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Rheological Studies and Numerical Investigation
of Barite Sag Potential of Drilling Fluids with
Thermochemical Additive Using Computational
Fluid Dynamics (CFD)

Dr. Olalekan Alade, Dr. Mohamed Mahmoud and Ayman R. Al-Nakhli

A novel method of improving the rheological performance of drilling fluids, water-based mud (WBM)
against barite particle settling, otherwise known as barite sag, has been developed. This method involves
adding a certain quantity of thermochemical fluid to the fluid to increase the temperature and increase
viscosity. We have substantiated this claim experimentally by conducting rheological tests and theoreti-
cally using computational fluid dynamics (CFD) simulation. WBM, with encapsulated thermochemical
fluid (TCF), was prepared. Rheological tests were conducted under low and high temperature ranges.

The experimental data from rheological studies have been employed to guide CFD modeling and
simulation of multiphase flow of a dense suspension, mimicking the conventional WBM, and those
comprising thermochemical fluids (additives) (WBM_TCF). The results revealed that the drilling fluids
conformed to the shear thinning pseudoplastic behavior within the operational conditions described in
this study. Notably, the apparent viscosity of the WBM was observed to decrease with increasing tem-
perature between 25 °C and 50 °C, but increased afterward. At higher temperatures, 20 °C to 70 °C,
which corresponds to the conditions of the newly formulated muds, it was found that the WBM_TCF
exhibits a lower potential for barite sag due to lower settling velocity of the particles. The reason essen-
tially has to do with a higher viscosity of the WBM_TCF.

The CFD studies have considered both the hydrodynamic forces and shear induced migration of the
particles. Analyses of various simulation results, including particle flux, particle mass fraction, mixture
viscosity, and the pressure drop, consistently revealed that the WBM_TCF might have lower barite
segregation potentials compared with other types of drilling fluids considered in this study.

Introduction

Particulate segregation is a popular phenomenon in the drilling operations. At different flow regimens, the solid
components of the drilling fluids tend to segregate under the influence of various factors, including the physical
properties of the particles viz. size, shape, and density, properties of the dispersing fluid and operating conditions'.
The settling and/or sagging of weighting materials in drilling fluids is a major concern when drilling and completing
awell?. The segregation of the barite weighting component of the drilling fluid, commonly referred to as barite sag,
can lead to various complications such as annular pressure buildup and control problems, stuck pipes, plugged
boreholes and lost circulation, problematic cement jobs, etc.”!. Separation of weighting materials in a non-moving
fluid column is referred to as static sag while sag in a flowing fluid is normally referred to as dynamic sag? All
along, the operational consequences of barite sag can be equally severe under both static and dynamic conditions'.

Mud properties, including rheology, density, properties of the weighting material, and chemical treatments were
the key factors affecting barite sag phenomenon’. Incidents with sag of solid weighting agents in drilling fluids can
lead to potential drilling impediments, including loss of wellbore control, lost circulation, stuck pipe, and high
torque. The presence of sag has relatively often been the cause for gas kicks, and oil-based muds (OBM) are known
to be more vulnerable for sag than WBMs?. Barite sag is caused by the settling of suspended barite particles, which
can lead to a variation in drilling fluid density®. The study of barite sag mechanisms essentially plays a key role in
developing field guidelines to manage the consequences’.

Furthermore, an adequate knowledge of drilling fluid behavior ultimately enables successful operations®. Therefore,
several investigations have been dedicated toward solving barite sag problems’. In addition, various techniques
have been developed for detecting particle sagging potential in drilling fluids, which range from the standard
viscometer to lab-scale flow loops'”. Accordingly, many of these studies employed experimental approaches to
evaluating barite sag problems as related to the rheology of the drilling fluids®.

Ofei et al. (2020)? examined the effects of rheological and viscoelastic properties of typical field OBMs on barite
sag performance under static and dynamic conditions. Essentially, their investigation presented an approach to
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obtain static and dynamic barite sag measurement pro-
tocols using the rheological and viscoelastic properties
of typical field OBM. Static sag results are computed
based on a modified Stokes settling theory while dynamic
sag results are compared for rotational and oscillatory
ultra-low to low shear conditions.

