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Summary

In this paper, we present the results of barite sag measurements before and after hot-rolled oil-based drilling fluids (OBDFs) using differ-
ent approaches for characterization. We characterized the barite sag of a liquid column under static condition using light-scattering (LS)
measurements, hydrostatic pressure measurements, and gamma densitometry. Under the dynamic condition, we used a rheometer with a
grooved bob-in-cup measuring system to characterize barite sag in rotational and oscillatory shear conditions. Extensive rheological char-
acterization of the drilling fluid samples, before hot rolling (BHR) and after hot rolling (AHR), is carried out. It is found that barite sag
decreased in hot-rolled fluid samples from the LS, rotational, and oscillatory shear measurements. The rheological characterization of the
fluid samples showed that heat-activated chemicals in the hot-rolled fluid sample increased the viscosity and elasticity, which contributed
to lower barite sag and longer suspension of particles than BHR. Both hydrostatic and gamma densitometry measurements reveal more or
less uniform compaction of barite particles in the fluid sample below the liquid layer. Time-dependent oscillatory shear measurements
provide new insights on the structural character of drilling fluids to predict barite sag tendencies during the fluid design phase.

Introduction

Downhole pressure control is the major task of a drilling fluid. The drilling fluid can be water- or oil-based and is densified by addition
of solid weight material particles. A successful drilling operation requires that the weight material is evenly dispersed in the drilling
fluid during the entire drilling operation. Barite is the most common weight material. Hence, the tendency of weight material to separate
out of the suspension is known as barite sag. Sag is a phenomenon directly resulting from physical properties of the weight material,
such as size and weight of each particle combined with the number density of particles and the fluid microstructure affecting the rheo-
logical properties of the drilling fluid. The microstructure contributes to the viscous properties of the drilling fluid (Quemada 1998;
Baldino et al. 2018), the gel formation properties, and the fluid’s viscoelasticity. The particle settling and sag of weight materials in
drilling fluids is a major concern when drilling and completing a well. Some of the problems associated with sag in the wellbore include
pressure-control-related issues, fluctuation in torque and drag loads, difficulty in running of casing, displacement inefficiency during
cementing operation, lost circulation, and stuck pipe, among others (Zamora and Jefferson 1994; Saasen et al. 1995; Skalle et al. 1999;
Tehrani et al. 2004). Suspended weight material particles in drilling fluids in inclined wellbores tend to settle much more as a result
of creating dynamic conditions by the sag itself, which may accelerate the sag process in a phenomenon called Boycott settling, after
Boycott (1920), who observed the increased efficiency in separating red and white blood corpuscles when using skew test tubes. Other
effects accelerating sag in inclined wellbore sections include pumping, tripping, or drillpipe rotation in which sag is more severe than in
the static condition (Dye et al. 2001). An eccentric drillpipe induces more sag than a concentric one; however, pipe rotation has a
greater impact on the reduction of sag in the eccentric case than in the concentric one as shown in detail by Nguyen et al. (2011, 2014).

Barite (BaSO4), ilmenite (FeTiO3), and hematite (Fe2O3) are some common minerals used as conventional weight materials in for-
mulating drilling fluids. Among these weight materials, API-grade barite has remained the standard weight material in the drilling fluid
industry. It is easily milled to a particle size that reduces the degree of settling and minimizes losses on shaker screens. Its inertness
allows it to be used in a wide range of drilling fluids containing different chemical components (Tehrani et al. 2014). Because the mass
densities of ilmenite (SG1¼ 5.1) and hematite (SG¼ 4.7) are high compared with the commercial grade barite (SG¼ 4.2), they help to
reduce the solid volume fraction in the drilling fluid, thereby lowering the impact of the weight materials on the fluid rheological
properties. The accepted barite quality has changed recently. Currently, it is acceptable to have a barite density of approximate
SG¼ 4.10 (Al-Bagoury and Steele 2012).

In the following, we will therefore use the term “barite sag” as a generic description of the settling of suspended weight material par-
ticles in drilling fluids. The sag tendency is also related to the particle number density. By reducing the number of particles, the interac-
tion between the particles will be reduced, especially in low-to-medium drilling fluid density, and sag will be more severe. This effect
of number density was calculated by Saasen et al. (1995), and it fits similar results in the food industry (Dickinson 1992). To mitigate
this effect, other researchers, for example, Al-Bagoury and Steele (2012), developed micronized ilmenite blended with manganese tetra-
oxide to create stable drilling fluids.

Field experiences along with laboratory studies have shown that OBDFs are more vulnerable for sag than water-based drilling
fluids. Rules of thumb exist to minimize barite sag in field operations. It is often required not to dilute the drilling fluid with more than
5% premix per circulation with a pressure loss of 50 bar across the drill bit when drilling with OBDFs (Omland et al. 2007).

Barite sag is caused by settling of suspended barite particles, which can lead to variation in drilling fluid density. There are different
techniques available in literature for detecting such particle sag in drilling fluids. Several methods ranging from the static test cell to
standard viscometer to laboratory-scale flow loops are shown to be promising for detecting sag potential in drilling fluids (Omland et al.
2007). More advanced rheological methods have also been tested, and Saasen et al. (1995) found that by combining the linear visco-
elastic (LVE) parameters G0 and G00, a strong indication about a change in sag potential could be given.
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Using the static test cell method, the drilling fluid is poured into a tube or steel cell and then allowed to stay undisturbed for a speci-
fied amount of time. A sag factor is calculated as the ratio between the fluid density at the bottom of the test cell to the sum of fluid den-
sities at the bottom and top of the test cell. A sag factor of 0.50 signifies that no sag has occurred, while a value greater than 0.52
indicates the occurrence of sag. It is noted, however, that this sag factor does not account for syneresis; that is, free liquid being allowed
to create a seepage flow to the surface by partial agglomeration of particles (Bamberger et al. 1998; Omland et al. 2006).

Meanwhile, the viscometer sag test (VST) measurement technique was introduced by Jefferson (1991) for detecting sagging in
dynamic condition. The VST consists of a regular rotational viscometer and thermocup where drilling fluid samples are heated in the
thermocup to 49 or 66�C while shearing the drilling fluid at 100 rev/min for 30 minutes. A syringe is used to retrieve fluid samples from
the bottom of the thermocup before and after testing, and then the samples are weighed on a sensitive balance. An increase in the fluid
density indicates sagging. Despite the simplicity, direct measurement, and low cost of the VST, it lacks wide acceptance in the oilfield
industry. To improve the reliability of the VST technique, Zamora and Bell (2004) introduced the viscometer sag shoe test measurement
technique. An inclined sag shoe or thermoplastic shoe was incorporated into the VST to expedite barite settling and facilitate the gather-
ing of the settled weight material particles into a collection well (Zamora 2011).

