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Abstract

Using drilling fluids with optimum density is one of the most important approaches to stabilize the pressure of the bottom
formation and prevent blowout through the drilling process. One of the common methods for this purpose is adding some
additives with high specific gravity to the drilling fluid to tune its density. Among the possible chemicals, barite and hema-
tite with the density of 4.2 and 5.2 g/cc are the most common additives. Unfortunately, although the application of these
additives is advantageous, they have some drawbacks which the most important one is separation and settlement of solid
phase called barite sag. The barite sag comes from barite, or other dense materials particles deposition resulted in undesired
density fluctuations in drilling fluid can lead to mud loss, well control problems, poorly cementing and even pipe sticking
which occurs in severe cases. With respect to these concerns, the current investigation is concentrated to obtain the relation
between the dynamic conditions such as flow rate (0.308 and 0.19 I/s) and deviation angles of 30°,45°,60° and 90° and barite
sag phenomenon through a flow loop equipment. Besides, the effect of drilling string rotational speed (70 rpm) on the barite
deposition is investigated. The results not only indicate that increasing the flow rate from 0.19 1/s to 0.308 1/s can reduce the
deposition rate, but also increasing the deviation angle from 45 to 60 ° enhance the barite deposition to its maximum value.
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Introduction

Drilling is one of the most critical hazardous processes
in the oil industry which its safety is an undeniable desire
moving the researchers toward drilling fluid with con-
trolled morphologies which can guarantee the safety and
quality of this process. In detail, as the drilling process
going on, accumulation of cuttings produced during drill-
ing operation can cause drilling pipes to be stuck which
in severe conditions the drilling string can be cut off and
the operation aborted. In this way, it is vital for any drill-
ing process to evacuate these cuttings to avoid such a
catastrophic event. On the other hand, solubility of borate
particles is the other problem which can be eliminated
in some extend if oil-based muds utilize, while itself can
appear a problem known as barite sag. Unfortunately,
although barite sag is a well-known problem, there are
limited tools which can help petroleum men to reliably
detect this problem. In this way, several investigations have
performed to find the effect of weight mud, pressure of
vertical pipe, torque, decrease and increase in mud vol-
ume and changes in rheological properties, but no consist-
ent results make it necessary to perform more systematic
investigations regarding this phenomenon for more clari-
fication (Mirjevardi, 2017). For example, Hanson et al.
(1990) and Saasen et al. (1995) studied the precipitation
of barite particles in angular tubes to find a mechanism
for the barite particles sedimentation and claimed that it is
similar to blood cells deposition. Besides, the experiments
performed by Skalle et al. (1999) show that the barite sag
phenomenon can occur under both dynamic and static con-
ditions although the precipitation boosted under dynamic
condition. Moreover, the results reported from a system-
atic investigation performed by Nguyann et al. (2009) with
the assist of a stream loop apparatus revealed that it would
be possible to substantially reduce the barite sag phenom-
enon if the drill string rotational speed set as a low value.
Also, Yousef Kashkah (2013) investigated the effect of dif-
ferent operating parameters on barite sag using laboratory
equipment and then compared it with field results. The
results show that one of the most effective parameters on
barite sag is the deviation angle which would introduce its
ultimate effect if deviation angle changed between 45° and
60°. Furthermore, Roohi (2011) studied a new experimen-
tal method to evaluate static sag in without using weight
of the samples which is a tedious and costly approach. In
detail, he proposed a method which was based on the pres-
sure measurement at the desired depth at the laboratory
scale and then correlates it to barite sag which directly
can reduce the required time and cost due to its simplicity.

On the other side, since experimentation is not always
possible and even would be a costly and time-consuming
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approach in some cases, using simulations and modeling
approaches is the main objective of some research groups.
For example, Hashemian et al. (2014) simulated the bar-
ite deposition considering different parameters including
vortex currents on the deposition of barite micro-particles
in the rotation of the drilling string, as well as the creation
of a spiral boundary layer due to the conformity of the
axial flow of the fluid with the radial flow due to the rota-
tion of the drilling fluid. Also, Kabanda (2017) studied a
numerical simulation regarding barite sag through tubes
and currents. The simulation results indicated that the
barite sag mostly occurred at low velocity, a non-rotating
drilling pipe and a centrifugal tube. Moreover, Ribeiro
(2017) proposed a two-simple-stage and practical model
based on the governing equations to describe the deposi-
tion of particles in drilling fluids. The main hypothesis
behind the proposed method was the use of materials for
the weight gain which causes various problems such as
decreasing the hydrostatic pressure of the muds. Regarding
the aforementioned shortcomings and problems regard-
ing the barite sag phenomenon, an experimental approach
using homemade equipment was used to examine the effect
of different operating parameters including the deviation
angle, density of drilling fluid, concentrations of barite
and flow rate on barite sag since no consistent results are
reported regarding this destructive phenomenon based on
the best knowledge of the authors.

