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Abstract.1 In this work, stress-strain graphs of inverse 
emulsion fluids containing hydrophobically modified 
starch were plotted from measurements obtained with a 
coaxial rotating cylinder viscometer, and rheological 
models were applied. The Bingham model best fitted the 
experimental results. The correlations obtained by this 
model allowed calculating plastic viscosity values outside 
the shear rate sensitivity range of the viscometer and 
enabled better determination of the conditions for the fluid 
use. 
 
Keywords: fatty acid starch esters, drilling fluid, inverse 
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1. Introduction 
During the drilling of oil wells, a fluid must be 

used to cool and lubricate the drill bit, carry the cuttings to 
the surface and support the borehole wall [1-3]. The fluid 
chosen must enable rapid, safe, inexpensive and 
environmentally correct drilling without damaging the 
rock formation. The cost of drilling fluids accounts for 
15–18 % of the total cost of drilling an oil or gas well. 
According to their continuous phase composition, drilling 
fluids can be classified as water-based, non-aqueous 
(fluids based on diesel oil/mineral oil and synthetic 
fluids), and gas-based [4-7]. Currently, the oil-based 
systems are mainly composed of water-in-oil (W/O) 
emulsions, or inverse emulsions, stabilized by an 
emulsifier along with a series of other specific additives 
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responsible for assuring adequate control of the fluid 
properties [6, 8]. Fluids based on inverse emulsions have 
high penetration and lubricity rates, high stability in the 
well, low corrosion rate, good thermal resistance, high 
specific density and good tolerance for the presence of 
salts and contaminants [9].  

Modified and unmodified natural polymers (e.g. 
carboxymethylcellulose, tannins and lignosulfonates) have 
been widely studied and used industrially in drilling fluids 
[6, 10]. Starchy products have attracted interest from 
researchers and companies due to the abundance of starch 
in nature and its low cost and total biodegradation in 
carbon dioxide and water [11, 12]. However, starches 
have certain limitations in some drilling conditions, 
requiring chemical modification to obtain more suitable 
products [13-15].  

The performance of a drilling fluid depends mainly 
on four factors: rheological behavior, density, filtrate loss, 
and chemical reactivity [16, 17]. Evaluation of the 
rheological properties of a fluid is of fundamental 
importance. The loss of these properties can cause 
destabilization of the inverse emulsion, leading to phase 
separation and deposition of the thickening agent [18]. 
Serious problems in the well are caused by high viscosity 
fluctuations and gelification of the fluid. In general, 
polymer-based drilling fluids are non-Newtonian, time-
independent and pseudoplastic, and may or may not 
present residual stresses [19]. The flow behavior of a fluid 
directly influences the load losses in the pipe, the speed of 
cuttings transport, the cleaning and erosion of the well, 
and above all, the success of the drilling operation. The 
mathematical models most used in the petroleum industry 
to describe the rheological behavior of drilling fluids 
relating shear stress τ and shear rate γ& , are [19-20]: 
(i) Bingham (or ideal plastic), 0τ τ µγ= + &  , where τ0 – 
yield point (or YP) and µ – plastic viscosity (PV); 
(ii) Ostwald-de-Waale (or power law), nKτ γ= & , where 
K – fluid consistency index and n – flow index, according 
to which for n > 1 the fluid is dilatant and for n < 1 the 
fluid is pseudoplastic;  
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(iii) Herschel-Bulkley (or modified power law), 

0
nKτ τ γ= + & , where τ0 – yield stress, K – fluid 

consistency index and n – fluid behavior index. 
Previous studies have proven that drilling fluids 

formulated from starchy additives modified with long 
hydrocarbon chains [21] show a comparable or superior 
physical–chemical performance in respect to fluids 
formulated with commercial synthetic polymers [22]. The 
fundamental rheological properties of these novel fluids 
have been thoroughly discussed [22]. However, no flow 
profile was assigned to these systems. Although the 
literature provides various mathematical expressions for 
the rheological modeling of non-Newtonian fluids [9, 19], 
most studies in this area follow standards set by the oil 
sector, without the concern to find interpretations for the 
rheological profile of these systems. Under a practical 
aspect, only knowing the fluid flow behavior it is possible 
to predict resistance to temperature and pressure 
conditions in the well. A drilling fluid that loses its 
rheological properties and needs to be replaced is not 
desirable. Based on the above considerations, this work is 
aimed to investigate the fluid flow behavior of the inverse 
emulsions containing the modified starchy additives 
through the application of rheological models well 
established in the literature. 