Further, various investigations were conducted™! that
generally considered the influence of fluid rheology and
flow temperature on the barite sag. Other reports on the
laboratory-scale investigation of barite sag phenome-
non'*" studied barite sag under dynamic conditions using
rheological analysis incorporating flow loop experiments.
Bern et al. (2000)’ studied barite sag mechanisms and
developed field guidelines to manage the consequences.
The results revealed that the influencing factors such as
physical properties of the mud, wellbore conditions, and
characteristics of the weighting materials are interrelated
and seldom act in isolation.

The growing advancements in drilling technology and
diverse operational requirements have brought significant
complexity to the formulation of the drilling fluids”. One
such innovative idea to improve operational performance
of drilling fluids includes encapsulation of thermochemi-
cal fluid (TCF) in the mud formulation with the purpose
of generating heat during the operation. Essentially, the
heat generated is expected to enhance the dissolution
and/or removal of the filter cake, which can be formed
during drilling operations'®.

In the study'®, we proposed a formulation in which the
TCF was used as an additive in both OBM and WBM.
Therefore, the focus of the present study is to investigate
barite sagging of the drilling fluid with encapsulated
TCF (WBM_TCF). For this purpose, the computational
fluid dynamic (CFD) technique has been applied with
the rheological characteristics of the base fluids (WBM).
As a contribution to knowledge in this regard, we are
also incorporating thermal activation energy, due to the
effect of temperature on the fluid rheology, in the CFD
simulation scheme.

Rheological Modeling of the Drilling Fluids
with TCF Additives

The detailed formulation of WBM drilling fluids used
in this study has been presented elsewhere'®. The old
conventional drilling fluids (WBM) were prepared
without TCF, while the newly developed formulation
is encapsulated with the TCF. This new formulation
herein is named WBM_TCIF with regard to the WBM
base formulation, respectively. As previously stated, the
new formulation of the drilling fluid is expected to form
a self-destructive mud cake by releasing heat due to the
exothermic reaction of the TCF additives.

Figure 1 shows the TCF reaction, which is expected to
cause a temperature rise, and simultaneously increase
in the pressure of the system, typically up to 120 °C and
250 psi, when triggered at 70 °C.

The viscosity of the drilling fluids was measured us-
ing the Anton Paar Rheometer/Dynamic Mechanical
Analyzer (MCR 702) at different temperatures and shear
rates (0.001 to 1,000 s"). The flow behavior of the fluids was
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Fig. 1 The temperature and pressure released from a typical thermochemical

reaction triggered at 70 °C.
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evaluated by fitting the data to the two-parameter power
law, Ostwald-de-Wale model™" function. Therefore, the
flow consistency index, K, and the flow behavior index,
n, were calculated from the apparent viscosity, iz , and
shear rates, Y, using Eqns. 1 and 2, as follows:

ue =Ky nt
Inp, =InK + (n — 1)Iny 2

The temperature dependency of the viscosity (other-
wise known as thermal effect) was evaluated from the
Arrhenius equation, Fqn. 3:

K = Kyexp (%) 3

where K is the system dependent pre-exponential factor,
and ¥ is the flow activation energy, defined through
Eqn. 4.

dlnpg
ar-1

Therefore, £ was obtained by plotting nK vs. 7" and
multiplying the slope by the universal gas constant K
(8.3144598 Jmol 'K).

Subsequently, a new expression to calculate the vis-
cosity of the drilling fluid, based on the thermal effect,
was developed, Eqn. 5:

Ea\ . n—
tq = Koexp (5) yrt
Gravitational Settling of Particles (Hindered Settling
Verd

Velocity: V.,
For arigid particle moving through a fluid, there are three
acting forces: (1) the gravitational force, (2) the buoyant
force, which acts parallel with the external force but in
the opposite direction, and (3) the drag force, which
appears whenever there is relative motion between the

particle and the fluid.