Experimental procedure

In the first stage, the sample drilling fluid was prepared and
dispatched into the containment reservoir. After that, a spe-
cific amount of barite particles was added and well mixed
using an embedded rotary mixer installed inside the tank and
a fluid jet to ensure about proper mixing. After fluid prepara-
tion, the fluid was injected into the flow loop using a mud
pump (with maximum flow rate of 150 1/s) concomitant with
a proper bypass flow rate. This excess flow through a bypass
returns to the reservoir using a nozzle to enter the fluid into
the tank in jet condition which can help the system for bet-
ter mixing and agitation by introducing a kind of turbulence
regime which would retard the precipitation of barite. In this
stage, no precipitation of particles would be occurred due
to the turbulent flow existed in the annular part. When the
high-speed flow is stabilized within the annular portion, the
input valve is closed to the annular portion, and the device
is kept at a dynamic or static state. At this point, the barite
particles begin to settle in the circular space, and this sedi-
mentation continues until it reaches its ultimate value. At
this point, pressure changes along the annular portion were
continuously recorded as a function of time to measure the
barite deposition rate. The worth mentioning point is that a
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flow rate with a maximum discharge pump capacity in the
annular portion was used to perform dynamic and sag load
tests. At this point, as the injected fluid stabilized, a constant
injection rate with slow dispatching within the circular part
would be provided. Under a slow stream, a constant settled
bed of barite would be formed at the bottom of the tube and
throughout it. At this point, it would be possible to find the
barite concentration variation using a continuous sampling
from the pipes through a dynamic operation. This procedure
was repeated for all the different injection rates and other
operating conditions with including rotational speed of the
drilling string acting as a drill rotation simulator (Fig 1).

Results and discussion

Effect of barite concentration on rheological
behavior of drilling fluid

In the first stage, an inverse emulsion drilling fluid was pre-
pared to be injected into the flow loop (see Tables 1 and 2).

Prior to any experimentation, the rheological properties
of the prepared solutions were measured using Fan rotat-
ing viscometer (USA) (see Table 3 and Fig. 2) as a func-
tion of barite concentration. The obtained results tabulated
in Table 3 revealed that as the barite concentration was
increased, the rheological behavior of the mud was changed
due to an increase in the internal friction of the fluid caused
by the presence of particles. In detail, due to an increase in
internal friction of particles, the internal stress of the fluid
increases consequently enhances the fluid viscosity obeying
the Herschel Buckley and Bingham models behavior.

Effect of dynamic parameters on barite Sag

In the next stage, the effects of different parameters includ-
ing flow rate and deviation angle were measured on the
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Fig. 1 Used loop flow equipment [8]

Table 1 The percentage of drilling fluid components

Components name Concentration
Water 45% vol

Oil 45% vol
Primary emulsifier 5% vol
Secondary emulsifier 5% vol

Lime 6% wt

CMC 5% wt

Barite 25% wt

barite sag phenomenon (see Table 4). Mining into the results
revealed that increasing the flow rate from 0.190 to 0.308 /s,
while the deviation angle and rotational speed were held
constant at 45° and O rpm, respectively, can lead to a reduc-
tion in the bottom concentration (Table 5).

Besides, the results revealed that increasing the rotational
speed to a value of 70 rpm can retard the particle precipita-
tion based on the measured concentration of the drilling fluid
at the bottom section of the equipment. On the other hand,
closer examination in the results obtained for the densities
of top and bottom streams revealed that introducing rota-
tion can reduce the density of both top and bottom streams
which may be due to prevention of particle precipitation
(see Figs. 3 and 4). In detail, in the presence of the drill-
ing string rotation, as well as the axial flow of the fluid, a
spiral velocity distribution would be existed in the circular
space which prevents the precipitation of barite particles.
Moreover, depicted results in Fig. 3 reveal that it would be
the accumulation of particles as a function of time leading
to an enhancement in both top and bottom concentrations
although it reaches a plateau after a while. At this point, the
rate of barite particle settlement into the tube or the circular
space is equal to the particle rising rate of the particles pro-
viding a kind of equilibrium.

