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A B S T R A C T   

This paper focuses on the development of a drilling fluid system that satisfies both environmental and technical 
requirements, acting as an environmentally appropriate alternative to oil or synthetic-based drilling fluids. The 
effectiveness of two types of low-rank coals (leonardite & lignite) as shear-thinning additives on the rheological 
behaviour and filtration control in drilling fluids after dynamic thermal aging is investigated. The most suitable 
model that best describes their rheology is the Herschel-Buckley model over the entire range of shear rates and all 
temperature levels. Dynamic thermal aging influences the yield stress at zero shear rates, the consistency index, 
the flow behaviour index of the Herschel-Buckley model as well as the yield point and plastic viscosity of the 
Bingham-Plastic model. Despite their geochemical differences, the addition of both low-rank coals in the drilling 
fluids improves the yield stress and yield point build-up with temperature increase and maintains them within 
acceptable values compared with coal-free drilling fluids. The highest aging temperature under dynamic con-
ditions deteriorates significantly the rheological and filtration control parameters. For the specific concentration 
of additives and dynamic thermal aging, the temperature of 177 ◦C appears to be an upper thermal bound which 
the drilling fluids lose their design purpose. It is also demonstrated that considerable energy is required to change 
both the plastic viscosity and the yield point of the proposed drilling fluids with both low rank coals showing 
their effectiveness as shear thinning agents to maintain the desired low shear strength and yield point after 
dynamic thermal aging.   

1. Introduction 

Constantly increasing concerns about maintaining the future ade-
quacy of fossil fuel energy resources have urged the oil and gas industry 
to drill deeper to explore the production possibilities from non- 
conventional and deep laying oil reserves. The oil and gas industry is 
constantly seeking new methodologies and technologies for economi-
cally sustainable extraction, short and long term, of deep reservoir sand 
both onshore and offshore. At the same time, drilling engineers are 
facing major technological challenges, which still require effective so-
lutions with drilling fluids and new drilling techniques, to overcome the 
problem of high temperature and pressure (HPHT) conditions associated 
with deep or ultra-deep drilling (Abdo and Haneef, 2013). 

The highly elevated pressures and temperatures (HPHT) that are 
encountered in extended reach drilling operations tend to deteriorate 
any type of drilling fluid compromising its performance which is of 
paramount importance. Well-conditioned drilling fluid and proper 

balance of properties are essential to avoid pressure surges, kicks (well 
control), formation damage, and other drilling hazards associated with 
HPHT drilling. These deep wells can reach bottom-hole temperatures of 
300 ◦F or 150 ◦C and bottom hole pressures of 10,000 psi or 70 MPa and 
in some cases even higher. Thus, the deterioration of the drilling fluid 
leads to the potential destruction of its properties which is identified as 
the most prevalent problem in HPHT conditions. This observation has 
led to the demand for new types of drilling fluids with high thermal 
stability (Amani et al., 2012; Huang et al., 2019). 

In deep drilling where HPHT conditions prevail, both water-based 
and oil-based fluids can be used. However, in oil-based fluids, the base 
fluid is usually diesel or mineral oil, or paraffin. These types of fluids 
have been banned from any kind of usage due to strict environmental 
regulations in many countries. The continuous increase of environ-
mental considerations and in a combination with cost concerns 
regarding the disposal of the oil-based drilling fluids after the drilling 
operation has successfully been completed has limited their usage to a 
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minimum and new demand has emerged for high-quality drilling fluids 
with the least impacts on the environment and personnel safety which 
mostly fall into the water-based drilling fluids category. Therefore, 
improved water-based drilling fluid systems are needed to meet the 
HPHT conditions, and the key for successfully designing such drilling 
fluid systems is the appropriate control of the rheological and filtration 
properties (Amani et al., 2012; Okon et al., 2014; Chesser and Enright, 
1980; Hossain and Wajheeuddin, 2016; Wang et al., 2012; Yousif et al., 
2011; Li et al., 2014; Omotioma et al., 2014; Agarwal et al., 2012). 

On the other hand, water-based fluids have attracted a number of 
contributions over the years and specifically when the low-density solids 
in the fluids mainly consist of bentonite. The main outcome from these 
works was that when the low-density solids are dominated by bentonite 
and water is the base fluid, they are deemed inefficient for drilling under 
HPHT conditions. This is because the emulsion deteriorates fast under 
these conditions and breaks down easily and as a result the viscosity 
changes and the fluid phases separate from the emulsion which in turn 
affects fluid loss control. Amani et al. (2012) investigated the behaviour 
of water-based drilling fluids under extreme PT conditions and have set 
the limits over which the drilling fluid approaches failure conditions. 
They discussed the effect of pressure and temperature on the plastic 
viscosity, the yield point, and gel strength. In general, they outlined that 
the PT conditions can have a complex effect on the drilling fluid 
rheology. 

To better understand the complex effects of PT conditions on the 
drilling fluid stability, additives have been incorporated in the drilling 
fluids. These additives are complex multi-component mixtures or com-
pounds, responsible for several functions on the drilling fluid rheology 
while drilling such as thinning or thickening the fluid constitutive 
behaviour. Thinner additives are drilling mud additives widely used to 
reduce the unwanted highly viscous flow and gelation which stems from 
deterioration of the fluids due to the HPHT conditions. Furthermore, this 
highly viscous behaviour not only affects the transport of the drilling 
cuttings to the surface but is also associated with high pressure losses 
while drilling, leading to inefficient drilling operations (Kelessidis et al. 
2007a, 2007b, 2009). Lignin-based compounds, such as the commercial 
lignosulfonates, as well as lignite, are now routinely used in drilling 
fluids as low-cost, environmental-friendly shear thinning agents. Leo-
nardite is usually derived either from weathered lignite that has un-
dergone oxidation during surface exposure or it represents sediments 
enriched in humic/fulvic substances that were leached from topsoil of 
overlain lignite. Leonardite and lignite, seem to be suitable as a shear 
thinning additives due to their humic/fulvic content because when 
released, they have proofed to be effective in controlling the clay 
swelling particles, viscosity reduction, as well as filtration control. To 
use lignite and leonardite as drilling mud additives is absolutely 
necessary for their humic/fulvic acid content to be released as part of the 
process. Thus, a preliminary treatment with an alkaline solution, a 
process called causticization, is required. The released humic/fulvic 
acids from the causticization process are responsible for reducing the 
viscosity, increasing solubility, reduce gel strength, control pH, help 
de-flocculation, serve as dispersants, assist in rheological and fluid loss 
control, making them the perfect drilling fluid thinners (Kelessidis et al. 
2007a, 2007b, 2009; Browning, 1969; Odenbaugh and Ellman, 1967; 
Zhang et al., 2016). During the preparation of drilling fluids with leo-
nardite as additive, a gas phase was observed during mixing, most 
probably associated with oxygen content of leonardite. 

The shear stress determination is of paramount importance for a 
successful drilling operation. The experimentally determined yield stress 
can be different from one drilling fluid system to another depending on 
the nature and concentration of the ingredients. Few recent contribu-
tions regarding shear stress determination, emphasized on the slip ef-
fects that the smooth surface bob of the Couette-viscometry can 
influence the readings of the tests which affect the determination of the 
yield stress especially in the low shear rate regime. To combat the effects 
of slip effects generated by the Couette-geometry of the experimental 

apparatus, Abedi et al. (2019, 2021) performed experiments with 
grooved and crosshatched surface geometry (modified bob) and they 
showed the importance of the slippage effects on the shear stress 
determination particularly in the low shear rates regime. They also 
showed that with the grooved or crosshatched surface geometry, the 
slippage phenomenon can be significantly minimized. 

The motivation of this work is the study of the effects of dynamic 
aging under different temperature levels on water-based drilling fluids 
containing leonardite and lignite as shear thinning agents. The resulting 
complex rheology provides a wide range of difficult challenges and 
mechanical issues for the drilling fluid which can have a negative impact 
on rheological properties when exposed to such conditions. To the au-
thors’ knowledge, the mechanisms that are responsible for this negative 
behaviour are not fully understood. Thus, the aim is to shed some light 
on the conditions under which the drilling fluid rheology begins to 
destabilize when subjected from low (20 ◦C) to high (177 ◦C) temper-
ature dynamic aging. For the purposes of this work two major groups of 
drilling fluids were created. The first group utilizes exclusively Greek 
lignite while the second group uses a Greek leonardite as thinning agents 
in the drilling fluids. Both concentrations in thinning agents were kept at 
3%. The issue of humic/fulvic-acids release in the drilling fluid and its 
impact on the fluid rheology is studied with the use of two types of 
causticization namely with an Organic Zinc Complex (OZC) and with 
sodium and potassium hydroxides. For comparison reasons the proposed 
drilling fluids were also subjected to dynamic thermal aging which was 
produced with commercial causticized powder containing lignite. The 
selected leonardite for the drilling fluid testing was from the Greek 
leonardite benches outcrop at the lignite open pit lignite mines of 
Achlada, which is located in NW Greece. Although it has been reported 
from other researchers as a potential drilling fluid additive, the mech-
anism that qualifies leonardite as an additive is just mentioned in very 
few studies and is not fully understood (Browning, 1969; Caenn et al., 
2016; Firth, 1980; Hoffman et al., 1993; Kalaitzidis et al., 2003; Neff, 
2005; Odenbaugh and Ellman, 1967). Furthermore, the study of Greek 
leonardite as a potential additive of drilling fluids to the authors’ 
knowledge has not been investigated. Hence, another target of this 
research work is the development of a new low-cost, eco-friendly dril-
ling mud additive that is indigenous and rather abundant raw material 
in Greece. It is also important to note that Greece passes rather fast into 
the post-lignite era and current domestic research focuses in the explo-
ration of various industrial non-electrical usages of lignite and 
leonardite. 