Laboratory scale flow loops have also been used to examine the sag potential in both static and dynamic conditions. A cylindrical
sag testing cell was developed to measure the level of barite sag at static and dynamic conditions with shear rates from 0.0 to 0.82 s�1

and temperatures of 27 (80) and 49�C (120�F) (Parvizinia et al. 2011). The authors mounted pressure sensors on the wall of the cylinder
to measure sag tendencies of OBDF as a function of hydrostatic pressure gradient. It was concluded that high shear rates and elevated
temperature resulted in significant barite sag. Saasen et al. (1995) used an inclined sag cell consisting of a 2.13-m long transparent pipe
with inner diameter of 110 mm, tilted at 60� from vertical to correlate sag to rheological data under static and dynamic conditions. A
concentric rod having an outer diameter of 25 mm was positioned along the axis of the pipe to provide reciprocating movement to simu-
late the movement of small diameter downhole hardware. The authors found that dynamic sag can be severe even when static sag is
absent or relatively small and dynamic sag is partially related to low shear viscosity. Nguyen et al. (2011) conducted a dynamic barite
sag study with OBDF using a rotational viscometer incorporated with sag shoe and a flow loop. The flow loop test section was 3.6 m
(12 ft) long, consisting of a transparent outer casing with a 5 cm (2 in.) inner diameter and an inner drillpipe with a 2.5 cm (1 in.) outer
diameter. The drillpipe could be rotated up to 200 rev=min with eccentricity changed from zero (concentric case) to unity (fully eccen-
tric case). The authors concluded that the rotational viscometer when used to measure dynamic sag provided a conservative estimate
and did not correlate with the flow loop sag tests. Meanwhile, with flow loop test, pipe rotation had a greater impact on reducing sag
when the drillpipe is eccentric rather than concentric. An inclined sag tester of length 1.5 m fixed onto a vertical collector pipe was
used by Skalle et al. (1999) to study the effect of rheological properties on particle settling and sag in both static and dynamic condi-
tions. The difference in pressures between the bottom of the inclined pipe and the collector pipe determines whether the drilling fluid is
stable or unstable. Dye et al. (2001) investigated the effect of shear rate on dynamic barite sag for invert-emulsion drilling fluids using a
field viscometer capable of measuring at 0.0017 s�1 and an eccentric wellbore-hydraulics flow loop of approximately 2 m in length.
The study concluded that dynamic barite sag increased as hole angle increased from 45 to 60�, while the onset of dynamic sag occurred
at shear rates less than 4 s�1. A high-angle sag test device capable of detecting sag tendencies by the movement of the center of mass of
the test fluid at temperatures up to 149�C (300�F) and deviation angle from 20 to 90� was designed by Jamison and Clements (1990).
Their study concluded that viscosity parameters of drilling fluids, as measured with standard oilfield viscometers, are not fitted for pre-
dicting sag performance in extended reach drilling.

With the use of rheometers, attempts have been made to predict the stability of drilling fluids with respect to sag (Saasen et al. 1991;
Ehrhorn and Saasen 1996; Maxey 2007). Marshall (2007) reported a laboratory study on OBDFs in which seven companies participated
using their in-house instruments. The companies involved were Grace, Anton Paar, Brookfield, Malvern, OFITE, Baker Hughes, and
Kelco oilfield group. Viscosity measurements of the base fluid indicated that there was broad agreement among the seven instruments,
particularly at intermediate shear rates. Nonetheless, repeatability of the measurements revealed that only two instruments (Anton Paar
and Malvern) produced values close to the theoretically expected results over a large range of shear rate. Ofei et al. (2019) examined
the effects of shear rate and viscosity on dynamic barite sag of a field OBDF with an oil/water ratio (OWR) of 80:20 at 50�C using an
Anton Paar (Ashland, Virginia, USA) rheometer MCR 302 and density meter DMA 5000. The dynamic sag was measured under steady
and oscillatory, low-to-ultralow shear rates from 0.001 to 5.11 s�1. They concluded that for higher viscosity, less-pronounced dynamic
sag was observed, and the dynamic time sweep test gave a good indication of sag potential.

A few publications on experimental work on sedimentation in Newtonian and non-Newtonian fluids are also reviewed for complete-
ness. Moreira et al. (2017) investigated the suspension sedimentation in Newtonian and non-Newtonian fluids using gamma densitome-
try. Their results indicated that settling behavior is different in Newtonian fluids and non-Newtonian fluids. The sedimentation rate was
slower in Newtonian fluids when compared with the settling rate in shear-thinning fluids with the same apparent viscosity. Moreover,
the time for complete settling in the thickened zone took a very long time.

Batch sedimentation of calcium carbonate particles (< 70-mm size) in drilling fluids was studied by Santos et al. (2018). They also
performed rheological tests to understand the stability of drilling fluids. Gamma densitometry has been used to measure the local solid
concentration in sedimentation zones. The settling velocity was determined in the free settling zone, assuming there is no wall effect. It
is found that the settling rate is high in a nonthickened suspension zone compared with that in a thickened suspension zone. Rocha et al.
(2020) have reported the settling of barite in paraffin-based synthetic drilling fluid. Gamma densitometry experiments were performed
to measure the change in chordal averaged mud density at different column heights and time. They have developed a mathematical
model based on the continuum mechanics for predicting the settling in all settling zones in batch sedimentation in synthetic drilling
fluids. The settling process is characterized by three settling zones, namely, clear zone, free settling zone, and compression zone, and
the authors found that the mathematical model predictions were in good agreement with the experimental data.

The present study, based on Ofei et al. (2020), addresses barite sag in OBDFs under the influence of static and dynamic conditions
at ultralow to low shear rates. The issue of syneresis, which is the effect of colloidal material slightly grouping, thus leaving a flow path
for the continuous material to flow up to the surface, is not discussed in this paper although the process is mentioned in one case. In this
study, an approach to obtain static and dynamic barite sag measurements is presented to examine the effects of rheological and visco-
elastic properties for typical field OBDFs on barite sag performance.

Materials and Methods

Fluid Components. The reference drilling fluid is a common OBDF with an OWR of 80:20 and density of 1430 kg=m3 (SG¼ 1.43).
The fluid components were supplied by M-I Swaco, Schlumberger in Norway, and consisted of a refined mineral oil as a base fluid of
density 814 kg=m3 and kinematic viscosity of 5.9 mm2=s, brine of calcium chloride, lime, emulsifier, organophilic clay viscosifiers,
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fluid-loss agent, low-gravity calcium carbonate, and API-grade barite. A spindle mixer was used to mix the components of the drilling
fluid at a speed of 6,000 rev=min for a total of 70 minutes. Table 1 shows the various components of the drilling fluid, including their
mass fraction, concentration, and mixing time. The experiments reported here have been conducted in two different laboratories using
the same drilling fluid. The drilling fluid was prepared in the respective laboratories using the same recipes and mixing protocols, with
the same components from the same supplier.

Particle-Size Distribution (PSD). The particle sizes of API barite for SG in the range of 4.1 to 4.2 were characterized using an LS
particle-size analyzer. The instrument uses laser light with a wavelength of 750 nm to size particles with diameters from 0.04 to
2000 mm by light diffraction. The laser’s radiation passes through a spatial filter and projection lens to form a beam of light. The beam
passes through the sample cell where particles suspended in liquid or air scatter the incident light in characteristic patterns, which
depends on their sizes (Beckman Coulter, Inc. 2011). Fig. 1 shows the PSD of the API barite with D10, D50, and D90 values as 0.658,
6.909, and 34.130 mm, respectively. The Dx value indicates that x% of the particles by mass have diameters that are smaller than
this value.

Fluid Mixing Procedure. In preparation of the drilling fluid, the following procedure was used for mixing. The drilling fluid compo-
nents, concentration, and mixing procedure were recommended by the supplier:

1. Pour the refined mineral oil in a container and place the container in an ice water bath to maintain the fluid’s temperature below
65�C. The use of a cooling bath is not necessary until the temperature exceeds 55�C. It should be noted that some of the compo-
nents require initial heating to better dissolve in the base oil and to be fully activated.