For a single particle of mass, m, moving in a fluid, the
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net force, F, acting on the particle, can be defined as the
total of the downward force of gravity, F, the force of
drag, F, and the buoyancy, F;. Then, when the terminal
velocity is reached, the settling velocity of the particle
becomes asymptotic to a constant value with the net
acceleration = 0. From the above statements, by FEqns.
6a to Ge, it can be deduced that:

F:Fe_Fb_Fd 6a

av
F = mz 6b
F, = ma, 6¢
_ Mmpsae
Fy = op 6d

_ CpAppsV?
Fyg =——— 6e
Pp

When the net acceleration = 0, the terminal velocity,
V., is obtained from Eqn. 7, as follows:

Vo= (Zg(ﬂp _Pf))1/2

¢ ApppCppPys

where A, p , p , and (), are the surface area of the par-
ticle, density of the particle, density of the fluid, and the
drag coeflicient, respectively.

Then, for a spherical particle diameter, Dﬂ, the terminal
velocity is given by Eqn. 8:

v, = (_49%(#;7 ’Pf))l/ z
¢ 3Cppy

For the case of creeping flow (flow at very low veloci-
ties relative to the sphere), the /7, on the particle can be
obtained through the Navier-Stokes equations. Now,
for R?p <1, the F, the (7, and therefore, the V/ can be
obtained from Eqns. 9, 10, and 11, respectively.

Fq = 3nuV,D, 9
24
Cp = Rep 10

v, = 92 (enpy)
¢ 18uf

For a power law fluid in the Stoke’s law range, the

particle’s Reynolds number, ZV,@,;

average settling velocity, Vsry, using Eqn. 12:

is calculated from the

12

_ prZ_"D"
Rep — SIT(H 14
where K and n are the flow parameters obtained from
the Power Law rheological model.
The hindered settling velocity, V., can be calculated
from the terminal velocity of a single particle, V, using
Eqn. 13":

Vory = V(v)® =

where v and w are the void fraction and system specific
exponent, respectively.

Computational Methodology: CFD Modeling

and Simulation of Barite Segregation

Drilling fluids are a colloidal suspension comprised of
solid particles suspended in a continuous liquid phase.
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The flowing suspensions of particles in a liquid have been
known to exhibit particle migration even in creeping
flow and in the absence of significant nonhydrodynamic
or gravitational effects””. When subjected to the action
of a moving fluid, particles experience various settling
characteristics, which is induced by gradients in shear
rate, concentration, and relative viscosity. From these
perspectives, a constitutive model otherwise referred to
as the diffusive flux model, for the evolution of particle
concentration in a flowing suspension, was proposed by
Phillips et al. (1992)*.

Accordingly, Rao et al. (2002)* applied a continuum
constitutive equation based on the diffusive flux using the
finite element method (FEEM) to examine the performance
of suspended particles, both in batch sedimentation and
in shear between concentric rotating cylinders. Numerical
results were complemented with experimental data of
batch sediment and those of 2D nuclear magnetic reso-
nance imaging measuring the evolution of solid fraction
profiles in the same suspension undergoing flow between
rotating concentric cylinders. The present scenario is a
multiphase flow involving liquid and solid. In this case,
the presence of different phases is described using the
volume fractions, while interphase effects such as surface
tension, buoyancy, and transport across phase boundaries
are treated using the dispersed multiphase flow models.

Numerical modeling adopted in the COMSOL mul-
tiphysics uses a macroscopic two-phase model in which
volume fractions of the phases are tracked. The mixture
model based on the diffusive flux is set up in the laminar
flow interface. The mathematical model*** comprises
a set of partial differential equations, including the mo-
mentum transport equation for the mixture, F.qn. 14, a
continuity equation, Fqn. 15, and a transport equation
for the solid-phase volume fraction, F.qn. 16:

P+ p(.V)j = =VP = V.(pcy(1 = ¢ )usipttsuip) +
V.u[(Vj + ViD] + pg v

where jis the volume averaged mixture velocity, Pis the
pressure, ¢ is the dimensionless particle mass fraction,
and Uy, is the relative velocity between the solid and
the liquid phases.

The continuity equation for the mixture model is giv-
en as:

(pf - Pp)[V (Q)p(l - Cs)uslip)] + pf(Vu) =0 15

where pfand pp are the densities of the fluid and solid
phase (particle), respectively. The solid phase volume
fraction is denoted by @ .

The transport equation for the solid-phase volume
fraction is given as:

2
7t (Pp®p) + V- (ppBpup) = 0

)

The solid-phase velocity, u , the relative velocity, U

and the particle ﬂux,jp, were defined, Eqns. 17 to 19, as:

up, =u+ (11— co)ugp
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U = — T2
slip — Oppp(1—cs) 18
L = _[0DaV(y®) + 027D V()] + f V0 19

Pp

where D and D are empirically fitted parameters. V/
and V7 are the settling velocity and hindering functions,
respectively.

