subsequently mixed at 350 rpm.
A predetermined quantity of solid particles is incrementally
introduced to the solution. The solid particles utilized are soda-
lime microsphere glass beads from Composition Material Co.,
Inc. with an average diameter of around 70 pm and a density
of about 2500 kg/m3. These beads range in diameter from
44 to 88 pum (170 to 325 US mesh). To meet the research
aims, we made two suspension solutions with initial particle
volume fractions of 5% and 10%. To verify the initial particle
concentration, the density of each prepared suspension was
measured at least three times using a digital density meter
(Anton Paar DMA 35N). We then compared the measured
densities with the theoretical values based on expectations
[33], [34], which are expressed as:

Pr (Do) = Ppdo + pr(1l — ¢o), (D

where py is the suspension density, ¢, represents the initial
volume fraction of solid particles, p,, is the density of the solid
particles, and p¢ refers to the density of the carring fluid. The
viscosity of the suspension (fif7) can also be determined using
Newtonian rheology principles [33], as given by:

fin(00) = s (1 — 22), @
®;

where ¢; represents the jamming volume fraction, which has
been reported to be 0.61 for spherical particles [33], [35].
The viscosity of the carrier fluid, fiy, was measured using
a digitally controlled rheometer (DHR-3, TA Instruments),

which provides shear stress and shear rate measurements.
Prepared suspensions are dyed with black ink (Fountain Pen
India Black) at a concentration of 0.8 g/L in deionized water



before adding particles. LEDs are positioned behind the pipe,
as shown in Fig. 1, with diffusive panels in between to ensure
uniform lighting. The interfacial flow within the region of
interest is recorded using a high-speed black-and-white camera
(Basler ACA2040). Before each experiment, light absorption
calibrations are also performed using reference images of the
pipe filled separately with transparent and dyed fluids. These
images are used to calculate normalized concentration fields
via the Beer-Lambert law [21]. Image processing is carried out
using a custom MATLAB code to extract concentration fields
and interfacial flow dynamics. Flow rates are determined by
tracking pump output and measuring the fluid volume expelled
from the outer pipe.

Table I presents the dimensional parameters, denoted by
a circumflex, along with their respective ranges used in this
study. To enable the application of experimental findings
to industrial scales, dimensionless parameters were derived
from these dimensional values. As shown in Table II, the
experiments were conducted at a high Péclet number (Pe),
where particle self-diffusion becomes negligible, consistent
with Espin and Kumar’s findings [36] for % > 1. Under
these conditions, settling and shear-induced migration are
the primary diffusion mechanisms [33], [36]. The study also
explores the injection of dense suspensions with initial particle
volume fractions (¢,) of 5% and 10%, calculated as the
ratio of particle volume (Vp) to carrying fluid volume (VC).
Moreover, the influence of inclination angles at 15° and 70°
was examined, representing near-horizontal and near-vertical
configurations. To generalize the results, lengths, velocities,
and time were nondimensionalized using jj f/o, and D / VO,
respectively.

Light Newtonian fluid
PL, UL

Heavy suspension

Gate valve PH: Ru

Figure. 1. Schematic of the experimental setup, with the pink dashed line
representing the medium of interest in this study.

III. RESULTS AND DISCUSSION

This section presents the results of suspensions injected
in a prefilled pipe containing deionized water, examining
the effects of initial particle volume fraction, injection rate,
and inclination angle. We begin with a general overview of
flow development and patterns observed in the experiments,

TABLE. 1
DIMENSIONAL PARAMETERS USED IN OUR EXPERIMENTS, ALONG WITH
THEIR CORRESPONDING RANGES.

Parameter Name Range or value
D Inner diameter of outer pipe 3.81 (cm)
D; Inner diameter of bailer 1.27 (cm)
bo Outer diameter of bailer 2.54 (cm)

H Dumping height 0.46 (m)
Vo Injection velocity 70-100 (mm/s)
Py Carrying fluid density 1260 (kg/m?)
PH Heavy suspension fluid density 1322, 1384 (kg/m3)
oL Light Newtonian fluid density 998 (kg/m?)
iy Carrying fluid viscosity 1.4 (Pa.s)
Lo Heavy suspension fluid viscosity 1.66, 2 (Pa.s)
or Light Newtonian fluid viscosity 0.001 (Pa.s)
Dg Einstein diffusivity [36] ~ 10718 (m2/s)
g Gravitational acceleration 9.81 (m/s?)
dyp Particle size ~ 70 (um)
Pp Particle density 2500 (kg/m3)
TABLE. II

DIMENSIONLESS PARAMETERS USED IN OUR EXPERIMENTS, ALONG WITH
THEIR CORRESPONDING RANGES.