2. Experimental analysis and procedures 

One of the novelties of this experimental work is the dynamic ther-
mal aging of the proposed drilling fluids. Other research works have 
investigated the rheological and filtration properties of similar com-
pounds involving lignite as a thinning agent in drilling fluids however 
with a static thermal aging procedure (Kelessidis et al., 2007a, 2007b, 
2009). Both methods, static and dynamic, target the assessment of the 
real-time changes and absolute rheological effects that occur before and 
after drilling fluid circulation. It is generally accepted that statically 
thermal aging is often more aggressive on a drilling fluid relative to 
dynamic aging. 

The shear rates of drilling fluids previously exposed to high pressure 
and temperature, tend to show better post-performance than a fresh 
non-exposed formulated drilling fluid. As such, static aging tests are 
preferred to evaluate and proofed to be sufficient for drilling fluids that 
have been previously used and circulated through a well. However, 
thermal aging under static conditions in the wellbore are only realistic 
during certain drilling operations. On the other hand, dynamic aging can 
be used to test the properties of a relatively fresh drilling fluid. The 
dynamic state of the drilling fluid helps to prevent gelation and ulti-
mately ensure that the additives are sufficiently mixed throughout the 
aging process so that they yield the desired results. Thus, dynamic aging 
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can yield reliable results on pre- and post-exposed drilling fluids and to 
simulate the aging process during a number of circulations in the hy-
draulic system. 

For the purpose of the present research work, thermal dynamic aging 
has been conducted on fresh and newly proposed drilling fluids to 
simulate circulation through a HP/HT well. All tests with different 
temperature levels have been conducted with the same unchanged 
water-based fluid (WBM) formulation for consistency and allowing for 
the comparison between the different fluids designed. 

2.1. Rheological parameters analysis 

For the complete characterisation of the proposed drilling fluids, two 
sets of tests were performed namely before thermal aging and after 
dynamic thermal aging. In both cases the drilling fluids were prepared 
and tested for their rheological and filtration parameters. Drilling fluids 
are generally acknowledged to have non-Newtonian rheology, in which 
the ratio of shear rate to shear stress is not proportionally constant and 
one of the reasons is the dependence on the composition of the fluid. 
Rheological properties of the unaged drilling fluids were determined at 
the drilling mud laboratory of the Department of Miner-
alogy–Petrology–Economic Geology, School of Geology of the Aristotle 
University of Thessaloniki, Greece, while dynamic thermal aging has 
been conducted in collaboration with the laboratory of drilling fluids of 
the University of Nicosia in Cyprus. The rheological properties of the 
proposed drilling fluids were determined with the help of a six-speed (3, 
6, 100, 200, 300, 600 rpm) Couette-type rheometer by Fann (model- 
35A) following the guidelines of API standards (API-13A, 2010). 

At this point it is important to mention that most research works and 
standards consider sufficient to compute the two major rheological pa-
rameters, the plastic viscosity (PV) and the yield point (YP) after getting 
the reading from the dial when the rotational speed ω = 300 rpm and ω 
= 600 rpm which is only relevant for the Bingham plastic rheological 
model given in the following (Mitchell, 2011): 

τ = τY + μPγ̇ (1)  

where τis the shear stress (dynes/cm2 = 4.79 lbs/100 ft2),τYis the yield 
stress (dynes/cm2 = 4.79 lbs/100 ft2),μPis the plastic viscosity (dyne x 
sec/cm2) andγ̇is the shear rate (sec− 1). The plastic viscosity μP is ob-
tained from the expression: 

μP = PVBingham = (ω600 − ω300) (2)  

where ω600and ω300 is the rotational speed at 600 and 300 rpm, 
respectively. The yield stress is related to the yield point through: 

τY =YPBingham =
(
ω300 − PVBingham

)
(3) 

This acceptance from the industry has led to a series of dedicated 
works to prove that the Bingham plastic rheological model is only valid 
for special types of drilling fluids and it may yield inadequate results for 
lower rotational speeds ω = [3, 6, 100, 200] rpm which are the 
remaining from the complete shear rate range for most drilling sus-
pensions. This inconsistency is thought to be dealt with the Herschel- 
Buckley or the yield power-law rheological model described by: 

τ = τY + K(γ̇)n (4)  

where K is the consistency index (dyne x secn/cm2) and n is the power- 
law index (− ). However, the determination of the yield stress, the con-
sistency index, and the power-law index is not trivial as it involves the 
best fit of a non-linear behaviour in the low shear rates regime through a 
set of six points obtained from the Fann rheometer recognized as a non- 
linear optimization problem. To work around this minor difficulty, the 
Generalized Reduced Gradient (GRG) Method was used which is 
considered to be one of the most popular methods for solving nonlinear 
optimization problems (Arora, 2017). For this method to be applied, it 

only requires that the objective function (eq. (4)) to be differentiable. 
The basic principle of this method is to solve the nonlinear problem 
considering the parameters into a set of dependent variables (τY , K, n) 
and the remaining into a set of independent variables (τ, γ̇). Then, the 
reduced gradient is computed to find the minimum in the search of the 
optimum dependent variables through the expression: 

Δ=
∑n=6

i=1

(
τi, Lab − τi, Model

)2 (5)  

where Δis the sum of the squared differences between experimentally 
obtained τi, Laband calculated τi, Model (based on eq. (4)) shear stresses. 
Assuming an initial guess for the dependent variables (τY ,K,n) and with 
Newton-Raphson iterations until convergence is obtained (Δ→min) the 
solution yields the determination of the dependent variables (τY , K, n) 
that best represent the experimental data. In this work, the rheological 
parameters with two methodologies were determined, for the industri-
ally accepted method (the Bingham plastic parameters, PV and YP) and 
the numerically determined (τY , K, n) obeying a Herschel-Buckley 
rheological model. 

2.2. Static filtration properties analysis 

The determination of the static filtration properties and the filter 
cake building characteristics of newly proposed drilling fluids are 
fundamental to the drilling operation and well control. Experimentally, 
with the term static filtration properties, it is meant the separation from 
the suspension and collection of filtrate fluid (in ml) while the remaining 
solids accumulate at a porous and permeable paper forming a filter-cake 
(in mm). Theoretically, according to Caenn et al. (2016), one may 
consider that a certain volume of drilling fluid (solid-phase and 
fluid-phase mixed together) is filtered through a permeable porous 
substrate (e.g. filter paper). Constructing the balance of a unit volume, 
the static filtration volume of the filtrate can be expressed as Vfiltrate = n, 
while the volume of the solids deposited on the porous substrate as 
Vcake = 1 − n. The ratio of the volumes yields: 
(

Vcake

Vfiltrate

)

=

(
1 − n

n

)

(6) 

The volume of the filter cake can be expressed as Vcake = h.A where 
his the cake thickness (in mm) and A is the cross-sectional area (in mm2) 
of the cake in the cell. Substituting Vcake = h.A in equation (6) and 
solving for the cake thickness hit is obtained: 

h=
(

1 − n
n.A

)

Vfiltrate (7) 

Darcy’s law is then applied to describe the filtration velocity vfiltrateof 
the filtrate fluid, passing through the porous substrate (filter cake) as: 
[

vfiltrate =
Qfiltrate

A

]

=
κ
μ⋅

dP
dh

(8)  

where Qfiltrate is the fluid flux of the filtrate (in mm3), μ is the fluid filtrate 
viscosity (in centipoises) κ is the permeability of the filter cake (in 
Darcy), dP is the pressure differential causing fluid flow (in Pa). 
Assuming that (A) the cake stabilizes (becomes constant) and (B) the 
pressure that is applied is constant which is because it is considered as 
boundary condition, then Darcy’s law reduces to: 

dVfiltrate

dt
=

κA
μ ⋅

P
h

(9) 

According to (9), Darcy’s law now expresses the change of filtrate 
volume dVfiltrateas time progresses dt(i.e. small-time increments). It is also 
important to emphasize that the above discussion is only valid if some 
time is allowed for both, the pressure to reach the constant pressure 
value of the experiment (P = 100 psi) and the solids to form the cake. 
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During this transient period some filtrate is lost (spurt loss). However, 
both the duration of this transient period and the spurt loss can be 
considered negligible. Substituting equation (7) in the new form of 
Darcy’s equation (9) it is obtained: 

dVfiltrate

dt
=

κA
μ ⋅

P
(

1− n
nA

)

Vfiltrate

(10) 

Equation (10) is an ODE which is susceptible to analytical solution. 
Thus, separating the variables, handling the algebra and integrating 
both sides (LHS and RHS) the final solution is obtained: 

Vfiltrate =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2A2.κ.P.n.t
μ(1 − n)

√

(11)  

2.3. Exposing the scaling parameters as 

Vfiltrate ∝ A×
̅̅
t

√
×

̅̅̅
P

√
×

̅̅̅
κ
μ

√

×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2n

(1 − n)

√

(12) 

From the theoretical analysis and expression (12) it is observed that 
the filtrate volume is analogous to the cross-sectional area of the 
permeable porous substrateVfiltrate∝A, to the square root of time dictating 
that the deposition of cake is a self-similar phenomenonVfiltrate∝ 

̅̅
t

√
, to 

the square root of the ratio of permeability to the filtrate viscosityVfiltrate∝ 
̅̅̅̅̅̅
κ/μ

√
and to the square root of pressureVfiltrate∝

̅̅̅
P

√
. The remaining terms 

are constants. Some further factors affecting the fluid loss from the 
suspension stem from the Darcy’s fluid flow depend on the quantity, 
type, and size of solid particles while we have showed that the liquid- 
phase properties are also important into this characterization. The 
importance of equation (11) is that one may determine the permeability 
under the assumption that the cake has stabilized and the pressure 
gradient is stabilized. 