2. Experimental  

Gelatinized corn starch, n-paraffin, organophilic 
clay, hydrated lime, barium sulfate and a commercial 
filtrate controller (ECOTROL RD) were donated by 
Poland Quimica Ltda. (Duque de Caxias, RJ). The 
hydrophobically modified starch samples were 
synthesized and characterized in a previous work [21] 
(Table 1).  

The rheological properties plastic viscosity and 
yield stress of the fluids (aged and non-aged) were 
determined in a previous work [22] with a Fann model  
35-A coaxial rotating cylinder viscometer (Fann Instru-
ment Company, Houston, Texas). The rheological beha-
vior of the fluids was evaluated in this study by plotting 
flow curves from the rotation and deflection values 
indicated by the rotating viscometer. The curves of shear 
stress τ vs. shear rate γ&  were obtained by transformation 
of the values of rotation N and deflection θ measured by 
the viscometer, according to Eqs. (1) and (2) [10, 19]. 

θτ ⋅= 511.0 , m·Pa         (1) 
N⋅= 703.1γ& , m·s-1      (2) 

The rheological models applied to the data were the 
Bingham, Ostwald-de-Waale and Herschel-Bulkley, as 
described in the introduction section. 

3. Results and Discussion 

The rheological behavior of oil-based fluids is 
highly complex and depends on the interplay of 
temperature, pressure and shear rate. Among the main 
parameters that affect the rheological properties are 
viscosity of the continuous phase, overall viscosity, 
volumetric fraction, average size and size distribution of 
particles in the dispersed phase, the nature and 
concentration of the emulsifier and the size and shape of 
the dispersed solids [23]. Careful selection of additives 
that are suitable for wells being drilled under severe 
environmental conditions is fundamental to control the 
rheological and filtration properties of the fluid [24]. 

The Bingham and Ostwald-de-Waale models are 
valid for laminar flows. These models cannot be applied 
to any fluid or any shear rate interval. The Herschel-
Bulkley model, in turn, because it considers three 
parameters, is more complete and usually provides a 
better fit to the rheological data [25]. Nevertheless, 
deficiencies of the Bingham, Ostwald-de-Waale, and 
Herschel-Bulkley continue to be observed for flows under 
high strain rates (≥ 1000 s-1). 

The fundamental rheological properties that are 
associated with drilling fluid performance are the flow 
behavior index (n), flow consistency index (K), apparent 
viscosity (AV), plastic viscosity (PV), yield point (YP) 
and gel force [1, 22]. The flow behavior index n indicates 
how far the fluid is from having Newtonian behavior. If 
the value of n is near one, then the fluid behavior is nearly 
Newtonian. The parameter K, in turn, indicates the degree 
of the fluid’s resistance to flow. The apparent viscosity 
(AV) of a non-Newtonian fluid can be defined as the 
viscosity of a fluid with Newtonian behavior at a 
determined shear rate [26]. The plastic viscosity (PV) is 
the theoretical viscosity of the fluid at an infinite shear 
rate. This rheological parameter increases with the 
viscosity of the organic base, water concentration and 
concentration and distribution profile of the solid particles 
[18]. The yield point (YP) represents the minimum shear 
stress value that must be applied for the fluid to start 
flowing. This parameter provides an indication of the 
pseudoplastic characteristics of the fluid and its ability to 
carry solids in suspension. The gel force also has a 
rheological nature and indicates the degree of gelification 
associated with the electrical interaction of the particles 
dispersed in the medium [9]. The initial gel (IG) 
parameter measures the fluid resistance against entering 
the flow regime, while the final gel (FG) parameter 
measures the fluid resistance to starting to flow again after 
a period of rest [19]. 
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Table 1 

Degrees of chemical modification of starch samples modified  
with hydrocarbon chains [21] 

Sample code Chemical structure Pendent chain R Degree of chemical modification 
SVS-01 0.65 
SVS-02 2.64 
SVS-03 

C18 
2.96 

SVL-01 0.62 
SVL-02 2.75 
SVL-03 

 

 

C12 
2.94 

 
In the previous work [22], samples of chemically 

modified starch were used to formulate drilling fluids, 
which were tested before and after aging concerning the 
parameters mentioned here. The results depended on the 
molecular structure and concentration, and fluids were 
obtained with better performance than that of a 
commercial formulation. 

