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Abstract

The design and formulation of drilling fluids require additives that are cost-effective and environmental friendly in line with
international best practices. This study was conducted to investigate the potentials and effects of Cyperus esculentus (Tiger
Nut) as a filtrate loss modifier in field applicable aqueous and non-aqueous drilling fluids. Sixteen (eight aqueous and eight
non-aqueous) drilling fluid systems were formulated, four aqueous and non-aqueous had Cyperus esculentus as a filtration
additive, while the others do not contain the additive. The rheological properties, as well as the fluid filtration properties of
the drilling muds, were investigated and compared with standard drilling mud. To ascertain validity, the results obtained
were validated with the classic filtration model to ensure fit. Results obtained showed that the formulated mud systems had
rheological properties that favored the suspension and transportation of drill cuttings, as well as the prevention of flocculation
and clogging of drill strings. The rheological properties also showed a progressive trend as the concentrations of the addi-
tive were increased from 2 to 8 ppb. It was also further observed from the API and HPHT filter press test that the increase
in the concentration of the additive exhibits a progressive trend that can be compared with the standard. In addition, it was
observed from the classic filtration model that the experimental results from both mud systems were fit for the adopted model.

Keywords Aqueous and non-aqueous mud systems - Filtration loss - Cyperus esculentus - Additive - API and HPHT filter
press test

Introduction

Aqueous and non-aqueous drilling fluids are essential to oil
and gas well drilling operations. Though they are of dif-
ferent compositions, their functions during circulation and
circulation stop while drilling are the same. They provide
a good initial well control of the subsurface pressure using
their density and any additional pressure acting on the liquid
column. Typically, they flow from the drill strings to the
bit, out to the annulus and support in removing the drill cut-
tings from the wellbore to the surface (Agwu and Akpabio
2018; Adams and Eustes 2011). The performance of their
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functions depends on the properties of the drilled formation
and drilling fluids. It is known that the design and character-
istics of a particular drilling fluid depend on the complexity
of the wellbore being drilled, the pressure and temperature
of the subsurface, and the related logistics. To prevent in situ
fluids from entering the well, the hydraulic pressure of the
drilling fluid column must be greater than the fluid pressure
in the formation pores (Okoro and Dosunmu 2014; Alsaba
et al. 2014; Agwu and Akpabio 2018; Caenn et al. 2011).
This differential pressure creates a force for the drilling
fluids to move along the borehole wall into the permeable
formations, sometimes causing loss of drilling fluids to these
permeable zones. Huge loss of drilling fluid in the forma-
tion is associated with fractures because drilling fluid solid
materials are often filtered onto the formation wall in the
wellbore. Thus, forming a filter cake through which the only
filtrate can pass (Luo et al. 2017; Abdo and Haneef 2013;
Zhang et al. 2015). The deposit of solid filter cake on the for-
mation wall contributes to the stability of the wellbore, and
reduces the flow of fluids on the permeable formation zone;
thereby reducing damage to the formation. For this reason,
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the stability of the well and the damage to the formation are
functions of these process explained; which is called the “fil-
tration behavior of drilling fluids” (Barry et al. 2015; Balavi
and Boluk 2018). Peng (1990) in his thesis stated that during
drilling operations, three types of filtration are encountered.
These are the beneath-the-bit, dynamic and static filtrations;
and it was also noted that filtrate invasion mostly occurs
when filtration starts.

According to Agwu and Akpabio (2018), some cellulosic
agro-waste materials have the characteristics to control fil-
tration loss and improve or modify drilling fluids rheology.
Their review outlined various studies on the choice of agro-
waste materials that can be utilized as filter loss additives in
drilling fluids. The gaps outlined in their study prompted the
use of cellulosic Cyperus esculentus L. (Tiger nut) as filter
loss additive and rheological modifier for both aqueous and
non-aqueous drilling mud systems. Cyperus esculentus L.
naturally forms thin and low permeability filter cakes. It also
has cost and environmental advantages over most conven-
tional fluid loss additives. The Cyperus esculentus L. flour
could be good potential additive for formulating low solid
aqueous and non-aqueous drilling muds. The aim of this
study was to analyze the truism of the above statement and
evaluate Tiger nut flour as a functional additive for modifica-
tion of mud systems rheology and its ability to reduce filtrate
while forming low-solids mud systems.