Parameter Name Definition Range or value
H Aspect ratio % 12.07
D; Diameter ratio Dﬁi 1/3
Re Reynolds number (rtpr)VoD 1.88-3.03
2fp
At Atwood number PH=PL 0.14,0.16
PHIPL
Fr Froude number \/Z’% 0.3-0.44
M Viscosity ratio ZH 0.0005, 0.0006
Pe Péclet number \gD ~1x 10'®
E
8 Inclination - 15 & 70°
Initial volume v
1 3 p
bo fraction of particles foVc 0.05, 0.1
Dy Particle diameter ratio % 0.0018

followed by an analysis of how each factor influences con-
centration profiles, front dynamics, and placement efficiency.

A. General observation and effect of initial volume fraction
of particles

The injection of suspension into quiescent water in a closed-
end pipe can result in varying flow patterns as the flow
develops. Fig. 2 shows images from two experiments con-
ducted under identical conditions, differing only in the initial
particle volume fraction. Initially, a short buoyant jet forms
as the suspension begins to flow. The injected suspension then
reaches the lower pipe wall due to transverse buoyant stresses,
causing the suspension fluid to slump beneath the ambient
fluid. This behavior is driven by the high-density difference
and the presence of particles in the suspension.

Fig. 3 shows the spatiotemporal diagram of suspension
injection for the experiment in Fig. 2. It illustrates the depth-
averaged concentration field of the injected suspension in the
dimensionless x—t plane, from the start of the experiment
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Figure. 2. Experimental snapshots: (a) an experiment with Re = 3.03,
B = 15°, Fr = 0.44, and ¢, = 0.05, M = 0.0006; (b) an experiment
with Re = 2.6, 8 = 15°, F'r = 0.4, and ¢, = 0.10, M = 0.0005.
TThe colorbars represent the concentration of the heavy suspension fluid.
The dimensionless field of view is 1 x 12.

until the pipe is filled. The diagram provides insights into
flow dynamics, such as the front velocity, marked by the
boundary between colored and white regions, and the average
front velocity, indicated by the pink dashed lines in Fig. 3.
The results show that the average front velocity is higher in
the experiment with a lower initial particle volume fraction
compared to the one with a higher fraction. The diagram
also highlights the flow pattern from initiation to complete
pipe filling. The region between the pink and yellow dashed
lines represents the suspension slumping, characterized by
nearly uniform concentration. The concentration profiles are
almost identical for both experiments. The yellow dashed line
marks the average backflow front velocity, indicating when
the viscoplastic fluid reaches and fills the pipe’s end. Both
experiments alomst show similar backflow front velocities,
with the lower initial volume fraction case being slightly
higher. Below the yellow dashed lines, the pipe-filling process
is also depicted. Both experiments demonstrate uniform, high-
quality concentration placement in this region. Finally, the
experiments reveal that the case with the lower initial particle
volume fraction fills the pipe faster than the case with the
higher volume fraction.

Figure. 3. Spatiotemporal diagram of the depth-averaged concentration field
on the dimensionless z-t plane, corresponding to the experiments shown in
Fig. 2. The pink dashed line represents the average front velocity, while the
yellow dashed line indicates the backflow front velocity. The colorbars depict
the depth-averaged concentration of the heavy suspension fluid.

B. Effect of inclination angle

Fig. 4 shows 10 snapshots and a spatiotemporal diagram
for an experiment conducted at 5 = 70°. The findings reveal

that increasing the inclination angle leads to a more unstable
slumping flow, where the suspension overcomes eccentricity
and settles beneath the ambient Newtonian fluid. At higher
inclination angles, concentration profile variations become
more pronounced, resulting in increased mixing between the
two fluids. Due to the significant density difference and
particle presence, the suspension descends rapidly, sometimes
leading to suspension separation. When separation occurs,
the detached portions deform, transitioning from filament-
like shapes to irregular fragments. These fragments eventually
settle on the piston, which acts as a mechanical bridge plug,
displacing the water. As fragments accumulate, a counterflow
develops, gradually filling the pipe from the piston toward the
gate valve.

The average front velocity at 8 = 70° is V § &~ 1.5, signif-
icantly higher than V; ~ 0.35 observed at lower inclination
angles. This increase is attributed to reduced interface height
and the occurrence of suspension separations. Conversely, the
backflow front velocity decreases at higher inclination angles,
indicating that the interface height during slumping diminishes
as the inclination increases from 15° to 70°, as discussed.
Moreover, the pipe filling time, expressed in dimensionless
terms, rises with increasing inclination angles.

Figure. 4. (a) Experimental snapshots from an experiment with Re = 2.38,
B = 70°, Fr = 0.37, and ¢ = 0.1, M = 0.0005. The dimensionless
field of view is 1 x 12. (b) Corresponding spatiotemporal diagram of the
depth-averaged concentration field on the dimensionless x-¢ plane.

C. Effect of injection rate

Fig. 5 presents a snapshot and spatiotemporal diagram of
an experiment with identical properties to Fig. 4, except for a
lower injection rate. Despite the reduced injection velocity, the
results indicate similar values for V/ . Interestingly, v t for the
lower injection rate exceeds that of the higher injection rate
case. Alike, Vfb follows a similar trend, being larger at the
lower injection rate. Moreover, the results show that under
varying injection velocities, a consistent pattern occurs in the
slumping and filling processes. The findings also reveal that
the dimensionless pipe filling time decreases as the injection
rate is reduced.