2. Pour the base oil into a spindle mixer container, add the emulsifier, and mix for 2 minutes.
3. Add the low-temperature and high-temperature viscosifiers to the mixing container and mix for 4 minutes apart.
4. Afterward, add the lime to the container and mix for 5 minutes.
5. Add the fluid-loss agent and mix for 5 minutes.
6. Add the brine of calcium chloride and mix for 15 minutes.
7. Add the barite and mix for 25 minutes.
8. Finally, add the calcium carbonate to the mixture and mix for 10 minutes to act as a bridging material, which reduces fluid loss

and minimizes filter-cake thickness, especially in permeable formation.

Mixing

Order Product

Mass

Fraction

Concentration

(g/L)

Mixing Time

(minutes)

1 Refined mineral oil (base fluid) 0.35 501.9 –

2 Emulsifier 0.0139 20.0 2

3 Viscosifier (low-temp. clay) 0.00628 9.0 4

4 Viscosifier (high-temp. clay) 0.00907 13.0 4

5 Lime 0.0139 20.0 5

6 Fluid-loss agent 0.00697 10.0 5

7 Calcium chloride brine 0.139 199.3 15

8 API barite (weight material) 0.426 610.8 25

9 Calcium carbonate (low gravity) 0.0349 50.0 10

Table 1—Components of 1 L of SG¼1.43 OBDF.
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Fig. 1—PSD of API barite.
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The final SG of the drilling fluid sample was measured to be 1.43. Two sets of fluid samples of the same compositions were mixed
in which one was preconditioned at atmospheric temperature and pressure and the other was transferred into an aging cell, pressurized
at 6.8 bar (100 psi) using nitrogen gas, and hot-rolled at 120�C for 60 hours using an OFITE 172-00-1-C roller oven with programmable
timer and circulating fan. An emulsion stability tester, which applies a precision voltage-ramped sinusoidal signal across a pair of paral-
lel flat-plate electrodes was used to determine the fluid’s electric stability. A pH meter was used to measure the concentration of hydro-
gen ions in the drilling fluid samples. The electrical stability and pH readings of the sample preconditioned at atmospheric pressure
were recorded as 922 V and 10.35, respectively. Furthermore, the recorded electric stability and pH values of the sample AHR were
684 V and 9.92, respectively.

Characterization of Barite Sag in Static and Sheared Fluids. We have used four different approaches for characterizing barite sag.
• Light transmission and backscattering (static fluids)
• Rheological and density measurement using rotational rheometer and densitometer (sheared fluids)
• Hydrostatic pressure gradient (static fluid)
• Gamma densitometry (static and sheared fluid)

Characterization Using Optical Stability Analyzer. The stability of the dispersed API barite particles in the OBDF at static condi-
tion was evaluated using an optical stability analyzer, specifically, TurbiscanVR Lab Expert analyzer (Formulaction 2008). The principle
of this instrument is based on static multiple LS using a monochromatic infrared light source of wavelength, k ¼ 880 nm, and two syn-
chronous detectors: a transmission detector that receives the light going across the sample at 0� from the incident beam and a backscat-
tering detector that receives the light scattered backward by the sample at 135� from the incident beam (Liu et al. 2014). The detection
head scans the entire length of the sample acquiring transmission and backscattering data every 40 mm. The stability analyzer can be
thermoregulated from 5 to 60�C for a long-term stability analysis. The obtained curves of backscattering as a function of the height of
the sample reflect the microscopic characteristics of growth or migration of particles at a given time (Lu et al. 2017). The instrument
can handle a wide range of particle sizes from 10 nm to 1000 mm and particle concentration from 10�4 to 95%. Fig. 2 shows a schematic
of the stability analyzer.

The stability analyzer scans at various preprogrammed times and overlays the signals on one graph to show the destabilization phe-
nomenon. Graphs are usually displayed in reference mode, whereby the first signal profile is subtracted from all other profiles to
enhance variations. Destabilization phenomena such as sedimentation, flocculation, coalescence, and creaming of the colloidal system
can be interpreted from the change in backscattering (DBS) signals. Sedimentation has occured when DBS signals peak up at the
bottom of the sample and peak down at the top of the sample. A reverse in the peaks, however, describes a creaming phenomenon. If
there is a variation in the DBS signals recorded in the middle part of the sample, this indicates flocculation or coalescence due to the
variation in particle size.

A fingerprint spectrum that can characterize the dispersion property of the drilling fluid samples was measured by setting the mea-
surement frequency, scanning time, and scanning interval. In this study, a 20 cm3 fluid sample each, BHR and AHR, was filled into a
cylindrical glass tube of height 55 mm and placed in the stability analyzer. The two optical sensors were used to scan along the height
of different samples sealed in the glass tube. A total of a 7-day scanning period was set at a frequency of one scan per hour. All scans
were conducted at 25�C. The stability of the fluid samples was characterized by the so-called Turbiscan Stability Index (TSI) with the
help of a software. The TSI is the sum of all the backscattering and transmission variations over the entire height of the sample. The
more the Turbiscan signal evolves, the higher the TSI. Therefore, a high TSI value corresponds to an unstable fluid sample. The TSI is
calculated as (Yang et al. 2017):

TSI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i�1 xi � xbsð Þ2

n� 1

s
; ð1Þ

where n is the number of scan times, xi is the backscattering light intensity at the scanning time of i, and xbs is the average backscatter-
ing light intensity. The computed TSI takes into account all the destabilization phenomena occurring in the sample, including any even-
tual bubbles and syneresis, as well as the size variation. The TSI is characterized based on five different scales deduced from empirical

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

V
er

tic
al

 s
ca

n

Fig. 2—Schematic of the stability analyzer (T 5 light transmission; BS 5 backscattering).
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analysis of a database of more than 500 measurements (Formulaction 2008). The definitions of the scales are as follows:
“Aþ ¼ 0:0 � 0:5”, no significant destabilization; “A ¼ 0:5 � 1:0”, emerging destabilization; “B ¼ 1:0 � 3:0”, weak destabilization;
“C ¼ 3:0 � 10:0”, significant destabilization; and “D � 10:0”, high destabilization.

According to a general law of sedimentation, the particle migration (settling) rate can be defined by Stokes’ law extended to concen-
trated dispersions following the definition by Mill and Snabre (1994):

V /; dð Þ ¼
gd2 qp � qf

� �
18g

1� /ð Þ

1þ 4:6/

1� /ð Þ3

" # ; ð2Þ

where / is the particle concentration (�), d is the particle mean diameter (m), g is acceleration of gravity (m/s2), qp is particle density
(kg/m3), qf is continuous phase density (kg/m3), and g is the continuous phase dynamic viscosity (Pa�s). This formula is valid for

Newtonian fluids in the Stokes flow regime (i.e., particle Reynolds number much smaller than unity) with / <
4

7
, which corresponds to

random isostatic packing before restructuring (Dixmier 1978). A stability analyzer software, Turbiscan LAB (Formulaction, Toulouse,
France), uses Eq. 2 to compute the migration rate by monitoring the speed of formation of particle layers and characterizing the motion
of the particles.

Characterization Using Rotational Rheometry. An Anton Paar rheometer (MCR 302) using a Couette geometry with a grooved
bob was used to conduct the rheological measurements on the OBDF at 25�C. The various rheological tests performed include flow
curves, oscillatory amplitude sweep, oscillatory frequency sweep, and tests at constant rotational and oscillatory shear rates.

