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Abstract
The bentonite-free water-based drilling fluid aids in reducing formation damage in offshore operations in ultra-deep wells. In 
this scenario, the material experiences high-pressure and high-temperature conditions. The material’s rheological behavior 
may be affected not only by the temperature but also by the pressure. Knowing the influence of these variables on the drill-
ing fluid’s rheological characteristics is essential for successfully planning and executing the drilling process. This paper 
investigates the effect of pressure, temperature, and thermal aging in the liquid-like and solid-like regimes of a bentonite-free 
water-based drilling fluid. The main viscosifier in the fluid is xanthan gum. The experiments were carried out in a pressure 
cell coupled to a rotational rheometer. The results show a more relevant impact of temperature than pressure on the rheo-
logical behavior of the drilling fluid. The experiments also exhibit a critical aging temperature that induces irreversible fluid 
degradation. Lastly, these findings bring relevant information over an efficient range of bentonite-free water-based drilling 
fluids employed in the offshore drilling process.
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Introduction

The oil and gas exploration industry faces extreme con-
ditions in high-pressure and high-temperature (HP/HT) 
wells (Bottom-hole temperature over 150 °C and pressure 
over 700 bar) (Greenaway et al. 2008). The drilling pro-
cess requires knowledge of the drilling fluid’s rheological 

behavior under these conditions. One crucial role of these 
fluids is to transport the cutting out of the well and keep the 
cutting suspended in the fluid during the process stoppages 
(Njobuenwu and Wobo 2007; Fernandes et al. 2017a). To 
fulfill these requirements, the drilling fluids are formulated 
to present a solid-like behavior below the yield stress and 
a liquid-like behavior above this point. In the solid-like 
regime, the material’s deformation is limited under stress, 
while it flows like a liquid for shear stresses higher than 
the critical one. Due to its formulation, drilling fluids are 
elastoviscoplastic materials, exhibiting yield stress, shear-
thinning behavior, and thixotropy (Mewis and Wagner 2012; 
Andrade et al. 2016; Fernandes et al. 2016).

Historically, water-based drilling fluids (WBDF) were 
first used in well drilling operations. The high energy 
demand leads to synthetic oil-based drilling fluids being 
the most used. Due to economic reasons and environmental 
regulations, the petroleum industry has increased its interest 
in WBDF, mainly in drilling wells involving HPHT (Sey-
mour and Macandrew 1994). WBDF with clays (bentonite, 
laponite, etc.) as a viscosifier presents good thermal stability 
and lubrication (Njobuenwu and Wobo 2007; Raheem and 
Vipulanandan 2019). However, this drilling fluid has some 
issues related to fluid losses and damage to the reservoir. The 
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invasion of deformable solid particles that cause swelling/
dispersion of the clay particles in the reservoir could lead 
to serious adverse effects. The high clay content in HPHT 
conditions causes excess torque and drag, reducing the rate 
of penetration and significantly increasing formation dam-
age (Song et al. 2016). In other words, the migration of clay 
through the formation can accumulate in the pore throats 
reducing the reservoir permeability. This damage can be 
irreversible and may have a severe economic impact on res-
ervoir productivity (Bagci et al. 2000; Wilson et al. 2014).

The clay-free water-based drilling fluid (CF-WBDF) for-
mulations are designed as candidates to replace bentonite-
based and laponite-based drilling fluids. These formulations 
employ polymers to achieve satisfactory performance during 
the drilling operation and keep the clay-based drilling flu-
ids’ main rheological characteristics and filtration properties 
(Huang et al. 2016). CF-WB drilling fluids composed of syn-
thetic polymers such as polyacrylamides, N-vinylcaprolac-
tam, and related derivatives are used for operations in HPHT 
conditions to replace the clay option (Xie et al. 2016). These 
additives are used to increase the fluid’s resistance at high 
temperatures, but the downside is the high costs involved 
in these formulations. Another usual low-cost alternative is 
biopolymers such as xanthan gum (XG). The additive XG is 
used to aid in achieving the desired drilling fluid rheological 
properties and also has the function of minimizing forma-
tion damage (Navarrete et al. 2000; Zhou et al. 2015; Xia 
et al. 2020).

The implementation of XG solutions in drilling fluid 
showed that it always provides high-viscosity, yield stress, 
shear-thinning behavior, and high resistance to shear deg-
radation, improving the properties of the drilling fluid 
and reducing formation damage (Fitzpatrick et al. 2013; 
Wei et al. 2014; Jang et al. 2015; Sofia and Djamel 2016; 
N’gouamba et al. 2021). Its rheological properties depend 
on the concentration of the biopolymer (N’gouamba et al. 
2021), the salt concentration (Wu et al. 2021), and the tem-
perature (Zhong et al. 2006). A recent study (N’gouamba 
et al. 2021) showed that these materials could present a rhe-
opectic behavior at high concentrations, i.e., its viscosity 
increased with time for given shear stress. The main restric-
tion of using xanthan gum in drilling fluids is the possibil-
ity of thermal degradation. This material presents a natural 
conformation with an order-to-disorder transition at high 
temperatures, called conformational transition temperature 
(Tm) (Wu et al. 2021). Many advances have been obtained in 
the sense of increasing the transition temperature by adding 
some additives to the drilling fluid and ultimately extending 
the range of temperature in which the XG-based drilling 
fluid can be used (Wu et al. 2021; Zhu and Zheng 2021).

