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Abstract. In order to avoid solid-liquid gravitational separation of particles in the drilling fluid and cuttings
generated in this process, the oil industry has been developing drilling fluids with shear-thinning and thixotropic
characteristics. In case of operational stops in the drilling process, the intense sedimentation of these particles
can damage the equipment used and the well. In this context, this study simulated an operational stop to obtain
information about stability of solids in a paraffin-based suspension with time-dependent shear-thinning
behavior, which has already been used in current drilling processes. A long-term test using gamma-ray
attenuation technique identified the separation dynamics of a set of micrometric particles belonging to and
incorporated into the drilling fluid during operation. This test verified the typical regions of gravitational
sedimentation and, through constant concentration curves, indicated that the sedimentation process did not
occur at a constant rate. This study also proposed a constitutive equation for pressure on solids.
List of notation
a,b,c,e
 Estimated parameters [M0L0T0]

d
 Estimated parameter [M�1L�1T�2]

b
 Calibration constant [M0L0T0]

es
 Volumetric solids concentration [M0L0T0]

es0
 Initial volumetric solids concentration [M0L0T0]

esm
 Maximumvolumetric solids concentration [M0L0T0]

g
 Local gravity [M0L1T�2]

I
 Intensity of gamma-ray beams [M0L0T0]

L
 Sediment height [M0L1T0]

m
 Consistency index [M1L�1T�1]

n
 Behavior index [M0L0T0]

m
 Viscosity [M1L�1T�1]

Ps
 Pressure on solids [M1L�1T�2]

rf
 Specific mass of fluid [M1L�3T0]

rs
 Specific mass of solids [M1L�3T0]

R
 Corrected counting of radiation pulses [M0L0T�1]

R0
 Corrected counting of radiation pulses crossing

the test tube without solids [M0L0T�1]

t
 Time [M0L0T1]

tm
 Resolution time of the system [M0L0T�1]

t
 Shear stress [M1L�1T�2]

g
 Shear rate [M0L0T�1]

z
 Monitoring position [M0L1T0]
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1 Introduction

In the drilling oil wells, different formulations of fluids have
been used to present specific properties desirable in each
stage of the process. The substances usually added are
emulsifying, thickening and gelling agents that are pumped
to the surface; lift the cuttings to the surface; cool, lubricate
and reduce friction between machinery and the wellbore;
apply a hydrostatic pressure on well walls to prevent the
invasion of fluid in the reservoir rock [1–7].

Corrective or preventive operational stops interrupt the
fluid flow used in drilling, and the solids concentration
profile changes due to sedimentation of particles in the fluid
and the cuttings generated in the operation. In this context,
drilling fluids that can form gel structures in the absence of
shear stress have been developed. Gelling prevents particle
sedimentation and, consequently, damages caused by the
accumulation of solids on the drill bit [7–9].

Although some studies have been carried out [10–17] on
the behavior of settling particles in shear-thinning fluids,
there is lack of information on this phenomenon in drilling
fluids, especially in the compression zone.

Thus, the general aim of this study was to investigate
solid-liquid separation in a fluid developed by an oil
company, which has been already used in the field during
an operational stop. We also intended to present a
constitutive equation for pressure on solids. With these
results and the equation of motion for solids, we aim to
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Fig. 1. Illustration of the radioisotope application system.
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reproduce in the future a real situation of inactive oil wells
filled with the fluid studied.

2 Experimental procedure

2.1 Fluid characterization

The estimated parameters were: specific mass of solid
(rs=2709 kg/m3) by helium pycnometer technique in the
Micromeritics Gas Pycnometer, AccuPyc model 1330;
specific mass of fluid (rf=1145.9 kg/m3) by simple
pycnometry; and determination of initial solids concentra-
tion in suspension (es0≈ 14%) by retort analysis using the
FANN Model 210463 Kit with a 50mL capacity.

2.2 Solid characterization

The solid content of suspension is formed by solids
additives such as barite and cut solids from rock drilling.

The characterization of solids size was:D0.1 = 3.008mm,
D0.5= 40.803mm and D0.9 = 232.247mm (laser granulom-
eter, Malvern Mastersizer MicroPlus MAF 5001®).

2.3 Rheology

To characterize the rheological properties of fluid, the
hysteresis and flow curve were determined. We performed
tests in triplicate and with new samples, at 25 °C in the
Brookfield model R/S Plus rheometer, geometrically in
rotary cone and fixed plate, with a Brookfield thermostatic
bath, programmable controller model TC-6021.

Samples were submitted to intense pre-shear (rate of
1050 s�1) for 1min. To assess viscosity dependence over
time, we conducted tests varying the strain rates from 1 s�1

to 1050 s�1. Then, we analyzed the area of hysteresis
between the ascending curves followed by a decrease in the
strain rate. To construct the flow curve, we submitted the
samples to constant shear rates of 200, 400, 600, 800, and
1000 s�1 until they reached the steady state, when the shear
stress values were obtained and adjusted to the Power-law
model (Eq. 1).

t ¼ mgn; ð1Þ
where m and n are indices of consistency and behavior,
respectively, g is the shear stress, and g is the shear rate.