κ =
(
Vfiltrate

)2μ(1 − n)
2.A2.P.n.t

(13)  

where κis the permeability of the filter cake in (mm2) or (mD) units. 
The filtration properties of the proposed drilling fluids were deter-

mined through a Low Pressure and Low Temperature (LP/LT) filter press 
by Fann which is built according to the API recommended practice 
guidelines. According to the procedure, a cell that may host a specific 
amount of drilling fluid, is properly prepared by inserting a mesh screen 
with a filter paper on top, and then the drilling fluid is inserted in the cell 
and in turn, the cell is secured on the press apparatus. Then, constant 
pressure of 100 psi is applied via a CO2 cartridge while, in parallel, time 
is recorded. Due to the instant application of the pressure with the 
synchronous time recording, there is a small number of gases that exit 
from the cell a well-known phenomenon called “spurt-loss” until the cake 
stabilizes (Mitchell, 2011). No reports emphasizing that is a phenome-
non responsible for significantly influence the outcomes of this research 
work were found in the literature. After the cake stabilization, a thin 
layer of solid particles forming a low permeability substrate is formed 
simulating what happens in drilling operations that is responsible for 
minimization of the volume of filtrate leaving the cell. Thus, after the 
end of the experiment, the thickness (in mm) of the cake sheath is 
measured. On the other hand, the filtrate collected (fluid loss in ml) is 
measured over the first 7.5 min and then again at 30 min. According to 
API regulations, the filtrate volume collected at 30 min must not exceed 
15 mL, otherwise re-designing the fluids is necessary. 

2.4. Dynamic thermal aging analysis 

The proposed drilling fluids were placed in an aging cell for dynamic 

thermal aging. The volume of the drilling fluid inserted in the cell is a 
function of the aging temperature which requires that the drilling fluid 
will be pressurized to avoid vaporizing the fluids from the fluid phase. 
According to API (API-RP13I, 2019), water-based drilling fluids can be 
tested at ambient temperature, moderate, and elevated thermal aging 
temperatures. The temperature increase is known to influence the rate of 
reaction of the drilling fluid constituents, and for the scope of this 
analysis it will be the rate of humic/fulvic acids release and oxygen 
content from lignite and leonardite so as to qualify as thinning agents. 

The problem of thermal aging can be studied theoretically with the 
thermodynamics of chemical reactions via the equilibrium constant Keg 
which is a strong function of temperature T (Smith, 1981). The 
expression that relates the chemical reaction equilibrium constant with 
temperature is the well-known Van’t Hoff equation. In its general form, 
after going through the nifty calculations of the chemical kinetics ac-
counting for the equilibrium constants of the reactants kr and the 
products kp (reversibility) of the chemical reaction and together with the 
associated changes in enthalpies ΔH0 = H0

r − H0
p being related to energy 

changes ΔE = Er
a − Ep

a it can be written as: 

d(ln ki)

dT
=

ΔHi
a

RT2 (14)  

where kiis the equilibrium constants of either the reactants or the 
products, R is the ideal gas constant (8.314 J/mol.K), ΔHi

a is the change 
in enthalpies of either the reactants or the products and T is the tem-
perature in Kelvin. Equation (14) is also an O.D.E which can be solved by 
separating and integrating the variables. Rearranging the terms and 
integrating one obtains: 

ln ki =
ΔHi

a

R

(
1
T

)

+ C (15)  

where C is the integration constant. Solving for kiby eliminating the 
natural logarithm it reduces to the following expression: 

k=A.e

(
− ΔHa

RT

)

(16) 

Equation (16) is an Arrhenius type of equation that quantifies the 
relationship between reaction rate and temperature where k is the rate 
constant or the proportionality between the concentrations, and 
ΔHarepresents the required energy (J/mol) to form the products of a 

reaction. The quantity e

(
− ΔHa

RT

)

is the Boltzmann expression for the 
molecule fraction having energy ΔHawhich is actually the activation 
energy Ea and A is the frequency factor or a pre-exponential factor with 
units (Lmol− 1sec− 1). The terms Ea and A are responsible for the quan-
tification of the effects of the temperature on the rate of reaction. Hence, 
determine these quantities for the plastic viscosity PV and the yield point 
YP with the following Arrhenius type expressions respectively: 

kPV = APV .e

(
− ΔHPV

a
RT

)

kYP = AYP.e

(
− ΔHYP

a
RT

) (17) 

In this research work, the proposed drilling fluid blends were tested 
at three (3) different temperature levels (excluding the room tempera-
ture) to sufficiently determine the rheological and filtration properties. 
The range of the temperature levels was 50 ◦C, 100 ◦C, and 177 ◦C to 
correspond to normal, moderate, and elevated temperatures. The tem-
perature level of 177 ◦C has no physical meaning for water-based dril-
ling fluids other than pushing the proposed drilling fluid to its limits. 
After loading with 350 ml fresh drilling fluid, the aging cell was sealed 
with an inner and an outer cap and then secured. After sealing the aging 
cell, the pressure was carefully applied inside the aging cell with a 
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pressure regulator at a predefined pressure depending on the required 
aging temperature with CO2 inert gas to avoid vaporizing the fluid 
phase. This pressure was 150 psi, 25 psi and 12 psi for the aging tem-
peratures of 177 ◦C, 100 ◦C, and 52 ◦C respectively. Then, the aging cell 
was placed in a rolling preheated oven to the desired temperature and 
the drilling fluid was left to roll for a minimum of 16-h providing 
continuous mixing at a constant temperature (for all temperature levels 
considered). After aging, the cell was placed in a water bath to cool 
down and after cooling, the pressure inside the cell was released before 
attempting to unseal and opening the outer and inner cap of the aging 
cell to avoid injuries. Upon releasing the aged now drilling fluid, each 
suspension was tested for their pH value, detailed rheology by deter-
mining the Bingham plastic rheological parameters (plastic viscosity and 
yield point), the Herschel-Buckley rheological parameters (shear stress 
at zero shear rate, consistency index and flow behaviour index) and the 
gel strengths after 10 s and 10 min rest. Secondly, the filtration char-
acteristics of the aged suspensions were also determined with LPLT filter 
press (filtrate volume loss-ml at 30 min and filter cake thickness-mm). 
Finally, a detailed comparison was made between the unaged (deno-
ted as 20 ◦C) and aged drilling fluids for all temperature levels. 
Following the determination of field plastic viscosity, PV and yield 
point, YP the results are fitted in the Arrhenius equation (16) for the 
determination of the activation energy Ea and A is the frequency factor 
according to the methodology explained in section 2.3. 

3. Low rank coals treatment and drilling fluids preparation 

THE MATERIALS USED FOR THE BLENDING OF THE PROPOSED DRILLING FLUIDS WERE 

BENTONITE AND LOW-RANK COALS (LIGNITE AND LEONARDITE) BEING INVESTIGATED AS 

THINNING AGENTS. ALL THE AFOREMENTIONED MATERIALS ARE DOMESTIC GREEK 

PRODUCTS. THE BENTONITE USED IS A COMMERCIAL MINERAL UNDER THE NAME 

ZENITH® WHICH IS MINED AND TREATED INITIALLY BY S&B INDUSTRIAL MINERALS 

WHICH WAS LATER ACQUIRED BY IMERYS INDUSTRIAL MINERALS GREECE S.A FROM A 

QUARRY LOCATED AT THE ISLAND OF MILOS IN GREECE. BASED ON THE SPECIFICATIONS 

PROVIDED BY THE COMPANY AND DATA FROM OTHER RESEARCH WORKS (Kelessidis 
et al. 2007a, 2007b), THIS BENTONITE IS SODIUM ACTIVATED AND IS MAINLY 

COMPOSED OF MONTMORILLONITE WITH SOME TRACES OF CALCITE AND PLAGIOCLASE. 
FURTHERMORE, IT HAS A GRAIN SIZE DIAMETER OF LESS THAN 75 μM WHICH IS 

CLASSIFIED AS AN APPROPRIATE POWDER RAW MATERIAL FOR DRILLING FLUIDS PREPA-

RATION ACCORDING TO API (API-RP13B-1, 2020) AND WITH A PH RANGING 

FROM 8 TO 10. THE FOUR LOW-RANK COALS WERE OBTAINED FROM THE 

FLORINA-PTOLEMAIS-KOZANI LIGNITE BASIN IN WESTERN MACEDONIA (WM) 
PROVINCE, NORTHWEST (NW) GREECE. THE SAMPLES INCLUDE THREE TYPICAL MA-