The flow curves were measured under controlled shear rates and show the shear stress vs. shear rate of the sample. We presheared
the sample at a constant shear rate of 1022 s�1 for 300 seconds before linearly ramping down the shear rate from 1022 to 1.0 s�1 for
100 measuring points with a 5-second measuring duration per point. Then, the shear rate was logarithmically ramped down from 1.0 to
0.001 s�1 for 40 measuring points with a 4-second measuring duration per point to capture the flow characteristics in the ultralow
shear-rate region. In a similar manner, the shear rate was ramped up logarithmically from 0.001 to 1.0 s�1 for 40 measuring points with
4-second measuring point duration and then linearly ramped up from 1.0 to 1022 s�1 for a total of 100 measuring points with 5-second
measuring point duration. A difference between the ramping down and ramping up flow curves indicates the thixotropy of the fluid
sample (Jachnik 2005; Cayeux 2020). In this present study, we reveal insignificant differences between the flow curves.

The amplitude sweep tests that use sinusoidal oscillations allow the testing of the microstructure of the sample without breaking the
sample structure (Savari et al. 2013). The test was carried out with a constant angular frequency of 10 rad/s and increasing strain ampli-
tude from 0.001 to 100% at a slope of 5 measuring points per decimal, accounting to 26 measuring points. The limit of the LVE range,
below which the measured properties of the sample are nondestructive, is determined for use as a parameter for the frequency sweep
test at a tolerance limit of 97%. The test also measures the storage modulus (G0), characterizing the material’s elastic behavior, and loss
modulus (G00), characterizing the viscous behavior of the material. The flow point, where G0 ¼ G00, is measured as the point where the
material’s microstructure deforms and initiates flow. If G0 > G00, the elastic behavior dominates the viscous behavior, and the sample
depicts a solid-like character. Conversely, G00 > G0, indicates that the viscous behavior dominates the elastic behavior of the sample
and shows a liquid-like character.

By performing oscillatory shear tests, certain parameters have been adopted from continuum mechanics to measure the rheological
properties of the viscoelastic fluid. The shear modulus G, under uniaxial stress conditions, according to Hooke’s law, is constant for per-
fectly elastic material. However, for oscillatory stresses, a complex shear modulus, G�, which is divided into a storage modulus, G0, and
a loss modulus, G00, is defined by the following equations (Mezger 2014):

G� ¼ sA

cA

; ð3Þ

G0 ¼ G�j jcos dð Þ ¼ sA

cA

����
����cos dð Þ ; ð4Þ

G00 ¼ G�j jsin dð Þ ¼ sA

cA

����
����sin dð Þ ; ð5Þ

where sA is the complex stress amplitude, cA is the corresponding complex strain amplitude, and d is the phase shift angle between sA

and cA.
The frequency sweep test uses sinusoidal oscillations at small strain amplitudes usually within the LVE range (Savari et al. 2013).

A shear strain amplitude within the LVE range was applied on the sample over a decreasing range of angular frequency from 100 to
0.001 rad/s at a slope of 5 measuring points per decimal. A comparison of G0and G00 is of greater importance at lower frequencies in
which dynamic sag is more likely to occur. From G0and G00, we can calculate the phase shift angle d, which is also called the damping

factor of the sample and defined as tan dð Þ ¼ G00

G0
. The phase shift angle and the damping factor characterize the viscoelastic behavior of

the sample, where d ¼ 0� corresponds to ideal elastic solid behavior, and d ¼ 90� corresponds to purely viscous liquid behavior. Thus,
the sample is more viscous when tan dð Þ > 1, and more elastic when tan dð Þ < 1 (Tehrani et al. 2004).

During the steady-state test, the viscosity of the sample was measured at a constant shear rate in isothermal condition (25�C) for a
fixed length of time. The constant shear rates used were 10.22, 5.11, 1.7, 0.60, 0.10, 0.01, and 0.001 s�1. The duration and the number
of measurement points were 10,800 seconds and 1,000, respectively, per shear rate. A total of 14 test runs were carried out for the con-
stant rotational time test.

For the time-dependent oscillatory test, both strain amplitude and angular frequency were held constant. Angular frequencies from
10.22 to 0.001 rad/s and strain amplitudes of 0.05 and 100% were imposed. The strain amplitude of 0.05% is a value within the LVE
range in which the microstructure of the fluid sample remains undisturbed, whereas 100% strain amplitude was imposed to simulate
high vibration effect of the drillstring. Each experiment was run for a total time of 10,800 seconds at 1,000 measuring points with a
4-second interval. An isothermal condition of 25�C was imposed, and a total of 21 test runs were carried out.
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Dynamic Sag Testing. The testing of the dynamic barite sag of the fluid samples was performed using a combination of a controlled
shear rate rheometer and accurate density measurements as shown in Fig. 3. The rheometer had a Couette geometry in which the inner
cylinder (the grooved bob) rotated while the outer cylinder (the cup) was fixed. The rotational velocity is limited by a specified input
torque; that is, the shear stress of the bob continuously changes to produce the torque limit set by the instrument (Saasen et al. 1991).
Two time-dependent conditions were separately imposed on the rheometer, which were constant rotational and oscillatory sweep.
A digital density meter with an uncertainty of 6 5�10–5 g/cm3 was used to measure the density of the fluid samples. It is based on a
U-tube principle, which measures the inertial mass of a known sample volume. The fluid sample is filled into a U-shaped tube that is
mounted on a countermass using a syringe. The U-tube is then excited and the fluid starts to oscillate. The change in frequency is then
measured, and the density can be determined (Hold 2015). The instrument performs several measurements automatically.

To conduct the dynamic sag test, we first presheared the fluid samples for 2 minutes using the spindle mixer, took approximately
3 cm3 of the fluid sample in a syringe, and injected it into the digital density meter and measured the initial density qinitial at 25�C. Next,
approximately 20 cm3 of the fluid sample was filled into the rheometer measuring cup, and a constant shear rate or constant frequency
(0.001 to 1022 s�1) was imposed and run for 10,800 seconds (3 hours) at 25�C. After each run, a syringe was used to draw approxi-
mately 3 cm3 of the fluid sample from the top of the measuring cup and injected into the digital density meter for the final density qfinal

to be measured. If the measured fluid sample’s final density is less than the initial density, sag has occurred. The dynamic sag density
Dq and dynamic sag index (DSIÞ are respectively calculated using Eqs. 6 and 7. For a fluid to exhibit perfect suspension characteristics,
the DSI should be 0.50. A fluid that has a DSI greater than 0.53 is considered to have inadequate suspension properties (Maxey 2007).
It should be noted that for a single fluid sample injection into the density meter, three series of measurements were taken, after which
the average value of these measurements were calculated.

Dq ¼ qinitial � qfinal ; ð6Þ

DSI ¼ qinitial

2qfinal

: ð7Þ

Important parameters such as dynamic viscosity and complex viscosity were also measured and examined. The complex viscosity
g�, which defines the viscoelastic flow resistance of the sample, is expressed as (Mezger 2014):

g� ¼ s tð Þ
_c tð Þ ; ð8Þ

where s tð Þ and _c tð Þ are the complex stress and shear rate, respectively.