Some research currently proposes increasing XG’s ther-
mal resistancesing formate brine (sodium, potassium, and 
cesium salts of formic acid), especially for fluids without a 

clay base (Sukhoboka 2017; Leusheva and Alikhanov 2021). 
Salts such as potassium formate are non-toxic and environ-
mentally friendly salts that do not cause formation damage. 
This type of salt used in high-temperature applications pro-
vides structural stability to biopolymers and greater thermo-
stability to drilling fluids (Sukhoboka 2017; Leusheva and 
Alikhanov 2021; Morenov et al. 2021). On the other hand, 
some results showed that brine formate causes flocculation 
of clay minerals in the well, causing a high volume of filtrate 
and high thixotropy (Quainoo et al. 2020).

Other studies such as the one by Zhu and Zheng (2021) 
mention that high concentrations of NaCl, which is the pre-
dominant salt on the rocky surface, affect the conformational 
transition temperature and the double helix structure of XG 
which further affects the rheological and filtration proper-
ties, increasing viscosity and reducing filtration volume (Wu 
et al. 2021). Although many researchers have discussed the 
influence of high temperature in the water-based drilling 
fluid (WBDF) in which the xanthan gum is used as an addi-
tive (Seright and Henrici 1986; Howard et al. 2015; Reinoso 
et al. 2019; Wu et al. 2021; Zhu and Zheng 2021), one can-
not find a study on the influence of pressure and temperature 
on bentonite-free water-based drilling fluids (BF-WBDF) 
with xanthan gum.

The current study aims to analyze the rheological behav-
ior of BF-WBDF with xanthan gum as an additive and NaCl 
brine which can be found in large quantities in offshore drill-
ing in HPHT regions. As far as we know, the use of BF-
WBDF with XG as the main viscosifier has been studied 
by Vargas et al. (2020) with a mixture of nanoparticles; but 
a rheological analysis at high temperatures and pressures 
has not yet been conducted in the literature. To fill this gap, 
we analyzed and discussed the effect of high pressures and 
high temperatures on the rheological characteristics of a BF-
WBDF in the liquid-like and solid-like regimes. This paper 
starts by describing the equipment and methodology used 
in the analyses, then the influence of the pressure and tem-
perature are presented, followed by the main conclusions.

Materials and methods

The samples used in the current work consisted of bentonite-
free water-based drilling fluid with a density of 1160 kg/
m3, kindly provided by Petrobras. The fluid is composed of 
xanthan gum, NaCl brine, high-performant starch, and other 
components presented in Table 1, the specific composition 
is not mentioned due to supplier confidentiality. Before each 
experiment, the drilling fluid was homogenized for 20 min 
at 1000 rpm with a low-capacity industrial mixer (Hamilton 
Beach HMD200).

The rheometrical tests were performed on a rotational 
stress-controlled rheometer Anton Paar MCR 502 (Anton 
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Paar Co., Austria). The rheometer was used with two differ-
ent configurations: (i) standard configuration and (ii) with 
a pressure cell coupled in the rheometer, as presented in 
Fig. 1.

As shown in Fig. 1, the pressurization system is com-
posed of a pressure supply unit with a 400-bar hand pump 
(1) that transmits a pre-pressure to the cylinder of a spin-
dle pump (2) responsible for increasing the pressure up 
to 1000 bar. Following, the pressure is transferred to the 

drilling fluid through a unit separator (3) that induces the 
pressure up to the pressure head (4) and the pressure cup 
(5), which are coupled to the rheometer. The measurement 
cell used a magnetic coupling (6) that transfers the torque 
from the motor drive to the internal mounted inside in the 
pressure cup (5) with sapphire bearings at the extremities. 
The Couette geometry presents roughened surfaces, with an 
internal cylinder diameter of 28 mm, a height of 50 mm, and 
a cup diameter of 30 mm.

As the absence of a mechanical coupling reduces the sen-
sitivity of the measurements at low torques and rotations, the 
experiment was first carried out in the standard configura-
tion MCR 502 rheometer also using a Couette roughened 
surfaces geometry (internal cylinder diameter of 20 mm, the 
height of 30 mm, and diameter cup of 22 mm). These experi-
ments were executed in triplicate to have a reference. Statis-
tical significance was verified through analysis of variance 
(ANOVA with a = 0.05), where it was evidenced that the 
repetitions are statistically significant (p-value = 0.01675).

After that, the same experiments were executed in the 
pressure cell at atmospheric pressure. With both results in 
hand, we can determine the range of shear stress and shear 
rate in which the results obtained with the pressure cell con-
figuration are reliable. Then, the experiments performed at 
high pressures are strictly analyzed in this reliable range.

Before each experiment, the sample was loaded inside 
the geometry. The whole system is closed. A pre-shear of 

Table 1   Composition of bentonite-free water-based drilling fluid with 
xanthan gum

QPS*, qualified stormwater pollution prevention plan practitioner

Composition Concentrations Unit

Industrial water—QSP QSP* -
NaCl brine 156.7 kg/m3

Anti-foamer (Polifoan) 1.19 ml/m3

Xanthan Gum 5.7 kg/m3

Starch HP 22.8 kg/m3

Magnesium oxide 4.3 kg/m3

Lubricant (Liovac 4260) 2 % v/v
Bactericidal (Polibac TC) 1.4 kg/m3

Magnesium peroxide 2.8 kg/m3

Rheological Modifier (BDF 990) 2.8 kg/m3

Limestone Ca(OH)2 QSP* p/1.51 m3

Fig. 1   Pressurization system used to increase pressures up to 
1000 bar, connected to the Anton Paar MCR 502 rheometer, and pres-
sure cell with magnetically coupled geometry with sapphire bearing. 