TRIX LIGNITE FROM KARDIA (CODE-KA), MAVROPIGI (CODE-MA), AND NORTH FIELD 

MINES (CODE-NF), AS WELL AS ONE LEONARDITE FROM ACHLADA MINE (CODE-LE). 
THE LIGNITE SAMPLES WERE OBTAINED FROM THE SEAMS OF THE HIGHEST QUALITY AND 

HIGHEST CALORIFIC VALUE OF EACH MINE WHILE A REPRESENTATIVE SAMPLE WAS ALSO 

OBTAINED FROM THE SINGLE LEONARDITE BENCH IN ACHLADA LIGNITE MINE. 
Proximate analysis was performed on all candidate low-rank coals 

according to ASTM standard (ASTM-D3172-07, 2013). The (a) total 
moisture, (b) ash yield (%), (c) volatile matter yield, CO2 and sulphur 
contents (%) and (d) the calorific value, both net and gross were 
determined, after drying the samples at 45 ◦C, where they lost most of 
their moisture which was approximately 55%. Following the drying 
procedure, they were grounded to grain size diameter less than 75 μm, 
and they were further air-dried at 105 ◦C for two (2) hours to eliminate 
the rest of their moisture. By summing up the two moisture 

measurements after the 45 ◦C and 105 ◦C drying procedures the total 
moisture content of the samples is obtained. The ash yield was deter-
mined by heating the dried samples in a muffle furnace at 750 ◦C for four 
(4) hours. Volatile matter represents the percentage of volatile products 
(CO2 and SOx, Greek lignite present nearly zero NOx) of moisture vapor 
released during the heating of coal under controlled conditions (950 ±
25 ◦C). In Table 1, the results of the proximate analysis are presented. A 
mechanical treatment (milling) was performed to ground the grain size 
diameter to less than 75 μm (API-RP13B-1, 2020). The mechanical 
treatment was followed by a causticization procedure. Two different 
causticization methods namely with Organic Zinc Complex (OZC), a US 
patent originally proposed by Browning (1969), and with NaOH (Shen 
and Zhang, 2018), were used. 

The Organic Zinc Complex (OZC) causticization requires two stages. 
First, solubilisation of 82.7 gr of each coal sample in a caustic solution of 
6.6%w/v KOH 1M and 6.6%w/v NaOH 1M. Secondly, after allowing 
sufficient time to solubilise the coal samples in the caustic mix, 4.1 gr of 
zinc sulfate (ZnSO4 × 7H2O) was added, serving as a catalyst of the 
chemical reaction. The temperature of the compound was kept at 78 ±
2 ◦C to facilitate the reaction while at the same time ensure a fluid-phase 
state. After the zinc sulfate chemical reaction has been completed, the 
product was dried at 120 ◦C and then the low-rank coals were ready for 
use as drilling fluid additives. Another causticization method is a well- 
known chemical method involving the dissolution of the low-rank 
coals into an alkaline solution (usually NaOH or KOH) while 
providing/adding heat into the system. This procedure is essential for 
the successful and efficient release of the humic and fulvic acids content 
from the coal samples as well as to increase their solubility and control 
their pH values by making the drilling fluid alkaline. For the caustici-
zation with NaOH, 50 gr of each coal sample were mixed with 200 mL of 
0.3M NaOH solution. For the required heat by the procedure, coal 
samples were treated with the aforementioned caustic solution at a 
temperature of 80 ◦C for 2 h and then left to cool down to a temperature 
of 60 ◦C. 

All types of low-rank coals (lignite and leonardite) were subjected to 
one or two causticization procedures. To the authors’ knowledge, 
considering the fact that this is the first time domestic Greek leonardite 
from the mine of Achlada is investigated for its thinning properties in 
drilling fluids, it was considered important to investigate the perfor-
mance of the two different methods of causticization to examine their 
differences and their effects on the thinning properties of leonardite. 
Before used in the blending procedure, the causticized additives (final 
products) were again grounded to a grain size diameter of 75 μm and air- 
dried at 105 ◦C for two (2) hours to eliminate any remaining moisture 
and breakup any coagulants. Also, with ensuring that the particle size 
diameter of the causticized low-rank coals is comparable with the 
bentonite particle size diameter, a better homogeneous mixture is ob-
tained during blending. 

The drilling fluid blending was divided into two categories. The first 
category was the base fluid composed of 500 mL deionised water and 
6.42% w/w bentonite. The second category was the base fluid plus the 
addition of the causticized low-rank coals to the base fluid. Two groups 
of thinning drilling fluids were created, one group with lignite and 
another group with leonardite. The new shear thinning drilling fluid is 
composed of 500 mL deionised water +6.42% w/w bentonite +3% w/v 
of causticized low-rank coals (lignite or leonardite) to create the 
following rheological compounds: bentonite coded as BE and serves as 

Table 1 
Proximate analysis results of the domestic low-rank coals.  

Sample Lithotype Sample Location Total Moisture (%) Ash (%) CO2 (%) Gross Calorific Value (cal/gr) Net Calorific Value (cal/gr) S (%) 

МА Matrix lignite “Mavropigi” lignite mine 59.3 19 1.2 5045 1610 1.28 
NF Matrix lignite “Northern Field” lignite mine 56 21.1 0.8 4983 1760 2.06 
ΚА Matrix lignite “Kardia” lignite mine 60.2 18.1 1.5 5016 1553 1.27 
LE Leonardite “Achlada” mine 24.6 62.57 1.61 2146 1392 1.18  
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the base fluid, the lignite group of drilling fluids coded ZKA, ZMA, ZNF 
and the leonardite group of drilling fluids coded ZLE and CLE. The de-
cision for the addition of 3% w/v of low-rank coals (lignite/leonardite) 
in the drilling fluid is supported by former research works focusing on 
the examination of Greek lignite for their performance as drilling fluid 
thinner additives (Kelessidis et al. 2007a, 2007b, 2009). 

Finally, for comparison reasons, the experimental investigation 
commercial causticized lignite provided by Gumpro Drilling Fluids LTD 
is included as a reference thinning agent material and with the code 
CLIG. The necessary information regarding the proposed drilling fluid 
compounds is presented in Table 2. This information includes the code 
of the produced proposed drilling fluid, the thinning additive, the 
causticization method that it was chemically treated and their 
concentration. 

4. Analysis of the results 

4.1. Rheology 

For the characterization of the designed drilling fluids with lignite 
and leonardite as thinning agents, these were tested for their fluid 
rheology and their filtration properties. The tests for the rheology have 
been performed quite a few times to eliminate experimental errors. 

Figure (1) presents the rheological curves for the first group of 
drilling fluids prepared with lignite as the thinning agent, ZNF (Fig. 1a), 
ZMA (Fig. 1b), ZKA (Fig. 1c), and the commercial CLIG (Fig. 1d). The 
commercial CLIG drilling fluid is included for comparison with the 
drilling fluids prepared with domestic Greek lignite. Each rheological 
curve corresponds to a different aging temperature level 20, 52, 100, 
177 ◦C. 

The unaged drilling fluids correspond to ordinary conditions, NA: 
20 ◦C. By observing the produced rheological curves, it is seen that 
between θ300 and θ600 (the high shear rates) the curves present linear 
trend but with different slope dictating a change in the plastic viscosity 
PV with increasing the aging temperature. On the other hand, when the 
shear rates are between θ3and θ200, a non-linear behaviour is observed 
showing the importance of the low shear rates and that they cannot be 
neglected in the complete characterization of drilling fluid especially 
when shear-thinning behaviour is attempted to be determined. The most 
appropriate rheological model to describe this rheological behaviour is 
the Herschel-Buckley model. An important observation is that the 
addition of 3% lignite adopted in this work (Kelessidis et al. 2007a, 
2007b) as shear thinning agents appears to be effective in dynamic aging 
as well because the shear stresses predicted by the rheological curves of 
the produced drilling fluids are practically negligible (y-axis 
intercept-YP). To confirm that the findings are not influenced by slip-
page effects, tests were repeated with different mixtures and compared 
with other similar results (e.g Kelessidis et al., 2007a, 2007b, 2009) (see 

section 4.4). 
The unaged drilling fluid (see all NA: 20 ◦C curves) may conceal 

behind the scale of the figures and erroneously considered as straight 
lines starting from the origin, and in turn mistakenly considered a 
Newtonian fluid behaviour. As the dynamic aging procedure initiates, 
the drilling fluid progressively ages and shear stress begin to develop. 
The increasing plastic viscosity and shear stress development continues 
up to the aging temperature of AT:100 ◦C. The next aging temperature, 
which is the highest (AT:177 ◦C), pushes the drilling fluid to its limits 
and the rheological curves with codes ΖNF, ZMA and CLIG present 
degradation on the shear stress development and plastic viscosity. For 
the purposes of this work this behaviour will be termed as “drilling fluid 
failure” with the physical meaning that the drilling fluids lose the 
capability of creating shear stresses or in other words the YP tends or 
becomes zero if compared with other thermal aging temperatures. This 
drop in shear stress affects in turn the plastic viscosity. What is impor-
tant to note from figure 1c is that the rheological curve with code ΖKA, at 
the highest aging temperature (AT:177 ◦C), it maintains the created 
plastic viscosity and the shear stress development but becomes a straight 
line suggesting that the drilling fluid is best described by a Bingham 
plastic model. Therefore, with the aforementioned analysis it is also 
shown that the addition of lignite as shear thinning agent is effective in 
maintaining the designed yield stress and yield point of the drilling 
fluids even at high temperatures during dynamic aging and the designed 
drilling fluids at this specific concentration compare quite well with, or 
even perform better than, the commercial CLIG drilling fluid. A possible 
explanation for the created shear thinning behaviour of the drilling 
fluid, as suggested in the literature, is attributed to the organic material 
participating in the thinning procedure (humic/fulvic acids) which 
maintains at desired levels the yield point and the shear stress devel-
opment during dynamic thermal aging. To support this claim, the type of 
causticization method and the concentration of lignite used for this 
group of drilling fluids were the same, to the author’s knowledge, the 
only free parameter in the physical system responsible for the shear 
thinning behaviour are the humic/fulvic acids content which is of course 
a function of concentration. At this point it is reminded that no infor-
mation is available regarding the causticization method of the com-
mercial lignite CLIG to support further this claim. 