The literature contains mathematical expressions 
with many levels of complexity for rheological modeling 
of non-Newtonian fluids [9, 19, 27]. Some of these are 
mere attempts at linear fit using empirical relations 
between shear stress and shear rate, while others are based 
theoretically on statistical mechanisms. Despite the 
relevance of the flow behavior of drilling fluids, most of 
the studies in this area follow standards established by the 
petroleum sector, without concern for finding 
interpretations of the rheological profile of these systems. 
Non-aqueous fluids with low toxicity are rheologically 
well described by the Bingham and Herschel-Bulkley 
mathematical models [9, 28-29]. The Bingham model is 
most often employed by the petroleum industry because it 
is a simple non-Newtonian model [30, 31]. This model is 
only valid for laminar flows and is governed by two 
rheological parameters: plastic viscosity (PV) and yield 

point (YP) [19]. Drilling muds based on inverse emulsions 
behave according to the Bingham plastic model for shear 
rates in the range from 0 to 1800 s-1 [32].  

In one study, the Bingham model was not able to 
adequately describe the rheology of inverse emulsion 
fluids at temperatures higher than 473 K and pressures 
greater than 100 MPa [33]. Two different rheological 
behavior regimes have been observed for some oil-based 
systems: a Newtonian profile at low shear rates and 
behavior as a Herschel-Bulkley fluid at high shear rates 
[28]. It has also been found that the critical shear rate 
between the two regimes is a function of temperature and 
that the change of regime corresponds to different mud 
structures. In that study, the behavior of clay particles 
under low shear rates was determined by surface forces of 
attraction and repulsion, and the viscosity of the system 
remained relatively high. An increase in shear rate favored 
the gradual alignment of the clay particles in the flow and 
the rheological parameter of the mud started to be 
influenced only by the concentration of solids in 
suspension and no longer by their interaction [9]. An ideal 
drilling fluid should have an invariable rheological profile 
(flat rheology) for a broad range of temperatures and 
pressures in the well [18]/  

 

  
 

Fig. 1. Curves of shear stress vs. shear rate obtained  
for non-aged fluids formulated with 8.5 kg/m3 of filtrate 

control additive 

 
Fig. 2. Curves of shear stress vs. shear rate (s-1) obtained  

for aged fluids formulated with 8.5 kg/m3 of filtrate  
control additive 
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Fig. 3. Curves of shear stress vs. shear rate obtained  
for non-aged fluids formulated with 14.2 kg/m3 of filtrate 

control additive 

 
Fig. 4. Curves of shear stress vs. shear rate obtained  

for aged fluids formulated with 14.2 kg/m3 of filtrate control 
additive 

 
Table 2 

Comparison between the rheological parameters estimated by the model and the experimental values read  
from a Fann 35-A viscometer for the non-aged fluids containing 8.5 kg/m3) of filtrate controller 

Bingham Model Fann 35-A [22] 

Filtrate controller R2 YP (SD), Pa PV (SD), Pa·s YP, Pa PV, Pa·s AFANN

MODEL

YP
YP

−35

 
AFANN

MODEL

PV
PV

−35

 

Blank 0.988 1.12 (0.233) 0.009 (4.7 E-4) 2.40 0.008 0.468 1.125 
Starch 0.984 1.16 (0.424) 0.015 (8.6 E-4) 0.48 0.016 2.409 0.938 

SVS-01 0.986 1.26 (0.420) 0.016 (8.5 E-4) 0.48 0.017 2.630 0.941 
SVS-02 0.983 1.61 (0.468) 0.016 (9.5 E-4) 0.96 0.019 1.681 0.842 
SVS-03 0.991 2.09 (0.415) 0.020 (8.5 E-4) 1.44 0.021 1.453 0.952 
SVL-01 0.994 1.33 (0.278) 0.017 (5.6 E-4) 0.48 0.018 2.770 0.944 
SVL-02 0.994 1.49 (0.334) 0.020 (6.8 E-4) 1.44 0.020 1.035 1.000 
SVL-03 0.991 2.09 (0.415) 0.020 (8.4 E-4) 1.44 0.021 1.453 0.952 
Comm 0.994 1.38 (0.313) 0.019 (6.4 E-4) 1.44 0.019 0.958 1.000 

 
Notes: YD – yield point; PV – plastic viscosity; SD – standard deviation. 

 
Table 3 

Comparison between the rheological parameters estimated by the model and the experimental values read  
from a Fann 35-A viscometer for the aged fluids containing 8.5 kg/m3) of filtrate controller 

Bingham Model Fann 35-A [22] 

Filtrate controller R2 YP (SD), Pa PV (SD), Pa·s YP, Pa PV, Pa·s AFANN

MODEL

YP
YP

−35

 
AFANN

MODEL

PV
PV

−35

 

Blank 0.995 1.07 (0.139) 0.009 (2.8 E-4) 0.48 0.010 2.228 0.900 
Starch 0.988 0.86 (0.267) 0.011 (5.4 E-4) 0.48 0.012 1.789 0.917 