The density, p, , of the mixture?® was calculated using
simple mixing rule, FEqn. 20:

Pm = (1 - Qp)pf + Bppp 20

The viscosity, p, , was calculated using the Krieger-
Dougherty derived empirical correlation, Fqn. 21, pre-
sented as’":

—2.50
q”’) " 21

Mm = Ky (1 o
where pis the fluid’s viscosity, and @, is the maximum
packing concentration.

The solution of these equations describes the dynamics
of the system. The detailed of typical solution algorithm
had been presented elsewhere in the literature** . The
multiphysics involves coupled laminar flow and phase
transport interfaces. The equations were discretized
by using the FEM in the multiphase mixture model of
COMSOL software. Figures 2 and 3 are the computa-
tional geometry used in the CFD analysis. The simulation
parameters are listed in Table 1.

Results and Discussion
Rheological Characteristics of Drilling Fluids

The apparent viscosity and temperature relationship of
the WBM is presented in Fig. 4, respectively. From Fig.
5, it can be observed that the apparent viscosity of the
WBM deceases with an increasing temperature between

Fig. 2 A 3D illustration of a Couette device, which consists of two coaxial cylinders (left), and (right), a 2D meshed Couette device with
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25 °C to 50 °C. Subsequently, the apparent viscosity
tends to increase after 50 °C up to 90 °C, at all shear
rates. The reason for this behavior might be due to the
decrease in stability of the WBM at higher temperatures.
Furthermore, it can be observed that the reduction in
viscosity due to shear rates is more pronounced at the
lower shear rates — 0.06 s to 0.7 s' — compared with the
shear rates above 1 s, at all temperatures. It is expected
that the viscosity of colloidal dispersion, such as drilling
fluids, would become less sensitive to the shearing force
or temperature due to increased homogeneity™.

Additionally, Fig. 5 presents the rheological behaviors.
It shows that the shear stress increased with the rate of

Fig. 3 A 2D diagram of the Couette device showing the section through which the

parameters were analyzed.
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Table 1 The simulation parameters.
OBM OBM_TCF WBM WBM_TCF
Density of particle: barite (kg/m?3) 4,200 4,200 4,200 4,200
Density of fluid (kg/m?) 828 764 1,100 1,045
Particle radius (m) 2.50E-05 2.50E-05 3.00E-05 3.00E-05
Particle sphericity 1 1 1 1
Initial values
Velocity (m/s); X, y 0
Pressure (Pa) 0
RPM (min") 3; 6; 10; 100; 300
Rotation time (min) 60
Fig. 4 The apparent viscosity vs. temperature of the WBM at different shear rates.
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shearing, between 25 °C and 50 °C shearing tempera-
tures, but above that, from 70 °C to 90 °C, the shear
stress increased. This observation is consistent with the
viscosity temperature behavior, which was explained
earlier, Fig. 4. To further support the above observations,
the temperature ramp test was performed for the fluids
at s constant shear rate of 200 s”. In accordance with the
temperature response earlier discussed, Fig. 6 shows that
the apparent viscosity of OBM decreases with increasing
temperature. Closely related to the observation earlier
presented, the apparent viscosity of the WBM increased
significantly after 50 °C.

Thermal Effect: Assessment of Rheological
Characteristics of WBM_TCF

As presented in a previous publication'®, the new formu-
lations — WBM_TCF — show very similar rheological

r — r
50 60 70 80 920 100

Temperature (°C)

characteristics at low temperature, i.e., below the 70
°C activation temperature. After activation, the fluids
are expected to exhibit rheological behavior consistent
with those of the conventional base drilling fluids, i.e.,
WBM, at higher temperatures, above 70 °C.