Thermodynamically, with increasing the aging temperature, it is 
expected that the drilling fluids progressively age and would thicken 
causing the increase of shear stress creation, plastic viscosity and yield- 
point. But the 3% lignite concentration releases large amount of humic/ 
fulvic acids making the fluid, according to design, thinner and the 
thickening behaviour of the aged drilling fluid is effectively avoided. 
Finally, according to this analysis, ZKA appears to be more suitable as 
shear thinning drilling fluid at high temperature wells by maintaining 
the capacity of low shear stresses and relatively low plastic viscosity 
without breaking down performing even better than the commercial 
CLIG. 

Figure 2a-d shows the outcome of the rheological curves for the 
second group of drilling fluids designed with leonardite as the thinning 
agent, ZLE (Fig. 2b), and CLE (Fig. 2c). To complete the comparison, a 
bentonite sample was also thermally tested as the low-density solid 
phase and distilled water as the fluid phase of the suspension with the 
code BE (Fig. 2a). This drilling fluid, unless stated otherwise, shall be 
called “the blank” from this point forward. The commercial CLIG 
(Fig. 2d) was included for comparisons. All drilling fluids containing 
leonardite were thermally aged at the same temperatures as the drilling 
fluids containing lignite, T= (20, 52, 100, 177) 0C. 

As in the previous group of drilling fluids (lignite as the shear- 
thinning agent), the addition of leonardite at 3% concentration, adop-
ted in this work (Kelessidis et al. 2007a, 2007b) appears to be as equally 
as effective in the shear thinning behaviour of the suspensions. The 
rheological curves corresponding to the unaged conditions NA: 20 ◦C are 
linear starting from the origin suggesting Newtonian fluid rheology 
except the pure bentonite case BE at 20 ◦C but with sufficiently low yield 

Table 2 
Proposed drilling fluids information. BE: plain bentonite; ZKA: organic zinc 
complex causticized lignite from Kardia; ZMA: organic zinc complex causticized 
lignite from Mavropigi; ZNF: organic zinc complex causticized lignite from 
North field mines; ZLE: organic zinc complex causticized leonardite from 
Achlada; CLE: sodium hydroxide causticized leonardite from Achlada; CLIG: 
Commercial lignite.  

Code Thinning 
Additive 

Causticization 
method 

Additive W/V 
(%) 

Bentonite W/ 
W (%) 

BE N/A N/A N/A 6.42 
ZKA KA lignite OZC 3 6.42 
ZMA MA lignite OZC 3 6.42 
ZNF NF lignite OZC 3 6.42 
ZLE LE leonardite OZC 3 6.42 
CLE LE leonardite NaOH 3 6.42 
CLIG Commercial 

lignite 
N/A 3 6.42  
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stress. By examining the produced rheological behaviour, it is also seen 
that for high shear rates (θ300-θ600) the curves present linear trend but 
with different slope showing the plastic viscosity PV dependence with 
aging temperature while for low shear rates (θ3θ200), the non-linear 
behaviour over the complete range of shear rates. From the shape of 
the curves, the most appropriate rheological model to describe this 
behaviour is once again the Herschel-Buckley model. 

The green curve depicted in figure 2a, corresponds to a special case 

of suspension (water and “activated” bentonite only) used in the present 
study as a laboratory reference. As stated by Kelessidis and Maglione 
(2006), when bentonite is mixed with water, it creates a very peculiar 
suspension. When heated and thermally aged, water may be “robbed” 
from the system directly influencing the shear stress and plastic vis-
cosity. At higher temperatures this effect becomes more pronounced. In 
Fig. 2, the drilling fluid systems with lignite and leonardite (b,c,d) 
effectively create the shear thinning behaviour and this is the reason 

Fig. 1. Thermal aging of lignite and comparisons with commercial fluid at various aging temperatures.  

Fig. 2. Thermal aging of leonardite and comparisons with commercial fluid at various aging temperatures.  
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why the shear stress and plastic viscosity drop. A closer look at figure 2a 
corresponding to the blank sample (pure bentonite drilling fluid) shows 
that with increasing the aging temperature from 20 ◦C to 100 ◦C the 
suspension becomes thicker and in the absence of shear-thinning agents 
like lignite and leonardite, the shear stress and plastic viscosity increase 
significantly because of the gelation forcing the rheological curve to 
behave as Bingham plastic. For the highest aging temperature 177 ◦C the 
bentonite suspension appears to fail. 

Examining the results for the two leonardite under the codes ZLE and 
CLE it is shown that they maintain their created properties (YP and PV) 
at low values even at the highest aging temperature considered. By 
comparing them with the commercial CLE (under the same 3% con-
centration) it appears that both maintain quite good YP and PV values 
even at the highest aging temperature. Therefore, the proposed sus-
pensions with codes ZLE and CLE with leonardite can be considered 
suitable for use as shear thinning drilling fluids at high temperature 
conditions without breaking down. From these results it is also inferred 
that the causticization method applied does not favour significantly the 
results other than presenting a small advantage the use of Organic Zinc 
Complex (OZC) recognized as a stronger causticization method. By 
comparing the two groups of drilling fluids designed for the purposes of 
this investigation, it appears that leonardite presents an advantage with 
respect to lignite irrespective with their causticization method. From the 
three different lignite samples considered, two of them (ZNF and ZMA) 
breakdown under high aging temperature. The same result is shown 
with the commercial lignite while both leonardites considered present 
resistance to high thermal aging temperatures. This may be explained 
partly from their high oxygen and inorganic content compared with the 
low of lignite. 

For completeness the tabulated results from applying the procedure 
explained in section 3.1 are shown in Table 3 which presents the 
determination of the rheological parameters: (1) shear stress at zero 
shear rate τ0, (2) consistency index Kand (3) flow behaviour index nafter 
fitting the experimental results to a Herschel-Buckley rheological model. 
The tabulated results intend to shed some light on how they are influ-
enced with thermal aging. The analysis is divided into the following 
groups: (a) The blank (BE), (b) the commercial (CLIG), (c) the lignite 
(ZNF, ZMA, ZKA), and (d) the Leonardite (ZLE, CLE). The shear stress at 
zero shear rate τ0 over the full aging temperature range for the group (a) 
falls between 0.22 and 7.53 Pa, for the group (b) between 0 and 1.72 Pa, 
for the group (c) between 0 and 2.36 Pa and for the group (d) between 
0 and 2.39 Pa. The blank sample (BE) develops 3–4 times higher shear 
stresses in the absence of shear-thinning agent. 

This observation is consistent with bentonite gelation after thermal 
aging. On the other hand, the lowest range of shear stresses is obtained 
with the commercial drilling fluid followed by the lignite and leonardite 
groups which are at the same magnitude proving their effectiveness on 
the shear thinning behaviour. The consistency index K over the full 
range of aging temperatures for group (a) is between (0.01–0.14) Pa. 
secn, for group (b) between (0.01–0.22) Pa.secn, for group (c) between 
(0–0.11) Pa.secn and for group (d) between (0.01–0.11) Pa.secn. From 
these results, it is showed that only small changes in consistency index 
are observed for all groups of drilling fluids. Finally, the flow behaviour 

index n for all aging temperatures considered for group (a) is between 
(0.6–1.04), for group (b) between (0.59–0.94), for group (c) between 
(0.78–1.12) and for group (d) between (0.68–0.89). The flow behaviour 
index increases with increasing the thermal aging temperature. 
Comparing the lignite with the leonardite group, the later behaves better 
as shear thinning agent in the drilling fluid. 