The chemical and physical composition, characteristics
and physiochemical properties of Cyperus esculentus have
been shown in the various literature (Ezeh et al. 2016; Li
et al. 2017; Chinma et al. 2009; Codina-Torrella et al. 2015;
Ocloo et al. 2014). Lopéz-Cortés et al. (2013) and Ezeh et al.
(2016) in their studies identified that Tiger nut has the capac-
ity to provide good amounts of fatty acids. This property
makes it a good lubricant additive in drilling fluids which
helps to reduce friction generated during the drilling opera-
tions. Tiger nut has the starch property that is underutilized;
thus, can modify the viscosity of the drilling fluid system
because of the amylose content (Li et al. 2017). Ocloo et al.
(2014) also noted the solubility of Tiger nut in their study.
These properties of Tiger nut make it a choice material for
the favorable modification of drilling systems rheology.

Materials and methods
Materials

The drilling fluid additives and base fluids for the aqueous
and non-aqueous drilling fluids used in the experiments were
purchased by Best Land and Services (BLS), a Service com-
pany in Port Harcourt, Rivers State, Nigeria. Commercial
clays were used as additives for viscosity control and barite
as an additive for controlling the mud systems density.

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

The Tiger nuts used in this study were obtained from the
farm market in Zaria, Kaduna State, Nigeria and processed to
flour at the University laboratory.

Tiger nut

Agwu and Akpobio (2018) in their review opined that materi-
als with quantifiable cellulose contents are cost-effective and
their use is extensive in the modification of drilling fluid rheol-
ogy. They also stressed the importance of agro-materials con-
taining cellulose as filtration loss control agents for mud sys-
tems. This study identified Tiger nut as an agro-material that
can modify rheology (Vendrusculo et al. 2006; Jader and Jérn-
storm 2003) and improve filtration loss in mud systems. Hav-
ing obtained the Tiger nuts, they were sun-dried and ground
into a flour form using a grinder, and sieved to 150 microns.
The proximate analysis was conducted to determine the mois-
ture and total ash content compositions (Table 1) using AOAC
(2000). The sieved samples of the tiger nut were used in for-
mulating aqueous and non-aqueous drilling fluids to investi-
gate its effect on rheological properties and how effective it can
be as fluid loss additive in both mud systems. These Tiger nut
flours were used in the range from 2 ppb (parts per billion) to
8 ppb for both mud systems; that is, in the concentrations of 2,
4, 6 and 8 ppb to determine the maximum reduction in filtrate
volume while applying the various concentrations.

Drilling fluid formulation

The drilling fluid used for drilling operations is either aqueous
or non-aqueous. The typical drilling muds used in the field
are formulated with and without the tiger nut flour. A total of
sixteen mud systems were formulated, eight (8) aqueous and
eight (8) non-aqueous drilling muds. Each mud system has
four standard mud systems without tiger nut flour and four
(4) mud systems with tiger nut for comparison. Each mud
system was prepared in the standard 350-ml laboratory bar-
rel. Each sample was mixed using a standard Hamilton Beach
commercial high-speed mixer and a bottom mixer cup. Each
mud additive was weighed and gently introduced into the base
fluid while the impeller was mixing. The additives and their
concentrations for both non-aqueous and aqueous drilling mud
systems are tabulated in Tables 2 and 3, respectively. The rheo-
logical properties of these mud systems were investigated and
the filtration test also conducted (API RP 13B-1 2009, API RP
1312004). Fluid filtration properties of the mud systems were

Table 1 Proximate analysis of the Tiger nut flour

S/N Properties % dry matters
Moisture content 6.80
Total ash content 2.00
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Table 2 Oil-based mud systems (non-aqueous) formulation

Mud weight: 1.20SG Oil/water ratio: 75125 Mixing order Mixing time Product concentration for
— (min) 1 lab bbl (350 mls)

Product Company brand name S.G. Unit size

Grams Mils BBIs
Base fluid 0.805 bbl 1 4 165.5 205.6 0.6
Organophilic clay 1.7 b 8.0 4.7 0.0
Viscosity modifier 0.95 Ib 1.0 1.1 0.0
Lime, alkalinity 2.3 kg 7.0 3.0 0.0
Primary emulsifier 0.9 gal 2 2 6.0 6.7 0.0
Secondary emulsifier gal 0.0 0.0
Aqueous phase 1 bbl 3 5 68.9 68.9 0.2
Brine phase calcium chloride 3.64 kg 30.3 8.3 0.0
Rheology modifier gal 0.0 0.0
Barite 4.2 kg 4 5 0.0 0.0 0.0
Bridging agent 2.7 kg 129.4 47.9 0.1
Fluid loss agent 1 1.05 Ib 5 6 4.0 3.8 0.0
Fluid loss agent (if required) Ib 0.0 0.0

420.1 350.0 1.0

Table 3 Water-based mud systems (aqueous) formulation

Mud weight PPG Mud type
Product name Brand name Product Product concentration lab
specific barrel
gravity -
Ibs/bbl Grams Mils
Water Water 1 325.13 325.13 325.13
Viscosifier 2 1.5 1.50 2.00 1.33
Fluid loss additive 1
Alkalinity ~ Soda ash 2.5 0.25 0.25 0.10
NACL NACL 3.31 14.54 14.54 4.37
Other Caustic soda 2.13 0.25 0.25 0.12
Other X-CIDE 102 1.07 0.25 0.25 0.23
Barite Barite local 3.9 70.00 70.00 17.50

evaluated using API Filter Press for aqueous mud systems and
HPHT filter press for the non-aqueous mud systems. The vol-
ume of filtrate collected over time was measured to know the
mud systems filtration characteristics before and after applying
the Tiger nut flour.