2.4 Gamma-ray attenuation technique

Gamma-ray attenuation measurements is a technique used
to obtain indirect volumetric concentration of solids in
batch sedimentation tests without interfering in the
configuration and stability of the medium. This technique
was applied in studies of gravitational sedimentation in
Newtonian fluids [18–20] and laboratory produced shear-
thinning fluids [16].

The radioisotope application unit, represented by the
flow chart of Figure 1, consisted of a radiation targeting/
detection system coupled to a metal structure. This metal
structure had a mobile platform that allowed the
horizontal beam of radiation to be positioned at different
heights, allowing monitoring of concentration from the
bottom of the test vessel (z=0 cm) to the top of the
suspension column (z=21 cm). We placed the homoge-
nized fluid in a glass test tube with the following
dimensions: 350-mm high, 55-mm internal diameter, and
3-mm thick. We positioned the glass tube in the center of
the radioisotope application unit.

In order to guarantee that the experimental unit
operated in optimal condition, we used pre-scaled results
[19]: the high voltage source was 900V, and the radioiso-
tope energy range was 500–800mV (Americium-241).

To obtain local solids concentration by means of
gamma-ray attenuation technique, we previously corrected
the intensity of gamma-ray beam (I) with the system’s
resolution time (tm=240±50ms) (Eq. 2). Then, we used
Lambert’s equation [21], (Eq. 3):

R ¼ I

1� tmI
; ð2Þ

ln
R0

R

� �
¼ bes; ð3Þ

where R and R0 represent the corrected counting of pulses
arriving at the detection system after passing through a
solution with and without suspended solids, respectively; es
is the volumetric concentration of solids; and b is a
calibration constant.

To determine b, we used the pulse counting when the
suspension was homogenized, which corresponded to the
initial volumetric solids concentration (es0), and the pulse
counting in the region of zero solids concentration. The
value of the calibration constant was 0.205.

2.5 Constant concentration curves

We organized the volumetric solids concentration values
obtained through gamma-ray attenuation technique with
the time of appearance in each position monitored, which
allowed the construction of constant concentration curves.



Fig. 2. Rheological curve.

Table 1. Parameters and determination coefficient of
Power-law model.

Parameters Determination coefficient

m n r2

0.307 0.749 0.9997

Fig. 3. Hysteresis loop area.
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2.6 Pressure on solids

Determining the constitutive law of a fluid is a characteri-
zation very important to maintain the process security [6].
The determination of a constitutive equation for pressure on
solids (Ps) started with an adjustment of the values of
volumetric solids concentration in the sediment as a function
of the monitoring position, according to Equation (4) [20].

es ¼ cþ az

1þ bz
; ð4Þ

where a, b and c are estimated parameters.
We also considered the flow through the unidimension-

al, permanent, slow porousmedium and tension on solids as
a function of the local porosity. We did not consider the
inertial terms of the equation of motion for solids [20].

Thus, assuming that the medium was static, we used
the following expression for pressure on solids [20], (Eq. 5):

Ps ¼ ðrs � rfÞg∫
L

0

esdz; ð5Þ

where z represents the reference axis measured from the top
of the sediment height L, rs and rf are the specific mass of
solids and fluid, respectively, and g is the local gravity.

Finally, Equation (6) related the volumetric concen-
tration with pressure on solids.

Ps ¼ dese; ð6Þ
where d and e are estimated parameters.

3 Results

3.1 Rheological analysis

We confirmed the fluid pseudoplasticity through the flow
curve and by fitting the Power-law model to the
experimental results, as shown in the log-log ladder, in
Figure 2.

Table 1 shows indices of consistency and behavior of the
rheological model and the determination coefficient, r2.

The index of behavior presented a value lower than 1,
confirming the shear-thinning behavior of the drilling fluid
studied [5, 22, 23].

We determined the time dependence by the hysteresis
formed (Fig. 3) and by the time required (approximately
3.5 h) for the fluid to reach the steady state in the tests with
constant shear rate [22, 23].

3.2 Analysis of volumetric solids concentration profile

A 500mL suspension sample (21 cm high in the test vessel)
was monitored by the gamma-ray attenuation technique
for the period of one year. Figure 4 shows the monitoring
results for all positions from the bottom of the glassware.

When analyzing the curves from z=0.5 cm to
z=12 cm, the increase in solids concentration was slow.
It was attributed to the rheological propriety of suspension.
As the suspension showed shear-thinning and thixotropic
behavior, as the time goes on the polymers structures
presented in the fluid had become gelified, which increased
the polymeric arrangement of sediment column structure
to be passed through by solids and form the sediment. The
same was verified in another study with drilling fluids [24].