This observed trend can be related to this fact that as the
barite particles deposited, the effective diameter of the circu-
lar space decreases and consequently increases the effective
fluid velocity if the flow rate is kept constant. At this time,
the passing flow rate on the surface of the deposited barite
bed increases which can accelerate the removal of barite
from the bed and keep constant the concentration of particles

Table 2 Fluid properties

Properties Value
Fluid plastic viscosity 10cp
Fluid density containing barite 2.4 glcc
Diameter of barite particles 75 glec
The density of barite particles 4.2 g/cc
Tension subdued fluid 6pa
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Table 3 The rheological
properties of drilling fluid as a

0.1 g/cc barite

0.12 g/cc barite

0.12 g/cc barite

0.25 g/cc barite

function of barite concentration rpm  SS SR Theta SS SR Theta SS SR Theta SS SR Theta
3 1.06 513 1 265 5109 1 265 5109 4 6.36 5.109 6
6 318 103 3 53 1022 3 53 1022 8 10.6 10.22 10
100 848 171 8 11.7 1703 8 11.7 1703 16 19.1 1703 18
200 14.8 342 14 18 340.6 14 18 340.6 22 26.5 340.6 25
300 27.6 513 26 30.7 5109 26 30.7 5109 33 382 5109 36
600 435 1026 41 509 1022 41 509 1022 54 63.6 1022 60
—e—0lgrfcc —8—0.12grfcc 02gr/cc —8—025gr/cc TabOIeS The results of dynamic investigation under temperature of
. 38 °C
& Time (min) C, (8/c¢)  Cyoprom (8/cc)  Flow rate RPM Df:vi-
(I/s) ation
@ 50 angle
g % 0 2.40 2.46 0.308 0 60
g 30 10 2.93 2.88
¥ 20 20 3.27 3.20
i 30 3.51 3.40
5 40 3.53 343
0 200 400 600 800 1000 1200 0 2.40 2.46 0.190 0 60
Shear rate (1/s) 10 1.66 2.93
20 1.23 3.72
Fig.2 Drilling mud shear stress change as a function of shear rate 30 1.12 3.95
40 1.01 4.08
0 2.40 2.46 0.308 70 60
Table4 The results of dynamic investigation under temperature of 10 219 273
38°C 20 1.82 3.05
Time (min)  C, (g/c¢)  Cyoppom (g/cc)  Flow rate RPM Devi- 30 1.64 3.25
) ation 4 156 338
mgle 2.40 2.46 0.190 60 70
0 2.40 2.46 0.308 0 45 10 2.16 2.78
10 2.06 2.88 20 1.48 3.30
20 1.73 3.20 30 1.38 3.65
30 1.52 3.40 40 1.31 3.81
40 1.50 343
0 2.40 2.46 0.190 0 45
10 1.86 788 at the bottom of the system. On the other side, controlling
20 133 252 the maximum concentration of barite at the end of the tube
30 118 3.81 is vital since formation of the barite bed in this area can
40 1.10 3.93 manipulate the functionality of drilling string and never must
0 2.40 2.46 0.308 70 45 be exceeded a critical mass.
10 296 268 A closer examination in Fig. 3 shows the results of den-
20 1.93 2.08 sity changes for the rotational speed of the 70 rpm com-
30 172 3.18 paring with rotational speed of O rpm. As can be seen, the
40 1.65 307 drilling string rotation decreases the rate of variation in the
0 2.40 246 0.190 70 45 concentration of barite, which indicates a change in the fluid
10 2.06 .58 flow geometry. The reason behind this phenomenon can be
20 153 302 due to this fact that as the drilling string rotated, the drag or
30 1.48 3.58 lift force influences the particles and causes the particles to
40 1.34 373 separate from the surface and suspended in the fluid which
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directly affects the deposition rate of barite. Finally, as can
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Fig.3 Changes in the concentration of barite particles in the
upstream and downstream of the circulating loop (flow rate of
0.308 1/s and deviation angle of 45°)
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Fig.4 Changes in the concentration of barite particles in the
upstream and downstream of the circulating loop (flow rate of
0.190 Vs and deviation angle of 45 °)

be seen, the maximum rate of deposited barite at the end of
the pipe for a condition with no rotational speed and veloc-
ity of 0.308 m / s is equal to 3.43 gr / cc, while in the pres-
ence of rotational speed of 70 rpm, this concentration was
reduced to value of about 3.27 gr / cc.