Modeling the fluid loss properties

Filtration and accumulation of mudcake in the search for
oil and gas are critical to the success of drilling operation.
Filtration and accumulation of mudcake have been widely
studied in recent years, but due to the complexity of the
problem and a large number of factors, it has not yet been
fully understood. There are various models of filtration
and mudcake buildup (Jiao and Sharma 1994; Dewan and

Chenevert 2001; Civan 2016; Jaffal et al. 2017). The accu-
racy of the results of the model depends on the validity of
the assumptions used, especially those that are related to the
properties of the mudcake, such as porosity and permeabil-
ity. Because of the complexity of mudcake accumulation and
the difficulty in measuring properties during filtration, there
is a need for experimental work that goes hand in hand with
modeling for better understanding. Due to the impact on the
costly problems associated with the wellbore, a better under-
standing of the filtration and accumulation of mudcakes is
of great importance. Classic filtration model was adopted in
this study. Jaffal et al. (2017) gave extensive details of the
classic filtration model.

Results and discussion

The results from the experiments and their discussions are
presented in this section.

Rheological properties

The phenomenon of filtrate invasion of the reservoir rock
is also significantly influenced by the rheological proper-
ties. The mud systems formulated and applied in this study
showed a trend of high viscosity at lower shear rates (Fig. 1);
thus, can be said to be non-Newtonian fluids that can ade-
quately suspend and transport drilling cuttings from well-
bore to the surface (Huo et al. 2018).

Mud systems with yield point (YP) greater than the plas-
tic viscosity (PV) exhibit partial flocculation of solids; this
often results in clogging of the drill string. The YP values of
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the mud systems investigated were lower than the PV; thus,
flocculation will not occur when these mud systems are used
for drilling operations (Table 4). The flow behavior index,
n and the consistency factors, k for the optimum concentra-
tions are shown in Fig. 1.

From this study, it was deduced that the consistency
index (k) for the non-aqueous mud systems was higher
than the aqueous mud systems. Huo et al. (2018) stated that
the higher value of k, the more favorable it is for drilling

Fig. 1 The flow curve for a non- (a)
aqueous and b aqueous drilling
fluid systems
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operations and for effective wellbore cleaning. Both mud
systems exhibited low fluid behavior index (n), which
indicates a high shear thinning property; and this is also
emphasized in Fig. 2. It showed that the viscosity of the mud
systems decreased when shear rates were high. There is a
progressive improvement as the concentration of the Cype-
rus esculentus increased from 2 to 6 ppb. Figure 3 shows the
yield point from the plot of shear rate against shear stress.
The point at the shear stress axis where the curve initiates

(b)
35 k 17.29508 17.104902
30 0 |0135775 0.1444853
= 25
=
& 20
o
& 5
3
& 10
5
0
1500 0 500 1000 1500
Shear Rate, (S?)
4g 6g —@— Standard —@—2g 4g 6g

Table 4 The drilling mud

. . Properties Aqueous mud Non-aqueous mud
systems rheological properties
Standard 2g 4g 6g 8g Standard 2g 4g 6g 8¢g
Mud weight (ppg) 9.5 956 9.61 972 98 10 10.05 10.10 1021 10.29
Specific gravity 1.15 1.16 117 118 1.19 12 121 122 123 124
Apparent viscosity 27 26.5 29 29 30 34 38 42 52 66
Plastic viscosity (cP) 22 23 24 22 22 27 31 34 36 57
Yield point (100 Ib/ft?) 10 7 10 14 16 14 13 15 31 17
Fig.2 The mud systems shear (a) (b) 700
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Fig.4 The filtration volume from the filtration test for aqueous and
non-aqueous drilling mud systems compared with standard

from is the yield point of each mud samples formulated with
the Tiger nut.

The shear stress changes more prominently at low shear
rate due to the strong repulsive interactions among the addi-
tives; while at high shear rates, the change in shear stress
was not prominent due to the alignment of the additives
(Fig. 3).