By examining the results presented in Table 3, no specific linear or 
non-linear correlation can be made for the Herschel-Buckley model 
parameters because the highest thermal aging temperature 177 ◦C and 
in combination of the 3% concentration of low rank coals as shear 
thinning agents appears to create problems to the rheological behaviour. 
However, it can be safely assumed that the considered group of lignite 
and leonardite has a similar positive stabilization effect on the designed 
shear thinning rheological behaviour with the latter being more bene-
ficial. According to Kelessidis et al. (2009), no direct correlation could 
be made as well between the Herschel-Buckley model parameters and 
the humic and fulvic acids, humins, CEC and surface area. This created a 
small discrepancy with Gavrilof et al. (1999) who claimed that a cor-
relation exists. Unfortunately, with the current analysis it was not 
possible to shed some light to this discrepancy because only one value of 
low rank coals concentration (3%) was examined. In future work, a wide 
range of concentrations will be examined in an attempt to help answer 
this open question. An important observation of this study is that the 
causticization methods applied: (a) according to Shen and Zhang (2018) 
with NaOH and (b) according to Browning (1969) with Organic Zinc 
Complex (OZC) with the latter considered much stronger causticization 
method, both appear to produce more stable shear thinning drilling 
fluids after dynamic thermal aging. However, much work is still needed 
until the proposed drilling fluids are promoted for commercial use. 

The Bingham-Plastic model parameters were also determined from 
the rheological analysis. According to API the Bingham-Plastic model 
fits better at field-conditions than the Herschel-Buckley owing to the fact 
that during drilling operations the shear rates encountered fall between 
θ300-θ600. However, this standard neglects the small range shear rates 
which are also important for the complete characterization of the dril-
ling fluids. The Bingham-Plastic model parameters are the plastic vis-
cosity, (PV) and the yield point, (YP). Plastic viscosity, describes that 
part of the flow resistance of a drilling fluid mainly produced by the 
friction of the suspended particles and by the viscosity of the liquid 
phase while the yield point evaluates the ability of a drilling fluid to lift 
cuttings out of the annulus. 

Figure (3) presents the comparisons of the PV (Fig. 3a) and the YP 
(Fig. 3b) for the drilling fluids with leonardite while the PV and the YP 
for the drilling fluids with lignite are shown in figures (3c & 3d) 
respectively. Each bar corresponds to a different temperature level while 
each group of 4 bars forms the thermal aging analysis of a specific 
drilling fluid (e.g. BE for bentonite). Understanding the effect of low- 
rank coal addition on the yield point and plastic viscosity of the dril-
ling fluid is rather a complicated mechanism possibly requiring further 
experimentation because it is a strong function of concentration. How-
ever, the findings of this work serve as the first step towards this task. 
From the tests performed, in general, the plastic viscosity appears to 
increase with increasing the aging temperature. More specifically, the 

Table 3 
Rheological parameters τ0, Κ and n.  

Temperature 20 ◦C 52 ◦C 100 ◦C 177 ◦C 

Sample t0 (Pa) K (Pa.secn) n (− ) t0 (Pa) K (Pa.secn) n (− ) t0 (Pa) K (Pa.secn) n (− ) t0 (Pa) K (Pa.secn) n (− ) 

BE 0.22 0.05 0.69 4.12 0.08 0.75 7.53 0.01 1.04 4.15 0.14 0.6 
CLE 0 0.02 0.78 0 0.04 0.79 0.22 0.11 0.74 2.94 0.08 0.71 
ZLE 0 0.01 0.89 0 0.02 0.88 0.38 0.1 0.68 1.88 0.06 0.81 
CLIG 0.03 0.01 0.94 0.35 0.22 0.59 1.72 0.07 0.79 0 0.09 0.73 
ZNF 0.18 0.02 0.78 0 0.02 0.89 0.23 0.11 0.73 0.27 0.06 0.72 
ZKA 0.13 0 1.12 0 0.03 0.83 0.03 0.05 0.78 2.36 0.03 0.86 
ZMA 0.13 0 1.09 0 0.03 0.8 0 0.07 0.79 0.75 0.03 0.82  
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blank drilling fluid (BE) composed only with bentonite presents the 
maximum plastic viscosity at the aging temperature of AT: 52 ◦C and 
then decreases with higher aging temperatures. An exception appears to 
be the drilling fluid with code ZLE which at the highest temperature 
presents a sharp decrease possibly associated with fluid failure. On the 
other hand, the same drilling fluids present an increase in their yield 
point with increasing the aging temperature. As expected, the highest 
yield point is presented in the blank sample (BE) while all other drilling 
fluids (ZLE, CLE & the commercial CLIG) have smaller values showing 
the effectiveness of the designed shear thinning behaviour. The afore-
mentioned observations show that with increasing the aging tempera-
ture the drilling fluids progressively age but at the same time maintain 
their drilling fluid properties PV and YP making them suitable for high 
temperature wells. 

An important observation is that the commercial CLIG drilling fluid 
presents excellent plastic viscosity properties at high shear rates while 
its yield point drops at the highest aging temperature considered. Same 
observations are also reported for the second group of drilling fluids 
with lignite. Same conclusions can be drawn as with the case of leo-
nardite. Increase of plastic viscosity and yield point with increasing 
aging temperature. Interestingly, the yield points of the proposed dril-
ling fluids with lignite are lower that the commercial CLIG. At this point 
it is important to note that the drilling fluids with codes ZLE and ZKA 
present continues increase in plastic viscosity and yield point at all aging 
temperatures tested. Furthermore, both designed drilling fluids present 
very similar behaviour with the commercial one suggesting suitability 
for use at high temperature wells. 

Kelessidis et al. (2009) reported that drilling fluids containing lignite 
as shear thinning agents when thermally aged and processed there is no 
effect on their plastic viscosity with the addition of further lignite. In 
that work, they tested under static thermal aging conditions two 
different concentrations of lignite (0.5% and 3%) in an attempt to 
correlate the humic/fulvic acids, humins, CEC and surface area with the 
rheological parameters of their proposed drilling fluids. From the 
knowledge obtained from this work, the statement is weak and merits 
attention. The rheological parameters of all models presented (Her-
schel-Buckley and Bingham-Plastic) are a strong function of concentra-
tion. With increasing the aging temperature under dynamic conditions, 
the plastic viscosity is influenced. Therefore, with increasing or perhaps 
decreasing the concentration of low rank coals in the drilling fluids it 
would be expected to see influence on the plastic viscosity. The main 
difference in the thermal aging tests performed is that in the work of 

Kelessidis et al. (2009) the test is performed under static conditions 
while in this work is dynamic. 

For the complete rheological characterization, it is important to 
present results for the gel-strength (10sec and 10m) of the two groups of 
drilling fluids created with leonardite and lignite as shear thinning 
agents. The gel strength is a measure of the ability of a colloidal sus-
pension to form a gel while resting. This property of drilling fluid is 
significant for drilling hydraulics calculations but also presents an un-
derstanding if the created gels will be able to suspend the cuttings in the 
well when drilling operation stops either when a stand is “running-in” or 
is “running-out” represented by the 10 s gel strength and when a new 
stand is made up represented by the 10 min gel strength. Fig. 4a & b 
present the gel strength for 10 s and 10 min respectively, for the pro-
posed drilling fluid with leonardite while Fig. 4c & d present the gel 
strength for 10 s and 10 min for the drilling fluid with lignite. Each bar 
corresponds to a different temperature level and each group of 4 bars 
describes a specific drilling fluid. 

Observing the blank drilling fluid (BE: bentonite only) for the 10 s 
and the 10 min gel strength it is evident that significant gelation is ob-
tained showing the high gel potential in the absence of shear thinning 
additives. It is important to note that even though both gel strengths (10 
s & 10 min) are high, the obtained gel strength (gelation potential) for 
the BE decreases with increasing the aging temperature. This is most 
probably attributed to the thermodynamics of the test which require 
pressurizing significantly the drilling fluid with an inert gas (as a func-
tion of aging temperature) in order to avoid evaporating the fluid-phase 
of the suspension and become solid. The commercial fluid CLIG appears 
to present some inconsistencies at the 10 s gel strength at the highest 
aging temperature (AT: 177 ◦C). However, this may be attributed to 
some experimental error rather than a result with a physical meaning. 
The proposed fluids with leonardite (ZLE & CLE), present sharp increase 
with increasing aging temperature showing high potential for gelation 
even at the relatively high concentration (3%) considered. At this point 
it is important to note that the proposed drilling fluids with leonardite 
compare quite well with the commercial CLIG except for CLE at the 
highest aging temperature (AT: 177 ◦C). At any rate, the relatively high 
gel potential of (BE) for both gel strengths is significantly lowered with 
the addition of leonardite. 

The second group of drilling fluids with lignite, as expected, also 
present lower values than the blank sample (BE). The performance with 
respect to both strengths (10 s & 10 min) compares with the commercial 
CLIG (especially at 10 s gel strength) except for ZKA at the highest aging 

Fig. 3. Comparisons of plastic viscosity (PV) and yield point (YP) of thermally aged lignite and leonardite.  
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temperature and the CLIG at (AT: 100 ◦C). As explained earlier these 
results may be attributed to some experimental errors and these minor 
discrepancies alone are not sufficient for disqualifying the proposed 
drilling fluids for use at high aging temperatures especially when they 
perform similarly to the commercial. 