Therefore, the rheological characteristics of the WBM_
TCF have been assessed using Eqn. 5, and with the as-
sumption of the temperature change of the TCF reaction
previously shown in Fig. 1. Table 2 lists the estimated
rheological parameters. The data presented in the ta-
ble are consistent with the viscosity temperature trend
displayed in Figs. 4 to 6. Specifically, it shows that the
shear independent viscosity (K), otherwise known as
the flow consistency index, decreased between 25 °C
and 50 °C and increased afterwards — from 70 °C to

120 °C — for the WBM.
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In addition, the calculated £ was found negative for

the WBM, since the flow consistency index increased Fig. 5 A rheogram of the OBM at different temperatures.

at higher temperatures. Accordingly, as shown in Fig. 7,

the apparent viscosities of the fluids can be adequately 35 T T T T
predicted based on the thermal effect on the viscos-
ity, by using Eqn. 5. Therefore, based on Fig. 1, the 304 [C@_ Shear stress_25C, < (Pa)
rheological data obtained at 120 °C were assumed to @~ Shear stress_50C, t (Pa) 1
represent the newly formed drilling fluids: OBM_TCF T 251 :g: Shear :;:zz:;gg: : Eg:;
and WBM_TCF. g
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rates. This is because the fluids are non-Newtonian and
shear thinning with the apparent viscosity decreasing
with the shear rates.

Consequently, consistent with the thermal effect of  Fig. 6 The apparent viscosity of OBM and WBM at a constant shear rate (y =200 s)
the rheological characteristics, the Vi decreased with and different temperatures.

increasing temperatures for the WBM due to the ther-
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to 120 °C. The overall observation presently discussed =5 i
is consistent with the particle Reynolds number, N, , 40 +
previously presented in Table 2.
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Complex flow profiles can arise from a balance of gravita-
tional flux on the particles, which can lead to segregation,
with shear-induced migration, causing remixing when
particles are subjected to the action of a moving fluid®. In e—
other words, the particles experience both buoyancy and  Table 2 The estimated rheological parameters of the drilling fluids.
the shear-induced effects. Under the typical conditions, *Note: The properties of the WBM_TCF were obtained at 120 °C.

it has been experimentally and theoretically shown that

the downward gravitational particle flux is balanced WBM

by a corresponding upward flux due to shear-induced
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(t) = 0, the particles can be seen at the top of the device.

Essentially, it shows that the concentration of particles 90 9E-13 2,347 0.18 - -
dispersed increases as the pipe rotation rate (rpm) speed %150 6E-13 3,408 0.20 _ _

increases, and becomes more intense with time; Fig. 9b,




Fig. 7 The predicted apparent viscosity of WBM vs. shear rates at different temperatures based on the thermal effect using Eqn. 5.
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Fig. 8 The V., of the barite particles at different temperatures. W, and W, represent the behaviors of the WBM and WBM_TCF, respectively.
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Fig. 9a A 2D diagram showing the distribution of a mass fraction of barite particles at different rotation rates at an initial time (0 hour).
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Fig. 9b A 2D diagram showing the distribution of a mass fraction of barite particles at different rotation rates after 1 hour.

High particle
concentration

Low particle
concentration

Fig. 10 The distribution of a mass fraction of barite particles segregated at different rotation rates for WBM.
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Fig. 11 The distribution of mass fraction of barite particles segregated at different rotation rates for WBM_TCF.
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Fig. 12 The barite particle flux distribution at different rotation rates for WBM.
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Fig. 13 The barite particle flux distribution at different rotation rates for WBM_TCF.
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after 1 hour of rotation. In addition, it can be observed
that the heavier barite particles tend to move toward the
center of rotation in all cases.

Due to shear-induced migration* and buoyancy?,
it is expected for flow in a Couette geometry that the
particles migrate to the region away from the center of
rotation, which experiences a higher rate of rotation to
regions away from the center where mixing of bulk fluid

T T T
0.000 0.005 0.010 0.015
Arc Length (m)

is less intense. As seen in the present case, the denser
barite particles tend to move toward the center as a lower
concentration is observed at the region away from the
center of rotation. This could be because the weight force
and/or the gravitational effect could probably supersede
the shearing force, which causes the particle to migrate,
since barite particles are denser that the carrier fluid.

