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Abstract Under certain drilling conditions, the weighting material particles such as barite can settle out of the
drilling fluid. This phenomenon, known as barite sag, can lead to a number of drilling problems including lost
circulation, well control difficulties, poor cement job, and stuck pipe. This study investigates barite sag, both
experimentally and numerically, in the annulus under flow conditions. Experimental work has been conducted on a
large flow loop to investigate the effects of major drilling parameters on barite sag by measuring the circulating fluid
density. Results of the tests indicate that the highest sag occurs at low annular velocities and rotational speed and
also at high inclination angles. It was observed that at inclination angles less than 60°, for any annular velocity,
barite sag is not significant. Eccentricity of a non-rotating inner pipe did not have a significant effect on barite sag.
However, effects of inner pipe rotation on barite sag for an eccentric annulus are more significant than concentric
case. The simulation part of this study is based on a proposed particle tracking method called “Particle Elimination
Technique”. The traveling path of each solid particle is assumed to be a function of size and shape of the particle,
fluid velocity and rheology. Based on the estimated traveling path of particles, density of the fluid is updated
considering the number of particles whose paths lead to the bottom of the annulus and become motionless. In order
to capture the complexities associated with the solid-liquid flow, a lift force is assigned to the solid particles that
enable adjustment of the model with experimental results. Comparing the results of numerical simulation to the
experimental study on the effects of annular velocity on barite sag in a horizontal annulus shows a good agreement.
The numerical simulation was modified from laboratory scale to real wellbore dimensions for practical drilling
applications. Results of the simulation show prediction of the density of the drilling fluid in the horizontal section of
a wellbore with various lengths and dimensions under different annular velocities.
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1. Introduction
During conventional drilling operation, controlling the
sub-surface pressure is achieved by use of high density
drilling fluid, which contains high density minerals such
as barite. However, under certain drilling conditions, the
weighting material particles can settle out of the drilling
fluid suspension. This phenomenon, known as barite sag,
can lead to a number of drilling problems including lost
circulation, well control difficulties, poor cement job, and
stuck pipe. The term “barite sag” is used because barite is
the most popular weighting material used in drilling fluids
to increase density. Unfortunately, barite sag is proving to
be a real question for drilling industry and the problem is
often unanticipated. Although much has been done, we
have no universal solutions that can explain and predict
the phenomenon. Moreover, recent advances in drilling
technology have resulted in greater numbers of directional
wells which limit the application of common remedies to
mitigate sag.

Some mathematical models are presented using the
principles of continuum mechanics. They are focused on
the period during which pumping and rotation are stopped
(Acrivos et al. 1979 and Pasaly et al. 2007).
It has been shown that sag can be reduced by increasing
pipe rotation (Bern et al. 1998). On the other hand it is
pointed out that the rotation serves to generate a low shear
rate environment in which barite particles could settle and
slip downward more easily (Hemphill et al. 2006). These
two conclusions contradict each other.
At high velocity, particularly when turbulence was
observed, sag beds are removed and incorporated back
into the mud (Hanson et al. 1990). At annular velocities
above 100 ft/min, the “magnitude of dynamic sag” is
small compared to lower annular velocities. The highest
sag occurs at an annular velocity of 40 ft/min. (Dye et al.
1999).
Hanson et al. (1990) showed that the sag tendency is
significantly higher in wells with inclination angles of 3060° from vertical. Bern et al. (1998) concluded that
significant barite sag was measured at angles as high as
75° and the most critical range is 60 to 75°.
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Eccentricity of drill pipe is shown to exacerbate barite
sag (Bern et al. 1998).
Nguyen (2009) conducted several experiments on
annular and pipe flow loop. His results show that even at
low annular velocities (16 ft/minute) sag can be mitigated
with pipe rotation speeds of 20 RPM. He also indicated
that pipe rotation has a greater impact on reducing sag
when the pipe is eccentric than when it is concentric. His
experiments showed that at low annular velocity (lower
than 40 ft/min), a barite bed is formed very quickly at the
lower side of the test section.