Adapted from the Instruction Manual C-ETD 300/PR 1000 (Paar 
2015). The drilling fluid is represented in yellow, and the pressurized 
oil is in blue
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600 s−1 for 10 min was applied to the sample, and the mate-
rial was left at rest (zero shear stress) for 10 min. The rest-
ing time allows the material restructuration. The goal of the 
pre-test is to induce a known and similar shear history in all 
samples. In other words, the sample was at the same refer-
ence state before each test.

Thermal aging protocol

Thermal aging was conducted to analyze the aging process 
at high temperatures. The sample was carried out in the 
Roller Oven Fann stove, using an aging cell, pressurized to 
6-bar to avoid boiling the sample. It is important to empha-
size that water boils at around 160 °C at 6-bar (Fann Instru-
ment Company 2014). A 400-ml sample is used for each 
test, previously homogenized and inserted into the aging 
cell. Then, tests were developed following the API 13B-1 
(API Recommended Practice 13B-1 2017) standard proce-
dure for dynamic aging tests for 16 h. Finally, the aged fluid 
is removed from the cell and left in a closed bottle for 24 h 
at room temperature. After that, the aged sample was tested 
in the rheometer.

Rheometric experiments

Flow curves

The first point to be analyzed is the material behavior at a 
steady state by determining the flow curve at different tem-
peratures and pressures. These experiments were conducted 
by imposing a series of constant shear rate levels ranging 
from 0.1 to 400 s−1 for 1000 s each of the shear rates, which 
is enough time for the material to reach the steady-state 
regime. The variations of the apparent viscosity as a function 
of time for each shear rate plateau are presented in Appendix 
2. As in this specific experiment, we are focusing on the 
steady-state results; the plateaus of shear rates were distrib-
uted using a high shear rate between two low values to avoid 
sedimentation (i.e., 400, 0.1, 350, 1, 300, 5, 250, 10, 200, 50, 
150, 100 s−1). It is worth mentioning that this protocol was 
developed thanks to a series of experimental comparisons 
that were carried out in the laboratory. We can state that 
the sequence of the imposed shear rate does not affect the 
measured flow curve for this drilling fluid. Moreover, the 
high shear rate imposed between two low values prevented 
the sedimentation.

Oscillatory shear stress amplitude sweeps

Another essential point to be analyzed is how the pressure 
affects the material’s behavior in the solid-like regime. The 
knowledge of the influence of pressure on the gel strength is 
essential for the start-up procedure after process stoppages. 

In order to accomplish this objective, oscillatory experiments 
were performed. The material was pre-sheared and rested for 
10 min. Then, stress amplitude oscillatory sweep tests (from 
0.001 to 100 Pa) were carried out at 25 °C and 1 Hz. The 
experiments were conducted for the same pressure levels used 
in the viscosity flow curve.

Rheological models

The experimental data obtained were fitted to the power-law 
model. The model fits two parameters known as the consist-
ency coefficient (m), which represents the viscosity modifica-
tions under different conditions, and the flow behavior index 
(n), which represents the structural characteristics of the fluid 
(Ansari et al. 2020; Patrick et al. 2021) [Eq. 1]. For the process 
of modeling the behavior of pressure and temperature, equa-
tions were used that describe the evolution of viscosity with 
these variables. The coefficients m and n were found using 
nonlinear regression of the average viscosity data weighted 
with the standard deviation. The methodology considers the 
variations in the experimental data as the regression error 
when evaluating the regression parameters. Thus, it was pos-
sible to generate the parameters m and n, in addition to the 
parameter’s uncertainties ( �m and �n ) for fitting the viscosity 
in a confidence interval of 95%. Besides, ANOVA analysis is 
performed for each fit.

For pressure, the Barus equation was used, which relates 
the exponential variation of the viscosity-pressure coefficient 
“ � ” with the variation of pressure and empirical parameter “ A ” 
[Eq. 2]. This equation was modified by adding other empirical 
fit parameter “ B ” [Eq. 3] for a better fit.

For temperature, the WLF model was used for the evolution 
of viscosity [Eq. 4]. The model is an empirical equation associ-
ated with temperature superposition, relating the viscosity to 
the reference temperature “ �0 ,” two empirical parameters ( C1 
and C2 ) and temperature variations with reference temperature 
“ T0.”

(1)𝜂(𝛾̇) = m.[𝛾̇]n−1

(2)�(P) = A.exp(�P)

(3)�(P) = B + A.exp(�P)

(4)�(T) = �0.10

(

−C1(T−T0)
C2+T−T0

)
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Results and discussion

We first present the influence of the pressure on the rheo-
logical behavior of the drilling fluid, then we investigate the 
effects of temperature imposed on the rheometer and, finally, 
the influence of the aging process at high temperatures.

Influence of the pressures

Firstly, the influence of the pressure on the material's appar-
ent viscosity. Primarily we must determine the reliable 
range in which the pressure cell configuration can be used 
adequately. The experiments were performed using the pres-
sure cell configuration (P.C) and the standard configuration 
(S.C) both at atmospheric pressure and 25 °C. Figure 2(a) 
shows the apparent viscosity as a function of the shear rate 
for both conditions.