Filtrate loss test

Most studies have their emphasis on how to reduce the vol-
ume of filtrate; thus, a lot of additives have been proposed
to optimize most mud systems. Figure 4 shows the filtration
results of the API filter press for aqueous mud system and
high-temperature high-pressure filter press for non-aqueous
mud system. These tests are used to simulate the ability of
the mud systems to control filtration loss into the formation.
The filtrate volume obtained when Cyperus esculentus was
used as fluid loss additive at different concentrations were
compared with the standard.

Table 5 Filter cake thickness and filtrate volume compared with standard

Figure 4 shows the performance of the proposed filtra-
tion loss additive and standard mud systems used in the
field. A reduction in filtrate volume was recorded for both
aqueous and non-aqueous mud systems. Thus, increase
in concentration of cellulosic Cyperus esculentus reduces
the volume of filtrate that will enter the formation pores.

The filter cake thickness and filtrate from the filtration
test is tabulated in Table 5.

The increase in the Cyperus esculentus concentration
from 2 to 8 g shows a progressive reduction in filtrate vol-
ume of both mud systems; though, the non-aqueous mud
system exhibits a close trend to the standard. At a 4-ppb con-
centration of Cyperus esculentus, both showed a significant
improvement in filtrate volume reduction. Physical observa-
tion shows that the filter cake thickness for the non-aqueous
mud systems was 1 mm while that of aqueous mud systems
was 2.5 mm. The cake nature was moderately hard and firm
for both mud systems. Thick filter cake will increase filtra-
tion into the formations and enhance the chances of differ-
ential sticking. Thus, drilling fluids that produce thin filter
cakes are desirable for enhanced drilling operations.

Modeling filtration behavior

Monitoring and controlling the rheological and filtration
characteristics of drilling muds is essential for the success
of oil and gas well drilling operations. For smooth drill-
ing, the desired filtration characteristics are minimal fluid
loss, a thin, waterproof filter cake and a low permeability
filter. The permeability of the filter was determined by
the Darcy’s law. A linear relationship exists between the
volume (ml) of the filtrate and the square root.

dVe _ kAAP |
&k M

where V; (cm?) is the filtrate volume, k (uD) is the perme-
ability of filter cake, AP (Pa) is the pressure drop across the
filter cake, A (cm?) is the area of filter medium, 7 (s) is the
time for filtration, &, (cm) is the thickness of filter cake, and
u (Pa s) is the viscosity of filtrate.

Concerning the influence of solids, the Cyperus escu-
lentus content was varied and the filtrate volume for

Quantity (g) TNA (mls)  Filter cake characteristics Standard (mls)  Filter cake characteristics

2 6.6 Cake thickness 1 mm (moderately hard, firm) 5.8 Cake thickness 1 mm (moderately hard, firm)
4 5.2 Cake thickness 1 mm (moderately hard, firm) 4.6 Cake thickness 1 mm (moderately hard, firm)
6 3.6 Cake thickness 1 mm (moderately hard, firm) 2.4 Cake thickness 1 mm (moderately hard, firm)
8 1.8 Cake thickness 1 mm (moderately hard, firm) 1.5 Cake thickness 1 mm (moderately hard, firm)
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aqueous mud at different concentrations was labeled test
1 while the non-aqueous is test 2. The results are presented
in Fig. 5.

Initially, the rate of fluid loss during the filtration experi-
ment was high during the first 5 min of all dispersions. This
initial high rate of fluid loss is due to the absence of thin fil-
ter cake at the beginning of the filtration experiment (Fig. 5).
During the filtration experiment, due to the formation of a
filter cake, the rate of fluid loss decreased compared with the
start of the experiment.

The linear relationship between the volume of the filtrate
and the ratio of squares over time (Darcy’s law) was con-
firmed by superimposing the square root of time and the
volume of the filtrate shown in Fig. 6.

Figure 6 shows the application of the classic filtration
with emphasis on the initial 30 min. It is a plot of filtra-
tion volume against the square root of time. The plot was
observed to be linear which shows that the results were in
line with the model.

Conclusion

Aqueous and non-aqueous drilling fluid systems have been
formulated using Cyperus esculentus as filtration additive.
The results showed that Cyperus esculentus exhibits a pro-
gressive trend for both mud systems; but it is more effective
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in non-aqueous drilling mud system. The experimental
study on the static filtration was to investigate the effects of
Cyperus esculentus on filtrate volume and mudcake gener-
ated. The rheological properties of the drilling mud systems
showed a progressive trend as the concentrations of the addi-
tive was increased from 2 to 8 ppb. It was also observed
from the API and HPHT filter press test that the increase
in the concentration exhibits a progressive trend that can
be compared with the standard. The classic filtration model
showed that both mud systems results from the experiment
were fit for the adopted model.
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