In this context, the deformation caused by shear rate
sedimentation was very low and the agglomeration
phenomenon also from solid particles sedimentation in
the sediment structure was not observed. So, although the
suspension had non-Newtonian nature, the sediment
profile present Newtonian characteristics, and the velocity
of sedimentation was guide by fluid flow upward against
gravitational solid deposition to the bottom tube [14, 24].

When evaluating the sedimentation process, the effect
of concentration should be considered. The set of particles
during sedimentation (downwards) pushes the fluid in the
lower positions so it only has one possible way, goes
vertically upwards and therefore decelerate the sedimen-
tation. This phenomenon was observed in Newtonian fluids
[16, 14].



Fig. 4. Variation in solids concentration as a function of time.

Fig. 5. Variation in solids concentration as a function of time to
the 18 cm and 20 cm positions.
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When monitoring from z=0.5 to 16 cm, the following
sedimentation regions were observed:

–
 from the beginning of the experiment up to approxi-
mately 20 days, the suspension was homogenized and,
therefore, in the region of free sedimentation (es= es0);
–
 in the monitoring performed from days 21 to 249, two
regions were found: the intermediate one, in which the
concentration of particles was between the maximum
(sediment concentration) and the initial concentration of
the suspension (esm< es< es0), and the region of free
sedimentation;
–

Fig. 6. Region with local solids concentration close to zero.
from days 250 to 364, positions closest to the bottom of
the test vessel (z=0.5 cm and z=1 cm) had the highest
volumetric particle concentration values (esm≅ 19%) and
tended to stability. We also observed the intermediate
regions (z=2 cm to z=12 cm) and free sedimentation
(z=16 cm).

The inclination of the curves decreased with the
increase in the monitoring position; therefore, we assumed
that, initially, larger particles reached the bottom of the
vessel, and the smaller particles, after a certain time, filled
the interstices, increasing sediment concentration until the
final stability condition [16, 19, 25, 26].

Figure 5 shows the results of monitoring the local solids
concentration over time for positions z=18 and 20 cm.

Figure 5 shows that solids concentration remained
constant for a period and then decreased to values close to
zero. Such behavior was due to the passage of superior
discontinuity through the radiation detection system.

In addition, for position z=18 cm, monitoring showed a
peak of solids concentration during 9.6% of the experiment
time. According to theory [27], this behavior is related to
the increase in the intermediate region before the solids
concentration tend to zero.

The concentration reduction at positions near the top of
the fluid occurred linearly and slowly. For position
z=20 cm, the time required to reduce the initial concen-
tration to close to zero was approximately 90 days, and, for
position z=18 cm, this time was approximately 315 days.
Figure 6 clearly shows the region with solids concentration
close to zero, due to the different coloring of the fluid.
Although the literature [27] has named this region as
clarified liquid, the fluid studied had a dark coloring.

The deviations obtained for each monitoring ranged
from 0.1864% to 0.0640%.

The relationship between position and time in which
curves had the same concentration value, the constant
concentration curves, allowed to interpret sedimentation
as the propagation of waves with equal concentration and
to evaluate the characteristics of the materials settling in
the drilling fluid [28] (Fig. 7).

Figure 7 shows that the constant concentration curves
associated with sediment formation presented different
inclinations. The concentration curves closer to the initial
volumetric solids concentration in the suspension were the
most inclined. Therefore, sedimentation did not occur at a
constant rate.

We also observed the relationship between the time of
appearance of constant concentration curves as a function
of concentration, i.e., the curves representing higher
concentrations took longer to emerge. Thus, constant



Fig. 7. Constant concentration curves.

Table 2. Parameters for the adjustment of concentration
versus position.

a b c

0.015 0.049 0.135

Fig. 8. Pressure on solids as a function of sediment concentra-
tion.

Table 3. Parameters of the adjustment performed for
pressure on solids as function of volumetric solids
concentration and determination coefficient.

d (1/(kgm s2)) e r2

6863573 5.891 0.986
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concentration curves are not straight and do not start in
the origin of the axes. This behavior is related to the
compression of sediment caused by the upper layers of
solids [19, 29].

Pressure on solids was another parameter. We adjusted
the results of volumetric solids concentration in the
sediment formed after one year of experiment as a function
of the position (Eq. 4). The determination coefficient for
fitting was 0.997. Table 2 presents the parameters
determined.

The adjustment calculated pressure on solids. Subse-
quently, we adjusted the values calculated by Equation (5)
to calculate pressure on solids as a function of concentra-
tion, according to Figure 8 and Table 3.

4 Conclusion

Monitoring solids concentration over time allowed a
quantitative and qualitative evaluation of the sedimenta-
tion of particles in drilling fluids. The suspension presented
good stability when compared to others that also have
time-dependent shear-thinning characteristics.

The results indicated the trend of logarithmic growth of
the curves of volumetric solids concentration versus time
for the monitoring performed near the bottom of the test
vessel. For positions near the top, this behavior was linear.

Constant concentration curves enabled the verification
of compressibility of the sediment formed and the
occurrence of different settling rates.

This study proposed a constitutive equation for
pressure on solids, assuming that the system was static.
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