As can be observed in Fig. 2(a), the bentonite-free water-
based drilling fluid with xanthan gum shows a shear-thinning 
behavior as previously reported in the literature (Whitcomb 
and Macosko 1978; Sofia and Djamel 2016; Zheng et al. 
2020), meaning that the higher the shear rate, the lower the 
apparent viscosity. One can also see that the pressure cell 
configuration results are pretty similar to the standard con-
figurations ones in the range from 400 to 50 s−1. For values 

lower than 50 s−1, the pressure cell could not measure the 
same results as the reference. From these values down, the 
measured torque must be too low for the sensibility of the 
magnetic coupling system. In all the pressure cell config-
uration analyses, the experiments were carried out in the 
reliable range determined by this comparison (from 400 to 
50 s−1).

After determining the lowest shear rate to be implemented 
in the pressure cell configuration, the effect of pressure is 
now analyzed through steady-state viscosity flow curves, 
as presented in Fig. 2(b). In all the investigated ranges of 
imposed pressure, the apparent viscosity showed a slight 
increment with increasing pressure. The apparent viscosity 
increment was roughly the same (i.e., around 1.4 times from 
atmospheric pressure to 800-bar).

The influence of the pressure on the apparent viscosity 
can also be evaluated by fitting the experimental data. The 
power-law equation and a modified Barus’ model were used 
to fit the piezo-viscous effect (Chaudemanche et al. 2009; 
Hermoso et al. 2014). Figure 2(b) displays the results of the 
fitted equation (black-dashed lines), obtaining a mean square 
error of less than 4%. The power-law equation was fitted 
for each one of the imposed pressures. Table 2 shows the 
parameters of the power-law equation fitted with the respec-
tive correlation coefficient (R2). All fits are statistically sig-
nificant since their p-value < 0.001, hence, the combined 
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Fig. 2   Comparison of the (a) steady-state viscosity flow curve at 
25 °C and atmospheric pressure obtained on the Anton Paar rheom-
eter with the pressure cell (red circles) and standard configuration 
(blue hollow triangles), (b) steady-state viscosity curve at a different 

pressure from atmospheric pressure to 800  bar at 25  °C along with 
the best fit of the modified power-law equation. The error bars denote 
the standard deviation of experiments performed in triplicate

Table 2   Fitted parameters of 
the power-law equation for 
different pressures. Consistency 
coefficient (mP), flow behavior 
index (nP), parameter 
uncertainties ( �m

P
 and �n

P
 ), 

Mean squared error (MSE), and 
correlation coefficient (R2)

Pressure mP [Pa.sn] �m
P
[Pa.sn] nP [ −] �m

P
[ −] MSE R2

Atmospheric 
pressure

886.7 19.67 0.53 0.005 2.42 0.997

100 bar 1048.8 13.41 0.52 0.002 0.27 0.998
400 bar 1272.7 43.48 0.49 0.007 2.25 0.998
600 bar 1405.6 27.77 0.48 0.004 0.85 0.999
800 bar 1520.7 67.95 0.48 0.009 4.80 0.997
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expanded uncertainty of the viscosity and pressure meas-
urements at the 95% confidence level.

First, all the fits were adequately representative, with a 
correlation coefficient greater than 0.99. Afterward, it can 
be observed that as the pressure increases, the consistency 
coefficient increases, representing an increase in the appar-
ent viscosity, as observed in Fig. 2(b). In contrast, the flow 
behavior index (nP) is roughly independent of the pressure, 
i.e., nP ≈ 0.5. For obtaining a unique fitted equation for the 
range of pressures, the consistency coefficient (m) values 
determined in each pressure were fitted using a modified 
model based on the Barus equation, which depends on the 
variations of “mP” with pressure (Fig. 3). This model pre-
sented a power behavior with a correlation coefficient of 
0.994. This value of R2 shows us that the predicted values 
of viscosity as a function of pressure were good, as shown 
in Appendix 3, which compares the predicted values by 
the model and the measured experimental values. Once 
that, the apparent viscosity changes can be represented 
by any pressure and shear rate. One needs to first deter-
mine the consistency coefficient for the desired pressure 

[ m
P
(P) = 1849.35 − 945.06exp(−0.0013P) ] and then use 

this value to determine the apparent viscosity at the desired 
shear rate [ 𝜂(P, 𝛾̇) = m

P
(P)𝛾̇0,5].

It is also noteworthy that the influence of the pressure 
on the apparent fluid viscosity is more impactful in the low 
magnitude range. Observing the fitted curve, the higher the 
pressure magnitude, the lower the impact on the consistency 
coefficient for the same pressure increment. As William et al. 
(2014) reported, the polymer molecules are compressed as 
the pressure increases.

In order to analyze the role of the pressure on the behav-
ior of the material in the solid-like regime, oscillatory shear 
stress amplitude sweeps tests were performed. In these ana-
lyzes, dynamic moduli (G' and G''—y-axis) were investi-
gated as a function of stress amplitude (x-axis), as can be 
seen in Fig. 4(a) for both rheometer configurations.