A closer examination in the results tabulated in Table 4
and depicted in Figs. 3 and 4 revealed that similar trend can
be observed for rotational speed of 70 rpm regarding top and
bottom concentrations. Besides, the results also revealed that
introducing rotational speed can reduce the rate of variation
in the concentration of barite, which indicates a change in
the fluid flow geometry. Moreover, the findings revealed that
the maximum rate of depositing barite at the end of the pipe
for a case which no speed was introduced is about 3.93 g/cc
for flow rate of 0.19 1/s, while for flow rate of 0.19 1/s with
rotational speed of 70 rpm, the barite deposition was equal
to 3.73 g/cc. On the other hand, investigations revealed that
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Fig.5 Changes in the concentration of barite particles in the
upstream and downstream of the circulating loop (flow rate of
0.308 1/s and deviation angle of 60°)
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Fig.6 Changes in the concentration of barite particles in the
upstream and downstream of the circulating loop (flow rate of
0.190 /s and deviation angle of 60°)

not only introducing rotational speed can reduce the deposi-
tion of barite particles, but also increasing the flow rate from
0.19 to 0.308 1/s can reduce the barite particle deposition
to value of about 1.5 g/cc. In the next stage of this investi-
gation, the deviation angle was changed to 60°, while the
other parameters such as flow rate and rotational speed were
kept unchanged. Similar to the first series of experiments, it
seems that introducing the deviation angle of 60° concomi-
tant with rotational speed of 70 rpm can reduce the amount
of barite particle deposition. More investigations also dem-
onstrated that the maximum deposition rate for barite can be
obtained for flow rate of 308 I/s which is equal to 3.93 g/cc
as the rpm is zero, while this value can be reduced to 3.73 g/
cc for rotational speed of 70 rpm and the flow rate was kept
constant at 0.308 I/s (see also Figs. 5 and 6).

Finally, the effects of flow rate and deviation angle on
barite particle precipitation were examined (see Fig. 7). As it
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Fig.7 Change in the amount of particles deposited in the circular
space as a function of flow rate and deviation angle

can be observed, it seems that for all the examined deviation
angles except 90°, increasing the flow rate leads to a reduc-
tion in precipitated barite particles. This observed trend can
be related to this fact that as the flow rate increases, the agi-
tation and movement of the particles enhance which can pre-
vent fast precipitation of barite particles and consequently
reduce the barite particle deposition. But on the other hand,
further increase in the deviation angle from 60° to 90° leads
to an increase in the precipitated amount of barite particle
for flow rate of 0.4 /s.

Furthermore, the depicted results demonstrated that under
constant flow rate condition (for all the examined flow rates
of 0.1 to 0.4 I/s), an increase in the deviation angle from
0° to 60° leads to an increase in the precipitation of bar-
ite particles since it can accelerate the movement of barite
particles toward the lower section of the flow loop, while
further increase in the deviation angle from 60° to 90°
sharply reduces the amount of precipitated barite particles
(see Fig. 7).

Conclusions

In the current work, the sedimentation behavior of barite
particles was experimentally investigated using a series of
systematic experiments using homemade laboratory flow
loop equipment. In this way, several operating conditions
such as flow rate, deviation angle and drilling string rota-
tional speed were changed to find their possible effects on
barite sag phenomenon. The performed experiments lead to
results categorized as below:

e The amount of barite sag and the accumulated parti-
cles in the wells can be reduced and even eliminated by
increasing the rotational speed of the drilling string.
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e The maximum amount of precipitation of barite particles
occurred in deviation angle of between 45° and 60°.

e The vertical vectors created due to the rotation of the
drilling string due to the low diameter of the barite par-
ticles will have a significant effect on the settlement of
the deposited barite bed.

e By increasing the discharge flow rate from 0.19 1/s to
0.308 I/s, barite deposition will face with a reduction.

e It would be possible to increase the precipitation rate of
barite particles by changing the deviation angle to 45°,
while further increase in deviation angle to value of 60°
would reduce the precipitation rate of barite particles.

e The precipitation rate of particles reduces as the inner
pipe rotational speed increases which can be due to tur-
bulent regime.

e Low rotational speed introduces a more significant effect
on lowering the particles precipitation rates.

e Among the examined models, the Herschel-Buckley
model can predict the behavior of the materials with
higher accuracy which may be due to the presence of
barite particles.
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