Characterization Using Hydrostatic Pressure and Gamma Densitometry Measurements. Particle sedimentation in general and barite
sag in particular can also be studied in columns of fluid by measuring the transient hydrostatic pressure gradients across a vertical distance.
From this, the average particle volume fraction in the corresponding volume of fluid can be determined, which can also be determined by mea-
suring the attenuation of a beam of gamma radiation. We here demonstrate the use of these methods to study barite sedimentation in water.

Experiments for static flow conditions were conducted in a cylindrical acrylic column with a 5.7 cm internal diameter and 70 cm
height. The setup also includes two individual data acquisition units, pressure transducers (PTs), a pair of gamma radiation source and
detector, and a computer.

Fig. 4 shows a schematic of the static cell equipped with PTs (Omega: PX309), a gamma source, and 2-in. detector (Canberra Inc., Meriden,
Connecticut, USA). Four PTs were flush mounted on the outer cylinder at different heights 2.4, 9.8, 31.8, and 46.7 cm from the bottom. Before
the actual experiment, barite and water were well mixed at 6,000 rev=min for 10 minutes using a high shear homogenizer (Silverson: L-5MA).
The well-mixed water and barite mixture were then transferred to the Taylor–Couette cell, and air bubbles were injected through the bottom of
the test cell to avoid settling of the barite before the sag tests. After achieving a uniform distribution of barite in the column, air injection was
stopped, and the hydrostatic pressure and gamma densitometry measurements were started simultaneously. The hydrostatic pressure gradient
was calculated from the instantaneous pressure/time data series, and the data were used to calculate the solid mass fraction using Eq. 9:

/s ¼
DPM � DPLð Þ
DPS � DPLð Þ ; ð9Þ

where /s is the volume fraction of solid particles, DPM is the measured hydrostatic pressure, DPL is hydrostatic pressure from a solids-
free liquid, and DPS is the weight of solid particles per unit area of a column given by,

DPs ¼ gqs h2 � h1ð Þ : ð10Þ
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Fig. 3—Experimental setup for dynamic sag measurement.
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From the volume fraction of solids, we then find the density of the mixture as

qm ¼ ql 1� /sð Þ þ qs/s : ð11Þ

A 5 mCi Cesium-137 isotope was used as a gamma source, and a 5-cm diameter NaI scintillation detector was used to measure the
transmitted gamma radiation. Collimators made of 5-cm thick lead plates were placed on both the detector and source sides to create a
3-mm pencil beam (Fig. 4). The gamma beam scans were performed at an elevation of 5 cm from the bottom of the static cell. The
change in counts with time were recorded and used to calculate the fluid density using the Beer–Lambert law:

I ¼ I0e�aL ; ð12Þ

where I is the gamma beam intensity after passing through a medium with a linear attenuation coefficient a, I0 is the incident intensity
of the gamma beam, and L is the path length of the gamma beam through the medium.

For a liquid/solid mixture, we have

Im ¼ I0exp � al 1� /sð Þ þ as/s½ �Lf g ; ð13Þ

where al and as are the linear attenuation coefficients of liquid and solid particles, respectively.
The volume fraction of solids /s can be found by measuring the intensity Il with the pure liquid (without solid particles), the corre-

sponding intensity Ib with a fully sedimented bed with a known volume fraction /b of solids, and the intensity Im with the liquid/solid
mixture, as given by

/s ¼ /b

ln
Im

Il

� �

ln
Ib

Il

� � : ð14Þ

Gravitational settling experiments in static cell with three different initial barite weight fractions were performed. Fig. 5 shows the
change in the solid fraction with respect to the time for three initial barite concentrations in a static cell. Because the void fraction was
calculated from the hydrostatic pressure obtained from the top PT pair, the data in Fig. 5 indicates the drop in the solid fraction as the
particles settle from the top measurement region. Hence, the hydrostatic pressure data recorded by the top PT pair is related to the free
settling velocity of the barite. It is found from the data that initial settling velocity in the static cell is 0.1 mm/s and hindered settling
velocity is 0.03 mm/s, approximately. The settling velocity for the isolated sphere can be calculated from Stokes’ law, using Eq. 15:

vs ¼
2Dqga2

9l _ceffð Þ ; ð15Þ

where Dq ¼ qp � qf is the density difference between barite and water, a is the particle radius, and l is the fluid effective viscosity at a
representative shear rate.

_ceff ¼
vs

a
: ð16Þ

The hindered settling velocity vsh for an ensemble of particles of identical size can be expressed as

vsh ¼ vsH /ð Þ : ð17Þ
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Fig. 4—Schematic of the static cell test facility with National Instrument Data Acquisition (NI DAQ) used in the present work.
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The hindered settling function Hð/Þ has been used to calculate the hindered settling velocity vsh.

H /ð Þ ¼ 1� /ð Þm ; ð18Þ

where m ¼ 4.48 for non-Brownian systems. The experimental hindered settling value is very similar to the hindered settling velocity
derived from Stokes’ law with a hindered settling factor f /ð Þ for a mean particle diameter of 30 mm. The calculated hindered settling
velocity is 0.03 mm/s.

For the gamma densitometer measurements, the number of photons detected over a counting period of 8 minutes was recorded, and
the gamma measurements were made at the bottom of the test section. The gamma counts recorded by the detector were normalized by
the initial counts at t ¼ 0 for the three initial barite concentrations as shown in Fig. 6a. The gamma counts decreased with time due to
greater attenuation of gamma rays caused by the increased concentration of barite particles at the bottom of the cell. The rate of barite
sedimentation is seen to be slower for the higher initial barite concentration because higher particle number density causes hindered set-
tling and reductions in the settling velocity. Fig. 6b shows the changes in the volume-averaged solid fraction (pressure difference
method) and chordal-averaged solid fraction (gamma densitometry method) with time for all three initial barite concentrations. The
pressure difference was obtained from the bottom PT pair, and a gamma scan was also performed at the bottom (Fig. 4). The two meth-
ods show good overall consistency with each other. There is a deviation between the two methods at later times and at the highest
barite volume fractions. As the solids fraction increases, particle-particle interactions become more important and carry an increasing
fraction of the particle weight. This is not accounted for in the model presented in Eq. (9). The gamma measurements (Fig. 6a) show
that a steady state has not yet been reached (between t ¼ 2,000 and 7,000 seconds), indicating an ongoing compaction. In this regime,
the pressure method is not valid. This method should therefore be used with caution.

It is evident from Fig. 6b that the chordal average solid fractions and volume-average solid fractions of barite start increasing imme-
diately at t ¼ 0, increase steadily during the first 1,300 seconds and then more slowly (gamma method, see also Fig. 6a) or become
steady (pressure method) after approximately 2,000 seconds. Note also from Figs. 6a and 6b that the gamma method shows increasing
local solid fraction for higher initial barite particle concentration, even for the later part of the experiment.

Analysis on Rheological and Viscoelastic Properties

Flow and Viscosity Curves. The shear stress and viscosity flow curves of the fluid samples for both BHR and AHR are presented in
Figs. 7 and 8, respectively. The shear stress vs. shear rate relationship describes a pseudoplastic shear-thinning behavior of the drilling fluid
samples as shown in Fig. 7. Below the shear rate of 0.1 s�1, the percentage difference between the shear stress values of both fluid samples
ranged from 50 to 93%. The percentage difference decreased between 0.1 and 100 s�1, after which it remained almost constant at 10%
from 100 to 1022 s�1. The viscosity profiles of the drilling fluid samples decreased monotonously with increasing shear rate with a slightly
higher viscosity for the hot-rolled fluid sample as presented in Fig. 8. The curve is linear between 0.1 and 1.0 s�1, indicating a power-law
region, whereas a gradual transition toward a quasi-Newtonian region exists between 10 and 1022 s�1. The hot-rolled fluid sample shows a
slightly higher viscosity. The reason for the increase in viscosity is likely that the viscosifiers are activated by the heating process.