In this experiment, the material behavior is allocated to 
the linear viscoelastic region at low values of imposed stress 
amplitude. In this region, called SAOS (Small Amplitude 
Oscillatory Shear), the storage modulus (G') is higher than 
the viscous modulus (G''), and both are independent of the 
imposed stress. The material’s mechanical response can 
also be analyzed by the phase angle shift [δ = atan (G''/G')], 
which compares the magnitudes of G' and G''. The material 
behaves as a purely viscous fluid if δ=90° and as an elastic 
solid if δ=0°. For 0° < δ < 90°, it is a viscoelastic material 
(Macosko 1994). The result shows some nonlinearities at a 
certain stress levelue to the beginning of irreversible plastic 
deformations of the material (Fernandes et al. 2017b; Donley 
et al. 2020). This is the MAOS (Medium Amplitude Oscilla-
tory Shear) in which G' and G'' depend on the imposed shear 
stress. Finally, the material reaches the LAOS regime (Large 
Amplitude Oscillatory Shear), and one can observe the G'-
G'' crossover. Although, by definition, the dynamic moduli 
can only be checked in the SAOS regime, and the effect in 
the gel breaking of the shear history imposed in the MAOS 
and LAOS regime is complex to be thoroughly analyzed, 
some experimental evidence shows that the crossover stress 
can be used as a reasonable estimation of the material gel 
strength (Fernandes et al. 2017b).
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As shown in Fig. 4(a), the results obtained in both config-
urations at atmospheric pressure are similar. The main trends 
observed in the oscillatory shear stress amplitude sweep tests 
on standard configuration are also obtained by the tests on 
pressure cell configuration. As the order of magnitude of 
G' and G'' in all the regimes (SAOS, MAOS, and LAOS) 
are reliably determined by the pressure cell at atmospheric 
conditions, this configuration can be used to check the influ-
ence of higher pressure in this type of experimental protocol 
as shown in Fig. 4(b).

As can be seen, the higher the pressure experienced by the 
drilling fluid, the higher the dynamic moduli (G' and G''). 
Interestingly, the influence of the pressure is roughly the 
same in both moduli. In other words, δ≈ 13° regardless of 
the imposed pressure. On the other hand, the crossover stress 
increased three times when the pressure increased from the 
atmospheric value to 800 bar as shown in Fig. 5. One can 
state that the higher the pressure, the higher the gel strength. 
In this figure, the standard deviations for three measurements 
is less than ± 0.35 Pa in all the applied pressures.

Based on the results presented in this section, one can 
conclude that the bentonite-free water-based drilling fluid 
presented yield stress and shear-thinning behavior, as 
reported in several studies in which xanthan gum solutions 
were examined (Norton et al. 1984; Choppe et al. 2010; 
N’gouamba et al. 2021). Many studies commonly argue 
that pressure is negligible for aqueous suspensions and that 
temperature is more predominant (Amani and Al-Jubouri 
2012; Wang et al. 2012; William et al. 2014). This work dis-
played that pressure increases the material viscosity and the 
gel strength. In the next section, we study the influence of 
temperature on the rheological behavior of the BF-WBDF.

Influence of the temperature

The effect of temperature is widely known for xanthan gum 
solutions (Higiro et al. 2007; Zhong et al. 2013; Reinoso 
et al. 2019). The use of xanthan gum in high-temperature 
drilling fluid has been investigated, and the fluid is suscepti-
ble to thermal degradation (Rochefort and Middleman 1987; 
Milas et al. 1990; Gulrez et al. 2012). Fluid thermostability 
is an essential key factor for engineering applications.

Therefore, it is fundamental to know the evolution of the 
effect of temperature in the free bentonite suspension of xan-
than gum not only on the liquid-like but also on the solid-
like regimes. Steady-state viscosity curves were carried out 
at 4, 10, 25, 40, 55, 70, 90, 100, and 125 °C in a wide range 
of shear rates from 50 to 400 s−1 and at a constant imposed 
pressure of 10 bar to avoid boiling at high temperatures. 
The time used in all tests for each step of shear rate was 
1000 s. Figure 6 displays the apparent steady-state viscos-
ity as a function of shear rate at different temperatures. The 
shear-thinning behavior was observed for all the imposed 
temperatures, and the higher the temperature, the lower the 
apparent viscosity.

It is worth noting that the influence of temperature is 
impacting values higher than 70 °C. It seems that the confor-
mational changes of the xanthan gum from this temperature 
are more significant. Structural changes in xanthan gum can 
cause these effects; in other words, they can cause thermal 
degradation of the drilling fluid.

In this section, the power-law equation was also fitted 
to the apparent viscosity results. The fitted parameters for 
each temperature are presented in Table 3, as well as the 
fit parameters’ uncertainty. Each of the fits was statistically 
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Fig. 5   Variation of the crossing stress (τG' and G'') as a function of pres-
sure at 25 °C. The error bars denote the standard deviation of experi-
ments performed in triplicate
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from 4 to 125 °C were measurements at 10 bars on Anton Paar with 
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imental data were fitted by the modified power-law equation (dashed 
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significant with p-values less than 0.001, indicating that the 
combined expanded uncertainty of the viscosity and tem-
perature measurements is a 95% confidence level. The higher 
the temperature, the lower the consistency coefficient values 
(mT) and the higher the flow behavior index (nT). However, it 
is worth noting that the flow behavior index (nT) is not much 
affected by the temperature. nT varies from 0.53 to 0.62 
when the temperature increases from 4 to 125 °C. Compar-
ing the influence of the pressure (Table 2) and temperature 
(Table 3), temperature has a much more significant impact 
on the drilling fluid’s rheological behavior.