2. Mathematical Approach
Simulation part of study is based on a proposed particle
tracking method called “Particle Elimination Technique”.
An effort is done to simulate the flow of drilling fluid in
the annulus. Flow of a non-Newtonian fluid in an annulus
is solved numerically to find its velocity profile. Falling
velocity of a single particle in power law fluid is assigned
to the particles. Based on the diameter of each particle and
its location in the annulus, its traveling path is estimated
and then particles whose traveling path leads to the bottom
of the annulus are set to be stationary and then removed
from the main flow stream of the fluid. Density of the
fluid is updated, taking into account the portion of
particles which are set to stationary.
Lift force due to irregular shape of barite particles is
assigned to each particle and the resultant force is updated
for calculation of the falling velocity.
Simulation of barite sag in this work is divided into two
parts: 1) modeling of laminar flow of non-Newtonian fluid
in annulus to obtain velocity profile; and 2) consideration
of the solid particles in the fluid to predict the particle
traveling path and time.
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Where, w is the fluid velocity in axial direction and μ is
the viscosity that is a function of shear rate. The viscosity
function depends on the rheology of the fluid. The shear
rate for axial flow can be expressed as:
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The applied boundary conditions are zero velocity on
the walls of the inner pipe and outer pipe.
Unlike Newtonian fluids, a non-Newtonian fluid does
not have a constant viscosity. However, in numerical
modeling, the concept of viscosity is used for nonNewtonian fluids to make the governing equations similar
to Newtonian fluids. This viscosity is known as apparent
viscosity that is a function of shear rate and depends on
the rheology of the fluid. Apparent viscosity is generally
defined as:
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For YPL fluids, the apparent viscosity will be:
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3. First Part of Mathematical Approach:
Obtain Velocity Profile of Laminar Flow
of Non-Newtonian Fluid in Eccentric
Annulus
To simulate fluid flow in an eccentric annulus when the
drill pipe is stationary, governing equations for flow in an
eccentric annulus are developed using a Cartesian
coordinate system. The Yield Power Law model is used to
represent the rheology of the fluid. To solve the flow
equations, a boundary fitted coordinate system is utilized
to apply numerical technique to the equations. Geometry
as well as equations are transformed into a computational
domain in a boundary-fitted coordinate system (Figure 1).
Equations are discredited and an iterative over relaxation
method is used to solve for the velocity field at each grid
point, knowing frictional pressure loss in axial direction of
the well bore. A relaxation technique is used (after Azouz
1994) to speed up convergence of the solution.
For axial laminar flow, the equation of motion will take
the form:

∂  ∂w  ∂  ∂w  ∂Ρ
=
µ
 + µ
∂x  ∂x  ∂y  ∂y  ∂z

(1)

Figure 1. Grid network in boundary-fitted coordinate (two top figures)
and velocity profile in 3-D format for annular flow of a Newtonian and
non-Newtonian fluid in eccentric annulus (two bottom Figures)

The result of this part of the simulation is a velocity
profile in the annulus as shown in Figure 1 (bottom).
Having the velocity field, flow rate is calculated through
numerical integration over the flow region.

4. Comparison of the Results of the First
Part of Simulation with Experiments
Results of the simulation were compared with
experimental work conducted at The University of Tulsa
drilling research projects (TUDRP) by Ahmed (2005).
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Elimination Technique”. At this technique, solid particles
(barite) are taken into consideration. Each particle at one
grid point is assumed to have two components of velocity.
One component is in the direction of the axial fluid
velocity with a magnitude of the fluid velocity calculated
at that point. This component of the velocity is already
calculated from numerical simulation in the first part of
the simulation. The second component of velocity is
assumed to be in the direction of gravity normal to the
first component.
Considering a specific length of the annulus, and based
on the diameter of each particle and its location in the
annulus, traveling path is estimated (Figure 4). Particles
whose traveling path leads to the bottom of the annulus
are set as stationary and then removed from the main flow
stream of the fluid. Density of the fluid is updated, taking
into account the number of particles which are set as
stationary. It is further assumed that if a particle can reach
the bottom of the annulus (casing wall) during a specific
time period, then all other particles below it, with the same
size and density, have already reached the bottom during
that time period.

Figure 2. Dynamic testing facility by Ramadan Ahmed, 2005 (Top) and
comparison with the numerical simulation of this study (Bottom)

In his work, extensive flow experiments with polymerbased fluids were carried out using a flow loop (Figure 2).
Different formulations of test fluids were prepared.
Eccentricities of the annular test sections were varied from
0% to 100%. Annular test sections with four different
diameter ratios were investigated. Flow rate was varied
from 0.024 to 21.91 gal/min [0.09 to 82.82 liter/min].

Figure 4. Elimination of particles at reset (1 and 2) from density
calculation

Therefore, by calculating the location of one specific
particle that can reach the lower wall of the annulus during
a specific time period or length, we can predict settlement
of all other particles below that particle. Thus, we can
remove those particles from the flow and calculate a new
concentration and density for the fluid.

4.2. Falling Velocity of a Single Particle in
Power Law Fluid
In this study we used an experimental correlation
proposed by Shah et al. (2007) for calculating the falling
velocity of solid particles in a power law fluid in SI units:
Figure 3. Dimensionless velocity profile of power law fluid in
concentric annulus based on the numerical simulation (Left) and
Velocity components of a solid particle in concentric annulus

Figure 3 (left) shows the results of the simulation on
predicting the velocity profile for a wide range of power
law fluid behavior index values of 0.1 to 1.0 (Newtonian).
In this figure, the dimensionless radius is the ratio of inner
pipe radius to outer pipe radius. It starts with 0.3 (on the
outer wall of drill pie) and ends with 1.0 (on the inner wall
of casing). The calculated velocity is assumed to be equal
to the axial velocity of the solid particles. The second
component of the solid particle velocity is assumed to be
in the direction of gravity as shown in Figure 3 (right).