SVS-01 0.990 0.86 (0.292) 0.013 (5.9 E-4) 0.48 0.014 1.800 0.929 
SVS-02 0.990 1.21 (0.342) 0.016 (6.9 E-4) 0.96 0.016 1.264 1.000 
SVS-03 0.995 1.31 (0.249) 0.016 (5.1 E-4) 0.96 0.017 1.373 0.941 
SVL-01 0.995 0.92 (0.203) 0.012 (4.1 E-4) 0.48 0.013 1.931 0.923 
SVL-02 0.995 0.81 (0.249) 0.016 (5.1 E-4) 0.48 0.017 1.683 0.941 
SVL-03 0.998 1.42 (0.174) 0.017 (3.5 E-4) 0.96 0.018 1.485 0.944 
Comm 0.994 1.05 (0.261) 0.016 (5.3 E-4) 0.96 0.016 1.092 1.000 

 
Notes: YD – yield point; PV – plastic viscosity; SD – standard deviation. 
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Table 4 

Comparison between the rheological parameters estimated by the model and the experimental values read  
from a Fann 35-A viscometer for the non-aged fluids containing 14.2 kg/m3) of filtrate controller 

Bingham Model Fann 35-A [22] 

Filtrate controller R2 YP (SD), Pa PV (SD), Pa·s YP, Pa PV, Pa·s AFANN

MODEL

YP
YP

−35

 
AFANN

MODEL

PV
PV

−35

 

Blank 0.988 1.12 (0.23) 0.009 (4.7 E-4) 2.40 0.008 0.468 1.125 
Starch 0.984 0.46 (0.50) 0.018 (1.0 E-3) 0.96 0.018 0.484 1.000 

SVS-01 0.993 0.58 (0.36) 0.019 (7.3 E-4) 0.48 0.020 1.215 0.950 
SVS-02 0.996 2.00 (0.33) 0.024 (6.6 E-4) 1.44 0.024 1.393 1.000 
SVS-03 0.994 2.17 (0.42) 0.026 (8.6 E-4) 2.39 0.025 0.908 1.040 
SVL-01 0.995 0.56 (0.28) 0.019 (5.6 E-4) 0.48 0.019 1.169 1.000 
SVL-02 0.991 1.46 (0.47) 0.022 (9.6 E-4) 1.91 0.022 0.764 1.000 
SVL-03 0.992 2.20 (0.44) 0.023 (8.9 E-4) 1.91 0.023 1.148 1.000 
Comm 0.997 1.12 (0.22) 0.021 (4.4 E-4) 0.96 0.021 1.171 1.000 

 
Notes: YD – yield point; PV – plastic viscosity; SD – standard deviation. 

 
Table 5 

 Comparison between the rheological parameters estimated by the model and the experimental values read from 
a Fann 35-A viscometer for the aged fluids containing 14.2 kg/m3) of filtrate controller 

Bingham Model Fann 35-A [22] 

Filtrate controller R2 YP (SD), Pa PV (SD), Pa·s YP, Pa PV, Pa·s AFANN

MODEL

YP
YP

−35

 
AFANN

MODEL

PV
PV

−35

 

Blank 0.995 1.07 (0.139) 0.009 (2.8 E-4) 0.48 0.010 2.225 0.900 
Starch 0.997 1.15 (0.129) 0.011 (2.6 E-4) 0.48 0.012 2.409 0.917 

SVS-01 0.997 1.19 (0.149) 0.015 (3.0 E-4) 0.96 0.015 1.249 1.000 
SVS-02 0.995 1.15 (0.256) 0.017 (5.2 E-4) 0.96 0.017 1.201 1.000 
SVS-03 0.996 1.35 (0.225) 0.018 (4.6 E-4) 0.96 0.018 1.405 1.000 
SVL-01 0.997 1.01 (0.178) 0.014 (3.6 E-4) 0.48 0.015 2.119 0.933 
SVL-02 0.995 1.33 (0.263) 0.017 (53 E-4) 0.48 0.018 2.768 0.944 
SVL-03 0.998 1.52 (0.137) 0.016 (2.8 E-4) 0.96 0.017 1.590 0.941 
Comm 0.998 1.53 (0.137) 0.016 (2.8 E-4) 0.96 0.015 1.594 1.067 

 

Notes: YD – yield point; PV – plastic viscosity; SD – standard deviation. 
 