Following the same line of thought of the previous sec-
tion, the influence of temperature on the apparent viscosity 
is fitted using the WLF model proposed by Williams (1964). 
This model is based on molecular differences, which can 
predict the evolution of the rheological behavior for some 
fluids with polymer or biopolymer solutions when subjected 
to changes in temperature. As shown in Fig. 6, the tempera-
ture extraordinarily impacts the material's rheological behav-
ior for values higher than 70 °C. Then, the behavior of the 
consistency coefficient values (mT) was fitted in two different 
temperature ranges, as presented in Fig. 7. First, from 4 to 
70 °C [dashed blue line] in which, the reference temperature 
was taken as 4 °C. For the second temperature range from 70 
to 125 °C [dashed red line], it was necessary to find other fit 
parameters with a new reference temperature. For the second 
reference, temperature was chosen a transition temperature 
(Tm) of 70 °C, because the drilling fluid presented changes 
in structural configuration, therefore, changes in the rheo-
logical behavior of the material. Hence, a new fit was made 
with another reference temperature. One can understand 
this temperature as the conformational transition tempera-
ture (Tm), in which the polymeric chains of xanthan gum 
present an order-to-disorder structure transition. A calori-
metric heating test was performed with this drilling fluid, 
and the result is presented in Appendix 1. One can observe 
an endothermic event around 70 °C during the heating of 
the sample. This event indicates that the polymeric chains 
are going through the conformation of the polymer chains 

process as discussed in the literature (Callet et al. 1989; Wil-
liams et al. 1991; Pelletier et al. 2001). Figure 7 shows the 
two models that describe each the temperature behavior. The 
fit parameters are indicated, which presented an R2 of 0.990 
and 0.999, respectively, indicating a good fit. In Appendix 
3, a comparison between the predicted values and measured 
experimentally that ratifies the values of R2 can be observed.

Analyzing the influence of the temperature on the rheo-
logical behavior of the drilling fluid in the solid-like regime, 
as performed in section “Influence of the pressures.” Stress 
amplitude sweep oscillatory tests were also conducted for 
different temperatures. The dynamic moduli (G' and G'') 
function of stress amplitude are presented in Fig. 8. The 
temperature strongly affects the characteristics of the mate-
rial in the solid-like regime.

The higher the temperature, the lower the dynamic modu-
lus in the SAOS region and the lower the crossover stress. 
For example, the storage modulus decreases by more than 
one order of magnitude, and the crossover stress decreases 
by almost two orders of magnitude (from ~ 3 to ~ 0.05 Pa) 
when the temperature increases from 4 to 125  °C (see 

Table 3   Fitted parameters of the 
power-law equation at different 
temperatures. Consistency 
coefficient (mT), flow behavior 
index (nT), parameter 
uncertainties ( �m

T
 and �n

T
 ), 

mean squared error (MSE), and 
correlation coefficient (R.2)

Temperature 
[°C]

mT [Pa.sn] �m
T
[Pa.sn] nT [ −] �n

T
[ −] MSE R2

4 1188.2 28.82 0.53 0.005 1.34 0.999
10 1000.9 28.44 0.51 0.006 1.50 0.999
25 809.7 19.67 0.54 0.005 2.42 0.997
40 633.4 35.31 0.57 0.011 3.17 0.994
55 492.0 38.34 0.60 0.015 4.58 0.988
70 367.9 10.78 0.59 0.005 0.34 0.998
90 178.3 13.16 0.61 0.015 0.61 0.994
100 126.5 7.33 0.56 0.011 0.13 0.994
125 44.7 2.51 0.62 0.011 0.03 0.993

Fig. 7   Fitting of the predicted values of the power-law model’s con-
sistency coefficient as a function of temperature
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Fig. 9). In other words, the higher the temperature, the lower 
the drilling fluid gel strength.

The temperature that the material will experience is an 
important parameter to be analyzed before using the fluid in 
the drilling process. The knowledge of the temperature of 
the well is an essential parameter to predict the rheological 
behavior of the drilling fluid. Another question regarding 
the influence of the temperature is related to the possibility 
of irreversible effects of high temperatures on the drilling 
fluid behavior. In other words, does the material at ambient 

temperature always have the same rheological behavior 
regardless of the thermal history? The following section will 
shed light on this discussion.

Effect of thermal aging

As discussed above, the rheological properties of the fluid 
are strongly dependent on temperature. As the xanthan 
gum presents a conformational transition temperature (Tm) 
from an order (helix) to disorder (coil) conformation, one 
could question if the effect of temperature on the rheologi-
cal behavior is reversible or irreversible. In other words, 
whether the polymer chains tend to return to their helical 
form when the material is cooled again to lower tempera-
tures. This question was analyzed using thermal aging tests. 
The drilling fluid was inserted in an aging cell at 6 bar and 
maintained for 16 h in a roller oven at four different tempera-
tures (Tag = 55, 70, 100, and 125 °C). After the aging tests, 
the samples were stored for one day at 25 °C, as described in 
the “Materials and methods” section. Finally, the viscosity 
curves were measured in the rheometer.