An attempt to explain this behaviour may be attributed to the 
causticization methods used to prepare the shear-thinning additives. 
The CLE drilling fluid belongs to the group of fluids with leonardite 
causticized with NaOH and presents high gel potential in both strengths 
(10 s & 10 min). On the other hand, the ZLE drilling fluid, which con-
tains leonardite and which was causticized with OZC method, shows 
some resistance to gelation. Since the only degree of freedom is the 
causticization method, this may suggest an improved performance of the 
proposed drilling fluids when the additives (low rank coals) are pre-
pared with the OZC method. The ZNF and ZKA which fall in the group of 
drilling fluids with lignite, appear to perform quite well in presenting 
low gel potential in both gel strength tested. Therefore, any low rank 
coal used (leonardite or lignite) presents considerable reduction of gel 
potential. 

To complete the rheological discussion, the pH values of the pro-
posed drilling fluids with leonardite and lignite after dynamic thermal 
aging are resented because pH is an important parameter for good 
quality drilling fluid. The pH level serves also as a measure of how much 
more drilling additive will be needed to achieve a desired viscosity of the 
drilling fluid. Low pH level requires caustic soda or ash to increase it 

while high pH requires sodium bicarbonate to lower it. The range of a 
well-conditioned drilling fluid is between 8.5 and 11.5. 

Fig. 5 presents the measurements of the pH for the groups of drilling 
fluids containing leonardite (Fig. 5a) and lignite (Fig. 5b) as thinning 
agents. With presenting the results in this way, the temperature is the 
only degree of freedom. By examining Fig. 5a & b, it is evident that pH 
values decrease with increasing the aging temperature for both groups of 
drilling fluids and also with the same rate. An important observation is 
that the commercial CLIG presents the highest resistance to pH reduc-
tion at all temperature levels considered. All proposed drilling fluids 
from both groups behave similarly and compare quite well with the 
commercial one. This pH decrease may be explained geochemically. It 
has been reported in Kelessidis et al. (2007a, 2007b) that fulvic acids are 
soluble in water-based suspensions at all pH levels but do not absorb on 
sodium-montmorillonite particles. On the other hand, humic/fulvic 
acids present pH-dependent adsorption on sodium-montmorillonite 
either (a) on the smectite particle edges or (b) adsorb on the smectite 
faces. With increasing the temperature of the test, either the electrostatic 
stabilization of (a) or the breaking down of the hydrophobic interaction 
of (b), lowers considerably the pH as a direct result of cation exchange 
capacity stemming from the dynamic thermal aging. At this point of 
research, it cannot be determined nor claimed that any specific 
component constituting the low rank coals like humic and fulvic acids, 
humins or any other is responsible for the lowering of the pH other than 
assuming that all have their contribution. Thermodynamically, each 

Fig. 4. Gel strength (10 s) and (10 min) for thermally aged lignite and leonardite.  

Fig. 5. pH for thermally aged lignite and leonardite.  
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time the temperature level rises, molecular vibrations increase in the 
water-based system causing the drilling fluids constituents to ionise 
accelerating any interactions with the result of decreasing the pH in both 
groups of drilling fluids. 

4.2. Filtration control 

In the attempt to obtain a complete understanding of the proposed 
drilling fluids with low rank coals as shear thinning agents the filtration 
properties with low pressure and low temperature LPLT filter press were 
also studied. The physics of the experiment were explained in section 
3.2. The outcomes from this test are indicative of the rate at which 
permeable formations are sealed by the deposition of a mud-cake after 
being penetrated by the drill bit. Figure (6) shows the results from the 
LPLT filter press for both groups of drilling fluids with leonardite and 
lignite. Specifically, figure 6a presents the 30 min filtrate loss (in mL) of 
the drilling fluids containing leonardite, while the resulting filter cake 
build-up (thickness-mm) on the filter paper is shown in figure 6b. The 
same holds for the drilling fluids with lignite in figure (6c& 6d) 
respectively. 

As in the previous figures, each bar forms a comparison for a specific 
drilling fluid in the bar charts corresponds to a different temperature 
level. According to the API standards, a drilling fluid qualifies if the fluid 
losses in 30 min are lower than 15 ml (depicted with a horizontal 
continuous line on Fig. 6a & c). By examining blank (BE) in figure 6a, it 
is seen that after dynamically aging, it seems that it does not fulfil the 
requirements for any of the aging temperatures. 

The commercial CLIG satisfies the requirement of 15 ml fluid loss for 
all aging temperatures considered. The other two groups of drilling 
fluids with leonardite seem to be around the limit of the API standard. 
Specifically, the drilling fluid with code ZLE (causticized with OZC 
method) qualifies for the aging temperatures 20 ◦C & 52 ◦C but pre-
cludes the aging temperatures of 100 ◦C & 177 ◦C. The other drilling 
fluid with code CLE (causticized with NAOH) qualifies for all aging 
temperatures except the highest 177 ◦C. The resulting filter cakes for the 
blank drilling fluid (BE) and for all aging temperatures, interestingly 
they are the same and 4 mm in thickness despite the fact that with 
increasing the aging temperature more filtrate is collected during 
testing. The commercial CLIG creates a cake thickness lower than 3 mm 
for all aging temperatures. The drilling fluids with codes ZLE and CLE 
create a cake thickness around 3 mm except from the highest aging 
temperature (177 ◦C) which create thick filter cakes (6–7 mm). 

The filtration control performance of the other group of drilling 
fluids with lignite is shown in figures (6c & 6d). As expected, the pro-
posed drilling fluids with lignite compare quite well or perhaps in some 
aging temperatures better with the filtration performance of the com-
mercial CLIG. However, for the highest aging temperature 177 ◦C the 
filtrate loss does not satisfy the requirement of API. In general, from the 
volume of filtrate collected at the highest aging temperature 177 ◦C it 
seems that an upper bound of thermal aging was obtained where the 
drilling fluid filtration control performance deteriorates. The filter cake 
thicknesses for this group of fluids with leonardite, are within acceptable 
limits less than 3 mm. In some aging temperature cases the filter cake 
thickness of the proposed drilling fluids is around 2 mm and equally 
perform as the commercial CLIG. As expected, after thermal aging at the 
highest aging temperature 177 ◦C the created filter cakes are opera-
tionally unacceptable with values 7–8 mm in thickness. From the 
experimental analysis of filtration control, the use of various lignite and 
leonardite produced very good results. However, it seems that the group 
of fluids with lignite performs better in filtration control as compared 
with the group of fluids with leonardite. 

According to Gavrilof et al. (1999) the good performance of low rank 
coals and specifically of lignite can be attributed to the humic/fulvic 
acids content. Working on that assumption, Kelessidis et al. (2009) 
showed a weak inverse but linear relationship between the humic and 
fulvic acids of high concentration lignite (3%) and the API loss re-
quirements. Clearly, this finding may be considered valid for drilling 
fluids with leonardite but more geochemical investigation is needed to 
reach such a conclusion which is left as future work. In general, matrix 
lignite and leonardite contain high concentration of humic/fulvic acids, 
they have low resin content, and present low sulphur content. Their 
difference is on the higher oxygen content that leonardite contains, and 
they are rich in inorganic constituent like ash (62%). Such characteris-
tics may be a solid reason for an appropriate filtration control. However, 
these two differences (high oxygen content and ash yield) between the 
two groups of drilling fluids are not sufficient to attempt a correlation 
between these low rank coals and their resulting filtration control in 
drilling fluids. Of course, all drilling fluids with lignite and leonardite at 
low aging temperature yielded fluid loss values less than 15 ml. With 
increasing the aging temperature in the dynamic tests, progressively 
deteriorates the drilling fluids filtration properties and eventually 
filtrate losses slip out from the specification limits. From the current 
analysis, it does not seem to exist a direct correlation between the 
causticization method used to prepare the drilling fluids additives and 

Fig. 6. Fluid losses and filter cake thickness for thermally aged lignite and leonardite.  
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the fluid loss properties. 

4.3. Temperature effects of dynamic aging 

The temperature effects on dynamic aging involve the study of the 
plastic viscosity yield point change with respect to the aging tempera-
ture which is highly useful for understanding the thermodynamic 
behaviour of the proposed drilling fluids with low-rank coals. 

The details of the underlying theory were presented in section 3.3 
and here the outcomes of the analysis are just presented. Fig. 7a & b 
show the results from the determination of the frequency factor A 
(Lmol− 1sec− 1) and the activation enthalpy EA (kJ/mol) specifically for 
the plastic viscosity change for drilling fluids with leonardite while 
Fig. 7c & d show the results for the drilling fluids with lignite as shear 
thinning agent. 

The determination was performed with the aging temperatures of 20, 
52, 100, 177 ◦C. It is to the authors’ knowledge that more temperature 
points would definitely improve the values determined but for the 
purposes of this analysis it is considered adequate to reach an under-
standing of the effect. A view of Fig. 7a it is seen that a higher frequency 
factor (around 1.6 Lmol− 1sec− 1) is predicted for the blank (BE) 
compared with the other drilling fluids in the group. On the other hand, 
the commercial CLIG is very low (around 0.05 Lmol− 1sec− 1). The dril-
ling fluid with code ZLE is comparable with the blank while the drilling 
fluid with code CLE is just above the commercial with about 0.4 
Lmol− 1sec− 1. Fig. 7b shows that the blank (BE) requires high activation 
energy (around 15 kJ/mol). The commercial CLIG requires the least 
activation energy (about 6 kJ/mol). Finally, the remaining drilling fluids 
with leonardite (ZLE and CLE) require 2–2.5 times the activation energy 
of the commercial (between 11 and 15 kJ/mol). The frequency factor 
and the activation energy for the drilling fluids with lignite present an 
entirely different behaviour. 