4.1. Second Part of Mathematical Approach:
Particle Elimination Technique
The second part of the simulation is based on a
proposed particle tracking method called “Particle
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4.3. Fluid Rheology
The drilling fluid used in this study is an oil based
drilling fluid. Result of rheology test on this fluid is shown
in Figure 5 (top).
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there is almost no barite sag. To capture this effect in the
model, a lift force is assigned to the particles. The
magnitude of the lift force was chosen so that the results
of the simulation could match with results of experiments.
The lift coefficient is a number that aerodynamicists use to
calculate lift force in order to model the complex
dependencies of the shape of solid bodies as well as some
flow conditions on the lift. The lift coefficient, CL, is
obtained as shown in Eq. 6:

CL =

FLift
1 2
ρV A
2

(6)

where ρ is density, V is velocity and A is the crosssectional area. In this study, the lift coefficient is adjusted
based on the results of experimental studies on barite sag.
Lift force will reduce the normal weight of the particle,
similar to buoyancy force. So the lift force can be
incorporated into resultant density of particle as:

WParticle,Original − FLift
ρ Ρ ,New =
4 3
πR g
3

(7)

5. Experimental Work

Figure 5. Results of rheology test of the drilling fluid used in this study
(top) and particle size distribution analysis on barite particles (bottom)

Assuming

the average wall shear rate to be
8V
and replacing the velocity with the
ϒ w,average =
Dh
lowest and the highest annular velocity in annulus, we




have:

25sec−1 < γ w,average < 120sec−1 .

Conductinga

rheology test on the drilling fluid shows that it has a good
fit with the Power Law model in the range of the average
shear rate shown in Figure 5 (top). At this point constants
n and K of the Power Law model are obtained, which are
needed for calculations of particle settling velocity. At the
next stage we need to find the size associated with barite
particles.
Barite used in this study complies with the API barite
which has a wide range of diameter size and therefore
needs to be carefully included in model. Result of particle
size distribution test which was conducted by Baker
Hughes Company is shown in Figure 5 (bottom).

4.4. Lift Force
It was observed from the experiments that barite sag
decreases as annular velocity increases. Also it was
observed that beyond a certain value of annular velocity,

Figure 6. Schematic of the large indoor flow loop (top) and a panoramic
picture of the loop (bottom)

A large indoor flow loop was used for investigating the
major drilling parameters affecting barite sag. It consists
of a 35-ft long annulus with dimensions 4” x 2”. It has a
50-gal mud tank equipped with an agitator. A centrifugal
pump circulates drilling fluid trough the annular test
section and then returns it to the mud tank through a return
pie. The inclination angle of the test section is varied from
horizontal to vertical. Inner pipe can be rotated and its
eccentricity can be set to concentric and fully eccentric
positions. Flow rate and temperature of the flow is
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controlled accurately. Density of the fluid is measured and
recorded continuously with time, using coriolis
densitometers at both the inlet and outlet of the annular
test section.

6. Results of Experimental Work
6.1. Effect of Inclination Angel, Rotation and
Eccentricity on Barite Sag in Annulus
Results of experimental studies on the effects of
inclination angle on barite sag for an eccentric annulus
with a constant annular velocity are shown in Figure 7
(top). These plots show that barite sag decreases as
inclination angle decreases. For inclination angles less
than 60°, for a low annular velocity, barite sag is not
significant.

Figure 8. Comparison of the results of simulation (thin lines) and
experiments (thick lines) on the effects of annular velocity on barite sag
for a horizontal concentric annulus

The Figure also shows that increase of the annular
velocity can decrease barite sag significantly. However
equilibrium in density change was not observed, unlike
the results of decreasing inclination (Figure 7. top).

8. Application of Model in Wellbore
Conditions
The numerical simulation was modified from laboratory
scale to real wellbore dimensions for practical drilling
applications. The main differences in modified model are
the length of the well bore and the “infinite” mud tank
volume. The annulus diameters as well as mud properties
are chosen to be the same as the experimental
configuration so that a comparison could be achieved. The
assigned values to the length of the horizontal section of
the wellbore are varied from small values (1,000 ft) to
very large values (10,000 ft).

Figure 7. Density reduction versus time in eccentric annulus for different
inclination angles (top) and density reduction versus time in eccentric
and concentric annulus with an without rotation (bottom)

Figure 7 (bottom) shows the effects of rotational speed
on barite sag in eccentric and concentric annuli in a
horizontal configuration. Comparing the concentric
configuration versus the eccentric case shows that effect
of rotational speed on barite sag reduction is more
significant in eccentric case. The reason could be due to
mechanical cleaning of the settled barite by the rotational
movement of the inner pipe.

7. Comparison of Mathematical Modeling
with Experiments
As shown in Figure 8, a comparison between the results
of mathematical modeling and experimental studies of
barite sag in a horizontal annulus for the tested velocities
show generally good agreement.

Figure 9. Results of simulation on prediction of barite sag at the end of
horizontal section of well bore (kick off point) vs. time

The dotted lines in Figure 9 (bottom) show the average
traveling time, which is calculated by dividing the length
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of the horizontal section by the average annular velocity.
The above predictions show that barite sag is negligible
after the drilling fluid reaches the end of the horizontal
section (kick off point). This is in contrast with the results
from experiments (as expected). The reason can be due to
the difference in the volume of mud tank for the two cases
under consideration. The mud tank volume for the lab
configuration is too small compared to real field
conditions.
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