Figure 10 presents the apparent viscosity in steady-state 
as a function of shear rate for three different test tempera-
tures (a) 25 °C, (b) 55 °C, and (c) 70 °C. Each one of the 
curves represents different aging temperatures experienced 
by the samples. The four aged samples were compared with 
the unaged ones (blue circle). It is interesting to note that the 
Tag = 55 °C did not affect the material’s rheological behavior. 
In other words, the influence of the temperature up to this 
value is reversible even if the sample experiences this tem-
perature level for 16 h. The apparent viscosity of the material 
is weakly affected by the thermal history when Tag = 70 °C. 
These irreversible effects are more evident for Tag = 100 °C 
and significantly impact Tag = 125 °C. The thermal degrada-
tions for Tag = 125 °C can irreversibly decrease the apparent 
viscosity in almost one order of magnitude. As previously 
reported (Mao et al. 2020) for Tag > Tm, the suspension is 
destabilized, causing fluid degradation.

The results of the thermal aging tests were fitted to the 
power-law equation, as shown by the dashed lines in Fig. 10. 
Table 4 shows the consistency coefficient (mag) and the 
flow behavior index (nag) for the four aged samples and the 
unaged one at the three measured test temperatures.

It is worth noting in Table 4 that the thermal degradation 
affects the magnitude of the material’s apparent viscosity 
(as can be seen by the consistency coefficient) and affects 
the rheological behavior of the drilling fluid. In other words, 
the higher the aging temperature, for Tag > Tm, the closer to 
1 is the flow index (nag). The shear-thinning characteristics 
were not evident in these samples, and they present results 
closer to the Newtonian behavior.

It is important to emphasize that some authors investi-
gated the addition of salts (Howard et al. 2015; Wu et al. 
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Fig. 8   Dynamic moduli as a function of stress amplitude for different 
temperatures. The oscillatory amplitude stress sweep tests were per-
formed from 0.01 to 100 Pa at 1 Hz and constant imposed pressure 
of 10 bar
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perature at atmospheric pressure. The error bars denote the standard 
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2021) or nanoparticles (Vargas et al. 2020) to face the prob-
lems of low transition temperature and the degradation of 
the fluid due to thermal aging effects. William et al. (2014) 
performed an exciting analysis combining the effects of 
pressure and temperature on the rheological behavior of the 
drilling fluid. In this study, the pressures checked were lim-
ited to up 100 bar, and they concluded that the higher the 
temperature, the more impacting the influence of pressure. 
Based on this analysis, one interesting point for future works 

is whether the imposition of pressure can increase the fluid’s 
conformational transition temperature (Tm).

Conclusions

The present experimental study investigated the influence of 
high pressure and high temperature on bentonite-free drill-
ing fluids in which xanthan gum is used as the additive. The 

Fig. 10   Steady-state apparent 
viscosity as a function of shear 
rates at atmospheric pressure for 
three temperatures (a) 25 °C, 
(b) 55 °C, and (c) 70 °C. The 
curves represent the unaged and 
aged samples at Tag = 55, 70, 
100, and 125 °C. The dashed 
line shows the power-law equa-
tion fitted to the results. The 
error bars denote the standard 
deviation of experiments per-
formed in triplicate

50 100 150 200 250 300 350 400
10

100

(a) 25 °C

]s.aP
m[

ytisocsi
Vtnerapp

A
Shear rate [s-1]

50 100 150 200 250 300 350 400
10

100

(b) 55 °C

]s.aP
m[

ytis
ocsi

V
t

nera
p

p
A

Shear rate [s-1]

50 100 150 200 250 300 350 400
10

100

 Unaged sample  Power-law fit

 Tag=  55 °C    Tag=  70 °C   

Tag= 100 °C   Tag= 125 °C

(c) 70 °C

]s.a
P

m[
ytis

ocsi
V

t
nera

p
p

A

Shear rate [s-1]

Table 4   Fitted parameters of the power-law equation at different aging and test temperatures. Consistency coefficient (mag), flow behavior index 
(nag), parameter uncertainties ( �m

ag
 and �n

ag
 ), mean squared error (MSE), and correlation coefficient (R.2)

Aging temperature
Tag [°C]

Test temperature 25 °C Test temperature 55 °C Test temperature 70 °C
mag [Pa.sn] nag R2 mag [Pa.sn] nag R2 mag [Pa.sn] nag R2

Unaged 809.7 0.54 0.997 492.0 0.60 0.988 367.9 0.59 0.998
55 687.3 0.57 0.999 431.4 0.61 0.993 342.0 0.59 0.999
70 474.9 0.63 0.997 386.9 0.62 0.995 298.8 0.61 0.998
100 325.8 0.68 0.990 211.3 0.71 0.991 196.4 0.67 0.992
125 56.1 0.87 0.974 40.6 0.85 0.960 36.9 0.82 0.995
Aging temperature
Tag [°C]

Test temperature 25 °C Test temperature 55 °C Test temperature 70 °C
�m

ag
[Pa.sn] �n

ag
MSE �m

ag
[Pa.sn] �n

ag
MSE �m

ag
[Pa.sn] �n

ag
MSE

Unaged 32.24 0.008 1.99 38.34 0.015 4.57 10.78 0.006 0.34
55 7.19 0.002 0.12 24.60 0.011 2.16 7.17 0.004 0.15
70 14.29 0.006 0.85 16.87 0.008 1.10 21.33 0.014 1.66
100 17.72 0.010 2.21 10.38 0.009 0.93 9.76 0.009 0.61
125 2.20 0.007 0.18 2.30 0.010 0.17 0.86 0.004 0.017
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rheometric experiments were developed with a pressure cell 
coupled to a rotational rheometer. Proposal procedures to fit 
equations to the results are presented. The main conclusions 
can be summarized below:

(1)	 The higher the pressure imposed on the fluid, the higher 
the apparent viscosity and the gel strength of the drill-
ing fluid.