D. Displacement efficiency

Quantifying the quality of fluid placement over time is
practically significant. One approach involves analyzing con-
centration profiles, where a uniformly high suspension con-
centration indicates effective displacement. To present and



Figure. 5. (a) Experimental snapshots from an experiment with Re = 1.88,
B = 70°, Fr = 0.29, and ¢, = 0.1, M = 0.0005. The dimensionless
field of view is 1 x 12. (b) Corresponding spatiotemporal diagram of the
depth-averaged concentration field on the dimensionless x-¢ plane.

compare different experiments, mixing indices are employed
to assess the mixing quality between the injected and ambient
fluids. In this study, a mixing index based on 2D camera
images is defined as follows [22]:

POAIND Dea ¢!
N x M

where C'(z,y) denotes the suspension concentration at pixel
coordinates (z,y), and N and M represent the number of pix-
els in the x and y directions containing the suspension. Here,
C(z,y) = 0 corresponds to the light fluid, and C(x,y) = 1
to the heavy fluid. A lower mixing index value, as defined by
Eq. 3, indicates more efficient fluid placement.

Fig. 6(a) shows the evolution of the average mixing index
(M) over time for two experiments with different inclination
angles. The solid dark red line represents the higher incli-
nation, while the pink dashed line corresponds to the lower
inclination. The results indicate that M/ is consistently lower
for the lower inclination, indicating better fluid placement
efficiency. Moreover, the experiment with a lower inclination
reaches the ultimate steady M1 more rapidly than the higher
inclination case.

Fig. 6(b) compares the effect of injection rate on M1 over
time. The blue solid line represents the higher injection rate,
while the cyan dashed line corresponds to the lower injection
rate. Since dimensional parameters have been made dimen-
sionless by Vo, we use another dimensionless scale to compare
the effect of injection rate. In this regard, similar to previous
studies, we non-dimensionalize the lengths, velocities, and
time by dividing them by . D, the characteristic inertial- -buoyant
velocity (Vip), and D/Viy, respectively [18]. The inertial-
buoyant velocity, Vip, is obtained by balancing the buoyant
stress ((pg — pr) {]D) with the inertial stress (g + pr) ‘A/l%)’
as follows:

C(z,y))

MI(z,y,t) = ; 3)

(b — pr) §D ~ (pu + pr) Vi = Vibz\/@. 4)

The results show that M1 under the lower injection rate
is consistently lower than M1 with the higher injection rate,
indicating that placement efficiency decreases with an increase
in the injection rate.

Fig. 6(c) illustrates the evolution of M1 for experiments
with different initial particle volume fractions. The solid dark
green line represents the higher initial volume fraction, while
the light green dashed line corresponds to the lower initial
volume fraction. Initially, the higher volume fraction case
exhibits a lower M1, indicating better fluid placement quality
at early times. Over time, however, the mixing index for the
lower volume fraction case declines more rapidly, eventually
matching the reduction rate of the higher volume fraction
case. Furthermore, the experiment with a lower initial particle
volume fraction reaches a stable M more quickly.
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Figure. 6. MT vs. time: (a) Effect of inclination angle, with the dark red
solid line corresponding to the experiment in Fig. 4 and the pink dashed line
corresponding to Fig. 2b. (b) Effect of injection rate, using dimensionless
inertial-buoyant time t¢;; as the time scale. The solid blue line represents
Fig. 4, and the cyan dashed line corresponds to Fig. 5. (c) Effect of initial
particle volume fraction, with the solid dark green line representing the
experiment in Fig. 2b and the light green dashed line representing the
experiment in Fig. 2a.

IV. CONCLUSION

In this study, we experimentally investigated the injection
of a heavy suspension into a closed-end pipe filled with a
lighter Newtonian fluid, examining the effects of inclination
angle, injection rate, and initial particle concentration on flow
dynamics. The experiments were conducted using a scaled-
down setup simulating cementing operations in oil and gas
wells. Advanced non-intrusive visualization techniques and
data processing methods were employed to quantify key
parameters, including the suspension front position, concentra-
tion distributions, and placement efficiency, evaluated through
a mixing index. The results indicated that increasing the initial
particle volume fraction prolonged the pipe-filling time. In
the short term, higher initial particle concentrations improved
displacement quality, but over longer periods, lower initial par-
ticle concentrations resulted in better placement efficiency. Re-
garding inclination angle, an increase led to longer filling times
and diminished placement quality. Furthermore, reducing the



injection rate enhanced suspension placement efficiency while
also decreasing the pipe-filling time. In terms of front velocity,
the findings revealed that it decreased with higher initial par-
ticle concentrations, increased with greater inclination angles,
and showed a slight rise when the injection rate was reduced.
This research provides insights into cementing operations in
oil and gas wells, particularly for applications such as the
dump-bailing method, primary cementing, cementing during
hydrocarbon production, and wellbore decommissioning.
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