Amplitude Sweep. Fig. 9 shows the amplitude sweep curves of the drilling fluid samples, which describe the dependence of the loss
modulus G00 and storage modulus G0 on oscillation amplitude. The limit of the LVE range, which was measured at a tolerance limit of
97%, occurs at a shear strain of 0.10% for both fluid samples. Within the LVE range, the microstructure of the fluid sample remains
undisturbed. However, beyond the LVE range, both G0 and G00 curves drop continuously, thus indicating a gradual breakdown of the
superstructure of the fluid sample. The flow point where G0 ¼ G00 occurs at a shear strain and G0 of 24.3% and 5.4 Pa, respectively, for
the BHR sample. Similarly, the flow point for the AHR sample occurred at a shear strain and G0 of 24.4% and 10.2 Pa, respectively.
Beyond the flow point, the fluid sample becomes predominantly viscous liquid. Both viscous and elastic properties of the fluid sample
increased in the AHR sample compared with the BHR sample by nearly a factor of 2 and 2.5 for G0 and G00, respectively, at the limit of
LVE. Within the limits of LVE range, both fluid samples are predominantly elastic, which indicates their yield stress ability. At very
low shear rates, Brownian motion will maintain the small barite particles and water droplets in its local volume location. For a certain
strain, these droplets and particles need to leap-frog to allow for flow. At this point, the yield stress is anticipated to be overcome. The
dynamic yield stress refers to a quantity measured under dynamic conditions at which a constant or time-varying shear rate is applied
and can be measured more accurately from the amplitude sweep from which the yield stress of the material is determined as the shear
stress where G0 ¼ 0:9G0lin. So long as the stresses below the yield stress are applied, no significant change of the internal structure could
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Fig. 5—Variation of solid fraction with time for the top PT pair.
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occur; hence, the sample would show reversible viscoelastic behavior. A higher yield stress fluid indicates a high suspension capability
of the fluid sample. From Fig. 9, the yield stress values predicted for BHR and AHR fluid samples are 0.40 and 0.936 Pa, respectively.
It should be noted that the yield stress predicted from the amplitude sweep could be slightly different from the yield stress predicted
using the flow curve because the amplitude sweep test was performed with a constant angular frequency of 10 rad/s.
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Fig. 7—Flow characteristic curves between BHR and AHR drilling fluid samples with the OWR of 80:20 measured at 258C. The AHR
sample was measured after dynamic aging in a roller oven at 1208C for 60 hours.
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Frequency Sweep. The frequency sweep provides information on the behavior and inner structure of the fluid sample as well as the
long-term stability of dispersions. The required condition is that the selected shear strain amplitude is within the limit of LVE. For this
study, a shear strain value of 0.05% was selected for analyzing the frequency sweep. As shown in Fig. 10, in a very long time (very low
angular frequency, x < 0.0015 rad/s), the fluid sample after being hot-rolled exhibited a liquid behavior (G00 > G0) but maintained a
solid behavior (G0 > G00) as angular frequency increased. On the other hand, for the BHR fluid sample, a solid behavior is maintained
over the entire range of angular frequency. The increasing trend of the storage modulus as angular frequency increased shows a weak
gel structure of the fluid samples. In addition, the complex viscosity, in which the contribution of gel structure is included in the mea-
sured viscosity, decreased with increasing angular frequency. The G0 and G00 measurements for the AHR fluid sample are always higher
than the initial BHR fluid sample. With increased complex viscosity for the AHR fluid sample compared with the BHR fluid sample,
possible long-term dispersion stability could occur, which could reduce barite sag potential. Fig. 11 illustrates that both fluid samples
show viscoelastic behaviors because their phase shift angles d are within 0 and 90�. This is also seen by the damping factor curves,
which also indicate that the fluid samples are mostly entirely elastic because the damping factor, tan dð Þ, is less than unity over the
range of angular frequencies tested.
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Analysis on Sag in OBDFs

Static Sag. Figs. 12 and 13, respectively, present the destabilization plots of the drilling fluid samples BHR and AHR in the form of the
DBS curve against the height of the sample. As shown in Fig. 12, the DBS signal decreases at the top of the sample [marked as (c) to the
right part of graph] due to a decrease of the concentration of barite particles, hence resulting in a more transparent section for the emitted
light. At the bottom of the sample [marked as (a) to the left part of graph], there is a slight increase in DBS signal due to an increase in the
barite particle concentration because of sediment formation. There is, however, little or no signal variation in the middle portion of the
sample [marked as (b)], which indicates insignificant or no particle size variation. On the contrary, as presented in Fig. 13 for the AHR
fluid sample, variations in the DBS signal occur at a sample height between 12 and 24 mm, which is a characteristic of the particle size var-
iation, hence could be due to flocculation of barite particles and/or coalescence of water droplets. Again, similar signals are also shown at
the top and bottom of the sample as was observed in Fig. 12. The most prominent feature of the data for both BHR and AHR samples is the
strong drop in the DBS signal at the top, indicating a pure liquid layer. This layer could be due to syneresis. Particles and droplets may
have agglomerated slightly, leaving a flow path to the top of the fluid column where the base oil has been allowed to migrate.

The migration rate or sedimentation velocity of the API barite particles in the drilling fluid was computed from a stability analyzer
software using Eq. 2. The sedimentation process was observed as the thickness of the sediment layer increased with time at the bottom
of the sample. Fig. 14 shows the peak thickness vs. time. The peak thickness refers to the total height of the sediment layer with the
change of time at the bottom of the sample. The migration rate can be expressed as the slope of the linear portion of the peak thickness
curve. It is observed that the migration rate of the barite particles in the fluid system BHR was computed as 0.84 and 0.24 mm/d after
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the fluid sample was hot-rolled (AHR). The inset figure shows the delay times of approximately 2 and 4 hours before the particles began
to settle in the BHR and AHR fluid samples, respectively. After 7 days of analysis, the particle sediment thickness was recorded as 3.22
and 2.21 mm for the drilling fluid samples, BHR and AHR, as shown in Fig. 14. The observed characteristics show that the AHR fluid
sample is more stable with less particle sediment thickness compared to the BHR fluid sample. This can further be attributed to the high
storage modulus of AHR fluid sample, which indicates a stable gel structure to suspend the barite particles within the LVE range com-
pared to the BHR fluid sample.

A further analysis on the stability of the dispersed barite particles in the drilling fluid sample was performed using the TSI. With the
fluid sample that underwent a hot-rolled condition at 120�C for 60 hours, the TSI value was 1.0 as opposed to a TSI value of 3.0 for the
BHR fluid sample as shown in Fig. 15. Using the TSI scale definition, the measured TSI value for the AHR fluid sample matched a TSI
Scale B, indicating weak destabilization, whereas the measured TSI value for the BHR fluid sample matched a TSI Scale C, describing
significant destabilization. It must be noted that the higher the TSI value, the less stable the fluid sample is, hence the faster the particles
would settle. This further confirms that the AHR fluid samples are more stable than the BHR fluid samples.