Figs. 1-4 show the flow curves obtained for the 
non-aged and aged fluids formulated with 8.5 and 
14.2 kg/m3 of filtrate control additive, respectively. The 
fluid was tested without filtrate control additive (called 
blank) and with a commercial filtrate controller, with 
unmodified starch and six modified starch samples. The 
shear stress and shear rate values were calculated by the 
transformation of rotations N and deflections θ given by 
the rotary viscometer (Eqs. (1) and (2)). All the tested 
fluids presented Bingham behavior, irrespective of the 
type and concentration of the starch derivative included in 
the formulation and the rolling conditions. The Bingham 
rheological model best represented the experimental data, 
showing the highest coefficients of correlation R2 and 
lowest standard deviations (SD).  

Tables 2-5 report the values of plastic viscosity, 
yield point, correlation coefficient, and standard deviation 
estimated by linear adjustment of the experimental data 
using the equation of the Bingham model.  

The linear fitting of the data was carried out with 
the objective of observing a possible equivalence between 
the rheological properties calculated by the model and the 
measures obtained from the Fann 35-A viscometer. The 
proportionality between the experimental values (Fann 
35-A) and values calculated by the model (Bingham 
method) were expressed as ratios:    

35

MODEL

FANN A

PV
PV −

 and 
35

MODEL

FANN A

YP
YP −

 

The rheological measures obtained with the Fann 
35-A viscometer are not able to quantify dependencies of 
the viscosity values with high and low shear rates [28]. 
The results for PV (L600–L300) and YP (L300–PV) 
calculated from the data measured by this device are only 
valid for shear rates in the standard API interval (300–
600 rpm) [9]. Viscosity readings obtained from this rotary 
viscometer outside this range are unreliable due to the 
significantly associated error. The Bingham model, in 
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contrast, calculates PV and YP values in a broader shear 
rate interval of 3–600 rpm. According to the results shown 
in Tables 2-5, the ratios of the parameter PV 
(model/experimental) are very near 1.0 for all the systems 
investigated, indicating good reliability of the measured 
values. However, the same equivalence was not observed 
between the experimentally obtained YP values and those 
calculated by the model, except for the commercial filtrate 
controller. The commercial additive practically showed no 
deviations for PV and YP model/experimental 
correlations, regardless of the type of formulation tested. 
For the other systems, however, significant deviations 
from 1.0 were observed about the YP model/experimental 
ratio. Concerning this parameter, deviations in the range 
of 0.23–1.0 were detected for the formulations prepared 
from modified starches additives. Concerning the YP 
parameter, it is interesting to note that the formulations 
prepared from unmodified starch exhibited superior 
deviations values to those containing the modified 
starches. This variation in the YP estimation can be 
explained by one of the limitations associated with the 
Bingham model [34]. Non-Newtonian fluids tend to have 
a well-defined pseudoplastic character at low shear rates, 
but stray from the linear behavior predicted by the 
Bingham model for extrapolated YP values (linear 
coefficient of the model’s equation). 

4. Conclusions 

In drilling-fluid rheological characterization, 
choosing a proper rheological model and obtaining 
rheological parameters with viscometers are essential. The 
flow behavior directly influences the drilling operation, as 
in the pipe load losses and cuttings transport speed. A 
proper relationship between YP and VP is significant for 
preventing common drilling problems. All systems 
investigated in the present study were well fitted by the 
Bingham model approach, regardless of the type and 
concentration of the starch derivative included in the 
formulation and the rolling conditions. The developed 
fluids performed well within the desired limits and 
followed the tendency of the majority of drilling fluids 
already used. For more severe drilling conditions, it is 
possible that the Bingham model tends to deviate from the 
experimental data. In addition to making these systems 
technically competitive, the additives based on starch fatty 
esters also show a favorable environmental profile. The 
future demand of more complex drilling muds for deep 
and ultra-deep water drilling will require the knowledge of 
these fluids at a molecular level. 
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РЕОЛОГІЧНЕ ПОВЕДІНКА БУРОВИХ РОЗЧИНІВ 

З ГІДРОФОБНО-МОДИФІКОВАНИМ 
КРОХМАЛЕМ ДЛЯ ЗМЕНШЕННЯ ФІЛЬТРАТУ 

 
Анотація. Для інверсних емульсій, що містять гідро-

фобно-модифікований крохмаль, побудовано діаграми напруги-
деформацій з використанням коаксіального циліндрового 
віскозиметра, та застосовано реологічні моделі. Встановлено, 
що модель Бінгама найбільш відповідає отриманим 
результатам. Кореляції, отримані за цією моделлю, дають 
можливість розрахувати величини пластичної в'язкості за 
межами діапазону чутливості віскозиметра і полегшують 
визначення умов для використання рідини. 
 

Ключові слова: естери жирних кислот крохмалю, 
бурова рідина, інверсна емульсія (В/О), реологічні моделі. 
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