The detailed numerical information of the mass fraction

T
0.020
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Fig. 15 The viscosity distribution at different rotation rates for WBM_TCF.
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Fig. 16 A comparison of the pressure drop distribution at different rotation rates for WBM and WBM_TCF.
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distribution is presented in 1D plots, Figs. 10 and 11. As
explained earlier, the figures generally show that the
dispersed mass fraction increased with the pipe rotation
rate (rpm). It can also be observed that the magnitude
of mass fraction initially increased from the edge of the
geometry, reached the maximum value at the center, and
decreased afterwards. Specifically, the mass distribution
patterns for the WBM and those of the newly formulated
WBM_TCF are presented in Figs. 10 and 11, respectively.

From Fig. 10, at ¢ = 0, it can be observed that the WBM
(top) exhibits a similar mass fraction distribution (max-
imum value of 0.39 at 600 rpm). Subsequently, when
generally compared, the WBM_TCIF has the highest
value of mass fraction of =0.601, Fig. 11 bottom. This
observation can be reasonably linked with the rheolog-
ical characteristics of the WBM_TCIF and the response
of its viscosity to shear rates at higher temperatures,
which has been discussed earlier. Similarly, it can be
inferred from the presented mass fraction distribution
patterns, that the WBM_TCF would have exhibited
a lower sagging potential of barite particle since the
viscosity would increase as the temperature increases
from 70 °C to 120 °C, therefore, more particles would
be carried in the liquid phase.

Particle migration has been reported to be induced

Arc Length (m)

by three factors, including gradients in shear rate, con-
centration, and relative viscosity?, and the argument
has been referenced as a basis for developing a diffusive
flux model, which has been employed in the viscous re-
suspension phenomenon?. The flux of dispersed barite
particles, Fig. 12 for WBM, and Fig. 13 for WBM_TCF,
generally shows that the particle flux increases with the
pipe rotation rate (rpm) and time. In addition, it shows
that there is a possibility of higher flux at the region close
to the axis of rotation within the geometry, compared to
the region far away from the axis of rotation where the
flux is the same and apparently flattens out regardless
of the rotation rates. It can be observed that the newly
developed mud, WBM_TCF, has a higher particle flux
compared with the WBM.

Viscosity Distribution and Pressure Drop: The vis-
cosity fluid has a significant impact on barite segregation.
Therefore, it is widely believed® ™%, that barite settling
can be effectively minimized through the modification
of rheological properties and/or improving the viscosity.
Accordingly, the viscosity profiles displayed in Figs. 14
and 15, for WMB and WBM_TCF, respectively, cor-
roborates the barite segregation patterns that have been
previously discussed.

In the Couette geometry, the shear rate varies radially
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across the distance, and this influences the particle dis-
tribution as well as other bulk properties of the fluid
such as viscosity and pressure drop. As generally seen
in these results, the viscosity variation followed a similar
pattern. It can be clearly observed that the viscosity of the
mixture increases as the pipe rotation increases. This is
so because the fraction of the dispersed barite particles
increased with the pipe rotation. It can be observed that
the WBM has a maximum viscosity of 210 cP, which
increased to =284 cP.

In comparison, the WBM_TCF exhibits the maximum
viscosity of ®450 at t = 0, which increased to =600 cP
after 1 hour of pipe rotation. More so, the results displayed
in Fig. 16 show that the WBM_TCF would experience
higher pressure drops compared with the WBM.

Conclusions

In this investigation, the barite segregation potential of
WBM and the one containing a TCF additive, WBM _
TCF, has been investigated. Fxperimental studies of the
rheological characteristics as well as numerical simulation
using CFD was conducted.

The results from the rheological studies as well as the
CFD can be summarized as:

1. The drilling fluid conforms to the shear thinning
pseudoplastic behavior with the conditions operated
in this study.

2. The apparent viscosity of the WBM decreased with
an increasing temperature between 25 °C and 50 °C,

while the apparent viscosity increased afterward; 70
°Cito 120 °C.

3. Fvaluation of gravitational settling characteristics re-
vealed that the WBM_TCIF has alower barite settling
velocity compared with the conventional WBM, due to
the reaction of the TCF, which raises the temperature
and increases the viscosity.

4. In addition, the CFD studies have considered both
the hydrodynamic forces and shear-induced migra-
tion of the particles. Analyses of various simulation
results, including particle flux, particle mass fraction,
mixture viscosity, and the pressure drop, consistently
revealed that the WBM_TCF might have alower barite
segregation potential compared with the WBM.
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