To provide more insight into the static settling process in OBDFs, a gamma densitometer as shown in Fig. 4 was used with another
fluid sample. This fluid sample was mixed according to the same composition and protocol as the fluid samples previously described.
After hot rolling and thorough mixing, the fluid sample was transferred into a 2.5-cm diameter, 12-cm tall cylindrical column. Gamma
scans were performed at four axial locations (1, 4, 6, and 8 cm from the bottom of the test cell) by moving the source and detector verti-
cally. Fig. 16 shows the changes in the barite volume fraction obtained from the gamma beam scans at four axial locations. The attenua-
tion decreases when the local particle density in the drilling fluid decreases. It is evident from the figure that the solid fraction
decreased at an axial location of 8 cm (near the top of the test cell) with time due to the gravitational settling of high-density barite parti-
cles. Fig. 16a shows the change in the solid fraction for the first 1,000 minutes after the start of the experiment. It is clear that the parti-
cles began to settle almost immediately near the top of the cell (at 8 cm from the bottom of the cell), and most of the drop in the fluid
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(a) sedimentation, (b) particle size variation, and (c) clarification.
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density had occurred after 500 minutes (approximately 8 hours). On the other hand (Fig. 16b), the solid fraction and the fluid density at
lower axial locations (1, 4, and 6 cm from the bottom) changed (increased) more slowly and reached steady state with time. Interest-
ingly, the increment in the fluid density was approximately the same at all three axial locations, and it can be attributed to the gel-
forming nature of the hot-rolled drilling fluid.
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Dynamic Sag. Rotational shear viscosity vs. time plots for various shear rates are presented in Fig. 17 for the BHR and AHR fluid sam-
ples for a time period of 10,800 seconds; however, only the early time results are presented. It is observed that the lowest shear rate
value of 0.001 s�1 resulted in the highest viscosity values, whereas the highest shear rate value of 10.22 s�1 gave the lowest viscosity
values with time for both BHR and AHR fluid samples. Furthermore, the viscosity values of the AHR fluid sample at each shear rate
was higher than those of the BHR fluid sample. It is worth noting that as the shear rate increases, the time required for a steady-state vis-
cosity to be reached decreases. This implies that a considerable thixotropic effect is displayed at low shear rates in which more time is
required to achieve steady-state condition. On the contrary, there is only a small thixotropic effect at high shear rates as indicated by
very short times required to achieve steady state (Varges et al. 2019).

As previously mentioned, the DSI is defined as the initial drilling fluid density divided by twice the final density taken from the top
of the sample. The effects of rotational shear and oscillatory shear on the sag potential of the drilling fluid sample at constant strain
amplitudes of 0.05 (within LVE range) and 100% were analyzed. Fig. 18 presents the BHR fluid sample results that show there is low
barite sag tendency from a shear rate of 0.001 to 0.60 s�1, which is within the favorable region to avoid sag with the DSI range of 0.50
to 0.51 for the conditions of rotational shear and oscillatory shear at 100% strain amplitude. At higher strain or shear rates than approxi-
mately 1.0 s�1, there is a dramatic increase in barite sag potential with maximum DSI values of 0.566 and 0.537 recorded for the condi-
tions of rotational shear at 10.22 s�1 and oscillatory shear at 10.22 rad s�1 of 100% strain amplitude, respectively. It is, however,
observed that the impact of oscillatory shear at a constant strain amplitude of 0.05% (within LVE range) resulted in low barite sag
potential within the favorable region to avoid sag of DSI over the entire range of angular frequencies. It should be noted that within the
LVE range, we do not disturb the particle positions enough to promote sag. With reference to no sag condition (that is, DSI 	 0.50),
there is an increase in sag tendencies by 1.4% for oscillatory shear within the LVE range, 7.4% for oscillatory shear at maximum ampli-
tude strain, and 13.2% for rotational shear, all at 10.22 s�1. It is indicated that sag tendencies are more pronounced during rotational
shear as compared to oscillatory shear. In this study, a DSI greater than 0.51 is considered as the region vulnerable to sag, whereas a
DSI less than 0.51 indicates a favorable sag region. For a perfect stable drilling fluid sample with no sag, DSI equals 0.50. It should be
noted that DSI values less than 0.50 might result from limitations in measurement accuracy. These values imply negative sag, which
could occur for nanoparticles or by flotation if certain gases are dissolved.

In Fig. 19, we compare the effects of rotational shear and oscillatory shear at 100% on the DSI for the AHR drilling fluid sample.

The results show an insignificant barite sag occurring below 1.0 s�1 for rotational shear and 3.0 rad/s for oscillatory shear due to the
high stability of the drilling fluid sample. Above these shear rates, however, dynamic sag exceeded the favorable region to avoid sag
with rotational shear exhibiting more sag than the oscillatory shear. There is an increase in sag tendency by 6.0 and 9.8% for oscillatory

shear at maximum amplitude strain and rotational shear, respectively, at 10.22 s�1 (or 10.22 rad/s), with reference to no sag condition
(DSI 	 0.50). Sag tendency is more evident by rotational shear as compared to oscillatory shear, especially at shear rates between 1.0

and 10.22 s�1.
A comparative analysis between drilling fluid samples BHR and AHR at rotational shear condition is presented in Fig. 20. A similar

comparison using oscillatory shear at amplitude strain of 100% is shown in Fig. 21. For the rotational shear comparison, the AHR fluid
sample recorded a low barite sag potential over the entire range of shear rates compared to the BHR fluid sample. For both fluid sam-

ples, the performance of barite sag is nonetheless within the favorable region to avoid sag below a rotational shear rate of 1.0 s�1 as pre-
sented in Fig. 20. On the other hand, during oscillatory shear, the barite sag performance of the BHR and AHR fluid samples was
similar only within the angular frequency range of 0.001 to 0.10 rad/s. Afterward, the sag tendency in the BHR fluid sample exceeded
that of the AHR fluid sample as shown in Fig. 21. Increases in the barite sag index by 7.4 and 6.0% are recorded for BHR and AHR
fluid samples, respectively, with reference to no sag condition (DSI 	 0.50). The reason is that hot rolling the sample activates the vis-
cosifiers contributing to an increase in viscosity.
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Sag Density. Presented in Figs. 22 and 23 are the comparisons of dynamic sag densities, Dq (g/cm3) calculated using Eq. 6 between
the BHR and AHR fluid samples measured after a 3-hour constant shear at both rotational and oscillatory shear conditions. When

increasing the shear rate from 0.001 to 10.22 s�1, the sag density (Dq) increased with hot rolling, except from 0.1 to 0.6 s�1 as shown in
Fig. 22. A similar result was also observed by Nguyen et al. (2011). For the fluid sample BHR, there is a dramatic increase in sag den-

sity from shear rate of 0.1 to 10.22 s�1; however, decreasing the shear rate below 0.1 s�1 seemed to slightly promote sag because we
recorded a slight increase in the sag density, as presented in Fig. 22. This is an indication that increasing the shear rate promotes sag in
the fluid samples. A sag density close to zero indicates that the barite particles are in full suspension in the fluid sample. Overall, less
sag was recorded in the fluid sample AHR than BHR for all shear rates. To simulate the impact of vibration by the drillstring on sag
density, we present in Fig. 23 the results for oscillatory shear at strain amplitude of 100%. For fluid samples BHR and AHR, a dramatic
sag density was recorded from 0.1 to 10.22 rad/s with severe sag occurring in the fluid sample BHR. However, below 0.1 rad/s the per-
formance of both fluid samples with regard to sag was quite similar.