The drilling fluids with codes ZNF and ZMA compare quite well with 
the commercial CLIG in both thermodynamic parameters except with 
the drilling fluid with code ZKA which requires considerably higher 
frequency factor and activation energy. From the analysis performed it is 
understood that significant energy is required to change the plastic 
viscosity of the group of fluids with leonardite as compared with the 
group of fluids with lignite. 

Fig. 8a & b show the frequency factor A (Lmol− 1sec− 1) and the 
activation enthalpy EA (kJ/mol) respectively for the yield point change 

of the group of drilling fluids with leonardite while Fig. 8c & d for the 
group of drilling fluids with lignite. Examining Fig. 8a, as expected 
higher frequency factor and out of proportion is predicted for the blank 
(BE) as compared with the other drilling fluids in the group. The com-
mercial CLIG is low and the other two drilling fluids with codes ZLE and 
CLE are comparable with the commercial CLIG. Fig. 8b shows that the 
blank (BE) requires high activation energy (around 27 kJ/mol). Inter-
estingly, the commercial CLIG requires considerable activation energy 
(about 16 kJ/mol). Concluding, the rest drilling fluids with leonardite 
require activation energy in the range of 12–20 kJ/mol. As expected, the 
second group of drilling fluids containing lignite present significant 
differences. All drilling fluids with codes ZNF, ZMA and ZKA require less 
value for the frequency factor and the activation energy when compared 
with the commercial CLIG. 

From the above discussion, it is seen that a certain amount of energy 
is required to change the yield point of the group of fluids with leo-
nardite as compared with the group of fluids with lignite. In general, it 
seems that considerable energy is required to change both the plastic 
viscosity and the yield point of the drilling fluids with both low-rank 
coals. Comparing the magnitude of the values with Vryzas et al. 
(2017) surprisingly, they compare with the frequency factor and acti-
vation energy of that of water. This comparison leads to the conclusion 
that the addition of 3% concentration of low-rank coals as shear thinning 
agents used in this work is sufficient to maintain the liquefying effect of 
the low rank coals which in turn explains also the reduced shear strength 
and yield point created after dynamic thermal aging. This observation is 
also consistent with Vryzas et al. (2017). 

4.4. Comparison of experimental results with other research works 

An important part of this research work is the comparison of the 
experimental results with similarly published experimental works. 
Figure (9) shows one of these comparisons for the rheological curves 
between this research work and the experiments presented in Kelessidis 
et al. (2009). In that work, static thermal aging of drilling fluids with 
lignite from various locations in Greece was presented. To have a 
comparable set of data for the rheological parameters, the selected re-
sults from Kelessidis et al. (2009) that were as close as possible to this 
work sampling locations. With that assumption in mind, the selected 
data are from the rheological curves of ZA + MT3 (shown with circle 
marker) where the origin is from Macedonia and with a lithotype of 

Fig. 7. The thermodynamic dependence of plastic viscosity as a function of temperature.  
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matrix lignite. The other sample, ZA + MT6 (shown with square marker) 
has its origin from Thrace and with a lithotype of matrix lignite however 
rich in clay. The difference between these comparisons is that the work 
presented in Kelessidis et al. (2009) stems from static thermal aging 
whereas in the present research work the results are from the dynamic 
thermal aging. This however can provide interesting comparisons be-
tween static and dynamic thermal aging if all other parameters are the 
same or similar. The comparison is made for the highest aging temper-
ature, AT: 177 ◦C. 

From the comparison made, it is seen that the proposed drilling fluids 

of this work present lower plastic viscosity but comparable yield points 
with the work of Kelessidis et al. (2009). The experimental data of this 
work and Kelessidis et al. (2009) best fit the Herschel-Buckley rheo-
logical model. One possible explanation of the observed differences may 
be the type of thermal aging test used or the samples could be from a 
significantly different lithotype. In general, they behave quite similarly. 

A comparison for the plastic viscosity in figure 10a and the yield 
point in figure 10b at the highest aging temperature, AT: 177 ◦C, is 
presented. Results are obtained from the combined work of Kelessidis 
et al. (2007a, 2007b, 2009). The results also include the drilling fluid 
that was prepared with the commercial CLIG. From figure 10a it is seen 
that the plastic viscosity between the proposed drilling fluids with 
lignite and the fluids proposed by the combined work of Kelessidis et al. 
(2007a, 2007b, 2009). compare quite well showing the liquefying effect 
of lignite as drilling fluid additives. Interestingly, the commercial CLIG 
presents higher plastic viscosity values but comparable with the MT6. 
On the other hand, by comparing the yield points of the proposed dril-
ling fluids and the results from Kelessidis et al. (2007a, 2007b, 2009) it is 
seen that a variation ranging from 1 to 4 Pa exists. However, this dif-
ference in the yield point magnitude in terms of experimental findings 
can be considered acceptable having in mind that the type of thermal 
aging test used was different and the samples may have been from a 
significantly different lithotype which no further information is 
available. 

Finally, in figure (11) the comparison for the tests performed for fluid 
loss control are presented. The comparison is made between the results 
obtained from this research work and the published results of Kelessidis 

Fig. 8. The thermodynamic dependence of yield point as a function of temperature.  

Fig. 9. Rheological curves of the ZKA, ZNF and ZMA drilling fluids along with 
these obtained from Kelessidis et al. (2009) at 177 ◦C aging temperature. Shear 
thinning drilling fluid containing 3% lignite. 

Fig. 10. PV and YP results from this study compared with the reference Kelessidis et al. (2007a, 2007b, 2009) at 177 ◦C aging temperature.  
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et al. (2007a, 2007b, 2009). Therefore, the comparison is restricted to 
the 30 min filtrate loss (in ml). The comparison is made, as in the pre-
vious cases, for the highest aging temperature AT: 177 ◦C since the re-
ported results of Kelessidis et al. (2007a, 2007b, 2009). are for that aging 
temperature. Results from the commercial CLIG are also included. 

From figure (11) it is evident that there is no comparison. The 
filtration control results from the published works of Kelessidis et al. 
(2007a, 2007b, 2009) and the commercial CLIG used in this work 
compare quite well in terms of filtrate losses and are below the 15 ml 
threshold stipulated by the API standards (depicted with a continuous 
line on Fig. 11). 

The proposed drilling fluids containing lignite of this work, as 
explained earlier, were pushed to their limits with the dynamic thermal 
aging testing and it appears that under the highest aging temperature 
AT: 177 ◦C the fluids slip out of the specifications of 15 ml. These results 
are reported merely to expose the fact that an upper bound of thermal 
temperature was found where the currently proposed drilling fluids 
begin to deteriorate or in other words, an upper thermal bound is pre-
sented in which the drilling fluids lose their design purpose. 

5. Conclusions 

From the analysis performed the following conclusions can be 
summarized:  

• After dynamic thermal aging the rheology of both groups of drilling 
fluids with low rank coals (leonardite and lignite) appears to 
compare quite well with the Herschel-Buckley model over the entire 
range of shear rates and for all temperature levels.  

• The process of dynamic thermal aging thickens considerably the 
drilling fluids and as a result it affects the yield stress at zero shear 
rates, the consistency index and the flow behaviour index of the 
Herschel-Buckley model. On the other hand, the thickening effect 
affects the yield point and plastic viscosity of the Bingham-Plastic 
model describing the behaviour at high shear rates only. Analysis 
of both models is required to fully characterize the proposed drilling 
fluids with low rank coals.  

• A comparison between the unaged and aged drilling fluids with 
lignite and leonardite shows reduction of yield stress with interme-
diate aging temperatures and gradually builds up as the aging tem-
perature increases. Nevertheless, the created yield stress remains at 
low levels compared to a fluid without shear thinning agents.  

• Despite their geochemical differences, both low rank coals used as 
shear thinning agents stabilize and improve the drilling fluids 
rheological and filtration control properties, after dynamic thermal 
aging, for the concentration considered (3% addition). A possible 
explanation is that the low rank coals prohibit the bentonite particles 

to create coagulants thereby maintaining good stabilization. How-
ever, as the temperature of thermal aging increases, gelation effect 
begins to become important and that is most probably why they 
behave similarly.  

• High temperature dynamic aging deteriorates significantly the 
rheological and filtration control parameters as shown in the anal-
ysis. It appears that an upper thermal bound was found which the 
drilling fluids lose their design purpose.  

• Both causticization methods used appear to stabilize the rheological 
parameters but no direct relationship was observed with respect to 
which method creates better results. Geochemically speaking, both 
methods appear to produce similar results with respect to rheological 
parameters and filtration control properties.  

• Some proposed drilling fluids with low rank coals performed equally 
or even better that the commercial in terms of rheological parame-
ters and fluid loss control.  

• Considerable energy is required to change both the plastic viscosity 
and the yield point of the proposed drilling fluids with both low rank 
coals. The magnitude of this energy compares with the frequency 
factor and activation energy of that of water thereby confirming that 
the 3% concentration of low rank coals as shear thinning agents is 
sufficient to maintain the desired liquefying effect to avoid gelation 
and maintain low shear strength and yield point after dynamic 
thermal aging. 
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