(2)	 The apparent viscosity curve can be well fitted using a 
power-law equation for any pressure imposed, and the 
flow behavior index (n) is roughly independent of the 
pressure. In other words, the pressure affects only the 
consistency coefficient (m), and this influence is higher 
in the low magnitude pressure range.

(3)	 The influence of temperature is more impactful than 
that of pressure. The higher the temperature, the lower 
the material's apparent viscosity and gel strength.

(4)	 The drilling fluid’s rheological behavior is roughly 
independent of the thermal history of a specific tem-
perature called conformational transition temperature 
(Tm). From this temperature on, the thermal history 
experienced by the fluid affects the material viscosity 
irreversibly.

It is important to emphasize that although the conforma-
tional transition temperature is well reported in the literature 
for fluids with xanthan gum, we proposed a methodology 
that can offer a model that predicts the material behavior at 
high pressures and up and down above the transition tem-
perature. The findings presented in this work are valuable 
for drilling engineers. Based on these results, one can further 
understand the drilling fluid’s behavior up to high pressure 
and temperatures. Finally, the analysis results using the best-
fit approach to determine the apparent viscosity in the liquid 
regime and the dynamic moduli data on high pressures range 
in solid-regime remain a valuable addition to the toolbox of 
rheologists. The analysis of the polymer concentration, elec-
trolytes, and addition of nanoparticles in the fluid, aiming 
to improve the thermally useful range of the bentonite-free 
drilling fluid, is a subject for future work.

Appendix 1. Calorimetric heating test

The transition temperature of the conformation of polymer 
chains process for bentonite-free water-based drilling fluid 
with xanthan gum was also investigated with the μ-DSC7 
Evo microcalorimeter. The pre-test consisted of homogeniz-
ing the sample for 15 min in a Hamilton Beach HMD200 
mixer at 1000 rpm, under standard temperature and pressure 
conditions. Then, with a single-channel micropipette, 0.5 mg 
of the drilling fluid was placed into the cell used for the sam-
ples, leaving the reference cell empty in the calorimeter. The 

heating test was configured to control the temperature from 
25 to 80 °C with a heating rate of 0.5 °C.min−1.

Figure 11 shows a micro-DSC heating curve of bentonite-
free water-based drilling fluid with xanthan gum. The curve 
displays an endothermic event starting at 67.08 °C and end-
ing at 70.62 °C. The midpoint transition temperature Tm, is 
69.24 °C. Therefore, according to Williams et al. (1991), one 
can conclude that this event represents the transition from an 
ordered to a disordered state of xanthan gum. In this specific 
case, this transition occurs at around 70 °C.

Appendix 2. Apparent viscosity as a function 
of time (pressure and temperature)

The variations of the apparent viscosity as a function of time 
for each shear rate plateau for the different temperatures 
were plotted in Fig. 12(a, b, c, d, e, f, g, h, i). Figure 13(a, b, 
c, d, e) presents the apparent viscosity as a function of time 
for different shear rates and imposed pressures.

Appendix 3. Comparison of predicted x 
measured values of apparent viscosity

The cross-plots were used to check the accuracy of estab-
lished correlations. The output data for prediction were com-
pared with the experimental results. Statistical parameters 
(i.e., the correlation coefficient (R2) and the average absolute 
error (AAE)) were calculated. Figure 14 panels (a) and (b) 
show the experimental values and the fits developed for all 
temperatures and pressures applied in the experiments. It can 
be seen that the predicted values of the apparent viscosity 
coincide with the experimental results. In conclusion, the 
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Fig. 11   Order–disorder transition of bentonite-free water-based drill-
ing fluid with xanthan gum monitored by differential scanning micro-
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Fig. 12   (a, b, c, d, e, f, g, h, i) 
Apparent viscosity as a function 
of time for successive plateaus 
of applied shear rates for dif-
ferent temperatures at 10 bar 
pressure
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correlations predict the apparent viscosity with very high 
accuracy, for example, the pressure correlation has the high-
est R (99.99%) [Fig. 2b] and the temperature correlation was 
99.90% [Fig. 6].

Nomenclature  a [ −]: The significance level; m [mPa.sn]: Consist-
ency coefficient; n [ −]: Flow behavior index; 𝛾̇ [s-1]: Shear Rate; 
� [mPa.s]: Apparent Viscosity; A, B [mPa.s]: Empirical parameter 
the Barus Equation; � [ −]: Viscosity-pressure coefficient; T, P [°C, 

Fig. 13   (a, b, c, d, e) Apparent 
viscosity as a function of time at 
25 °C for successive plateaus of 
applied shear rates for different 
pressure
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Fig. 14   Comparison of the 
measured and predicted values 
of the apparent viscosity: (a) 
temperature model and (b) pres-
sure model
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bar]: Temperature and Pressure; C1[ −] and C2 [°C]: Two empirical 
parameters of WLF model; G' [Pa]: Storage modulus; G'' [Pa]: Viscous 
modulus; � [°]: Phase angle shift; Tm [°C]: Conformational transition 
temperature; �m [mPa.sn]: Consistency coefficient uncertainties; �n 
[ −]: Flow behavior index uncertainties; Subscript P (nP, mP): For pres-
sure model; Subscript T (nT, mT): For temperature model; Subscript ag 
(nag, mag, Tag): For aging model
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