To measure the sag density (also referred to here as a change in the fluid density) as a function of time, we adopted a technique by
Tehrani et al. (2011), which is expressed in terms of the change in the bulk density of the fluid in the rheometer gap. The expression
is as follows:

dq tð Þ ¼ q 0ð Þ s 0ð Þ � s tð Þ
s 0ð Þ

� 	
; ð19Þ

where dq is the change in fluid density (g/cm3), q 0ð Þ is the initial density of the fluid sample, s 0ð Þ is the initial shear stress in Pa, and s tð Þ is
the shear stress as a function of time.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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In Fig. 24, the results are presented for fluid samples BHR and AHR with continuous rotational shear at 10.22 s�1. Fig. 24 shows
that at previous times, the rate of drop in fluid density increases faster but decreases gradually with time. The change in the fluid density
with time is, however, more dramatic at previous times for the hot-rolled fluid sample as shown in the inset figure. We believe that
under a rotational shear condition, barite particles will settle. The settling will first occur at a faster rate with the large size particles.
This behavior occurs at previous times as can be seen in Fig. 24. This would result in high-density difference within the fluid column.
The drop rate in fluid density decreases with increasing time because small-size particles settle at a slower rate. A comparison between

Figs. 22 and 24 at a shear rate of 10.22 s�1 indicates a dramatic difference in the change in fluid density measured according to Eqs. 6
and 19. For instance, after 3 hours of continuous rotational shear, Eq. 6 recorded a change in the fluid density of 0.168 and 0.129 g/cm3

as opposed to 0.330 and 0.291 g/cm3 with Eq. 19 for BHR and AHR fluid samples, respectively. If we measure the change in the fluid
density at approximately 1,000 seconds from Fig. 24, we obtain a similar value for BHR fluid from Fig. 22; however, a high value is
obtained for the AHR fluid sample at the same measuring time. It should be noted that this technique could generate conservative results
due to the assumption that the rate of particle settling is uniform with time in the rheometer gap. However, the rheological and visco-
elastic complexities of these fluid samples in addition to their variable PSDs are some factors that can enhance nonuniform particle set-
tling behavior in the rheometer gap. Nonetheless, this technique is adequate for monitoring sag performance as a function of time and
offers a high degree of reproducibility and reliability of sag density.

Time-Dependent Sweep Analysis. To further confirm the existence of barite sag in the drilling fluid samples, time-dependent oscilla-
tory shear tests (i.e., with constant frequency and amplitude) were conducted to analyze barite sag potential in the BHR and AHR drill-
ing fluid samples using the storage modulus G0 data. These tests aim to simulate the effect of drillstring vibration on the sag potential of
the drilling fluid samples. The storage modulus G0 reflects the elastic behavior of the fluid. As shown in Fig. 25, the characteristic pro-
file of the storage modulus for the BHR fluid sample within the LVE range at an amplitude strain of 0.05% and a frequency of
10.22 rad/s showed an initial structural buildup up to a time period of 3,600 seconds and a sharp decline afterward. This indicates gel
growth in the fluid sample up to 3,600 seconds and a breakdown of the fluid’s gel structure after 3,600 seconds. Therefore, the fluid
sample at rest should be recirculated within 3,600 seconds, or else particles would aggregate and settle down. On the contrary, the char-
acteristic profile of the AHR fluid sample showed a continuous increase in storage modulus over the entire time period, an indication of
strong gel structure of the fluid sample, as also illustrated in Fig. 25.
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Fig. 24—Change in fluid density for BHR and AHR fluid samples at a shear rate of 10.22 s–1.
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A maximum strain amplitude of 100% was imposed on the fluid systems with an angular frequency of 10.22 rad/s for both BHR and
AHR fluid samples, and the characteristic curves of the storage modulus G0 for the BHR and AHR fluid samples are presented in
Fig. 26. It is observed that the AHR fluid sample initially registered an initial measurement noise with a sharp decrease in G0 up to
approximately 400 seconds, and hence can be disregarded. This behavior was also present from the shear stress amplitude values at the
start of the measurements and then adjusted with time. The G0 curve of the BHR fluid sample shows a continuous decline, although
gradually, thus indicating a continual gel breakdown in the fluid structure and a potential for promoting sag. However, the G0 curve of
the AHR fluid sample, after the initial measurement noise, shows a gradual gel structural buildup with time. This phenomenon explains
why the AHR fluid sample limited the occurrence of barite sag as compared to the BHR fluid sample.

Conclusions

We have presented a comprehensive barite sag study on OBDF samples, BHR and AHR. Barite sag of a liquid column under static con-
ditions has been characterized using LS measurements, hydrostatic pressure measurements, and gamma densitometry. Barite sag in a
sheared liquid column has been characterized by using a rotating cylinder rheometer to produce oscillatory and rotational shear. All
tests were accompanied by extensive rheological characterization of the fluids using the rotating cylinder rheometer. The experiments
reported here have been conducted in two different laboratories, with different measurement equipment and methods, but using the
same drilling fluid. The drilling fluid was prepared in the respective laboratories using the same recipes and mixing protocols, with the
same components from the same supplier.
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From the results obtained in this study, the following conclusions can be drawn:
1. A comparison of hydrostatic pressure and gamma densitometer measurements in a barite particle-water mixture under static condi-

tions showed overall consistent results concerning the barite particle sedimentation behavior over time. The comparison however
also showed the limitation of the pressure method, which should therefore be used with caution. Taking this into account, these meth-
ods should also be suitable for characterization of barite sag in drilling fluids.

2. Both viscosity and viscoelastic-linear elasticity changed to higher values AHR the OBDF sample.
3. In the static sag test using the optical stability analyzer, high viscoelastic elasticity of the hot-rolled fluid sample contributed to lower

particle settling rates and longer dispersion times than the sample BHR.
4. In the dynamic sag test, rotational shear promoted barite sag more readily than oscillatory shear for both sample treatments; BHR

and AHR fluid samples.
5. Chemicals heat activated by the hot-rolling process increased the viscosity and elasticity and reduced the barite sag for the

fluid sample.
6. Within the LVE range, the barite sag remained in a favorable region to avoid sag with a DSI ¼ 0.50 to 0.51 over the entire shear rate

during oscillatory shear. The oscillatory shear test did not disturb the position of the particles enough to promote sag in the
fluid samples.

7. Sag is more severe in fresh-made fluid samples than in fluid samples AHR in which a dramatic sag density (Dq) occurred from
increasing the rotational shear rate from 0.1 to 10.22 s�1.

8. Time-dependent oscillatory shear analysis of the elasticity of the fluid sample can provide valuable information on the breakdown
and growth of microstructures in the drilling fluid samples to predict the occurrence of barite sag.

9. Barite sag is a complex process even under static conditions. Both Turbiscan and gamma densitometry measurements show the
development of a solids-free layer at the top. The formation of this region is likely due to syneresis. Syneresis has not been evaluated
in this study. Gamma densitometry indicates a more or less uniform compaction of the barite in the fluid below the liquid layer. Tur-
biscan measurements show a delay in the initiation of settling in static fluid not seen from the gamma densitometry measurements.
This delay is longer when the fluid is hot-rolled.
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