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ABSTRACT: Three hematite grades with different particle sizes
(i.e., large, medium, and small) were evaluated, and the selection
criterion was median particle size. The investigation involves the
following stages: rheology, filtration, and filter cake formation.
Different rheological models including Bingham, Power law,
Herschel−Bulkley, and Robertson−Stiff were implemented to find
the optimum model for characterizing fluid behavior. The results
showed that medium-sized hematite particles produced the highest
filtration volume, filter cake thickness, and filter cake permeability.
These results were confirmed when a varied pore distribution
filtration medium was used. The NMR results showed the same
trend where the highest reduction in core porosity was found when a
medium-size particle distribution was used. There is a minimum
alteration in the rheological behavior of the drilling fluid as the particle size was varied, and the drilling fluids showed a shear-
thinning behavior and were best described by the Herschel−Bulkley model. Particle size ratio emerges as a key factor for controlling
and enhancing the filtration properties and filter cake characteristics.

1. INTRODUCTION
Hematite is one of the common earth iron minerals (α-Fe2O3)
that is found abundantly in several places around the globe,
particularly in high-grade hematite iron deposits located in
Brazil, South Africa, and India. The formation process of this
mineral is explained by various theories, such as diagenetic,
deep-seated hydrothermal, and supergene processes.1−3

Hematite possesses many distinctive features, including high
stability, environmental friendliness, preferential bandgap
structures, high theoretical capacities, and cost-effectiveness.
Due to its unique characteristics, hematite has become a
promising addition to numerous applications including carbon
capture/storage, solar photoelectrochemical (PEC) cells,
photoelectrochemical water splitting, and photocatalytic,
among others.4−10 With its high specific weight, hematite
also serves as an excellent weighting material for drilling and
cementing operations in the oil and gas industry.11

Scharf and Watts (1984) were among the first to report the
usage of hematite (also called Itabirite) as a weighting material
for oil-based mud.12 They used it to formulate high-density
mud (i.e., 18 ppg) and compared its performance with Barite
drilling fluid. The results showed that hematite had lower
rheology and electrical stability compared with Barite mud.
The higher abrasiveness of hematite compared with Barite was
a shortcoming, but the hematite improved the penetration rate
that reflected positively on the economic aspect of drilling
operation. Tovar et al. tested hematite natural deposits in

Venezuela, and all the tests’ results confirmed the previous
conclusion on both laboratory and field scales with an
additional benefit of hematite causing less formation damage
and lower environmental impact. The abrasiveness was higher
than Barite but did not have a huge impact on the conducted
field trials.13 Fadl et al. used delaminated iron ore (hematite-
Barite) as a weighting material and investigated its perform-
ance on density, fluid loss, filter cake, stability, and rheological
properties.14 The delaminated iron ore consists mainly of
Fe2O3 and BaO (i.e., 69.76 and 14.17%, respectively), and it
has a specific gravity equal to 4.67. They tested the
delaminated iron ore at an extensive range of density (9.6−
18.7 ppg) and temperature (ambient to 180 °F). The results
demonstrated the potential of iron ore as a weighting material,
as it gave an acceptable result in comparison to Barite mud
with respect to filtration loss, filter cake thickness, and stability.
However, the yield point and gel strength showed higher
values, which might negatively affect the operations, but this
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depends on the density and can be remedied by use of an
additive or by mixing with Barite as a weighting material.
The abrasiveness of hematite can cause gradual erosion to

different parts of the surface equipment. Quercia et al.
investigated four different particle size distributions (PSD) of
hematite samples and contrasted the result with commercial
Barite samples.15 They used the statistical parameter D90 as the
base for the comparison, and they used these samples to form
an oil-based drilling fluid with a density of 1977.1 kg/m3 (i.e.,
∼16.5 ppg). They tested these samples in erosion tests using a
test loop at different angles, and the assessment of the wear was
performed using weight loss and laser profilometry. The results
showed that there is an ability to minimize erosion rate by
controlling the particle size distribution of hematite. Particle
sizes at D90 (38 μm) resulted in an erosion equal to the Barite
erosion profile, while a field trial was successful when a D90
value of 30 μm was utilized. Tehrani et al. performed an
extensive study comparing the performance of ilmenite and
hematite with API Barite grade.16 They formulate two based
muds (i.e., water and oil-based) using these weighting
materials, and they investigate relative abrasiveness, magnetic
feature, and the various size grades impact on the rheology,
fluid loss, and stability of the mud. Their results showed that
hematite and ilmenite can give excellent performance that is
close to and sometimes even better than Barite when it comes
to rheology and fluid loss at the right range of PSD. Both
ilmenite and hematite exhibited a higher tendency to sag under
static and dynamic conditions with high abrasiveness, the
recommended size to minimize these issues and have good
drilling properties is D95 of 25 μm. The PSD of the solids may
change during the mud circulation process (degradation) due
to friction with various tools, and this may induce a loss of
circulation and formation damage. Kang et al. examined the
factors that impact the degradation of calcium carbonate
particles. They used the changes in D90 as the evaluation
criterion.17 They found that the highest impact factors are
rotation speed, shear time, and initial particle size, while other
factors such as salinity, temperature, pH, and concentration

have minimum effects. Furthermore, they established a critical
particle size (i.e., D90 equals 15−20 μm), beyond which there
is no further degradation. Consequently, it is imperative to
conduct a more systematic analysis of how particle size impacts
drilling fluid performance. This entails examining a broader
range of Particle Size Distributions (PSDs) and understanding
their effects on the properties of drilling fluids.
In this study, we explored a broad spectrum of hematite

particle size distributions to determine their effect on drilling
fluid performance. A variety of tests and equipment were
employed to characterize the different hematite particles and
assess their performance. Furthermore, two types of filtration
media were used to investigate how these hematite particle
sizes functioned within different porous media.

2. METHODOLOGY
This section describes the methodology implemented in this
study, which is divided into two key areas: preparation of the
drilling fluid and evaluation of its properties. The first part
addresses the selection and characterization of materials
including hematite and drilling fluid formulations. The second
part details the equipment and experimental procedures used
to assess the properties of the drilling fluid.
2.1. Drilling Fluid Preparation. 2.1.1. Preparation and

Characterization of Hematite Samples. Since the focus of
this work is mainly on the particle size distribution, great effort
was made in the preparation and characterization of the
hematite particles. This involved several stages to ensure that
they have various particle grades. Initially, the hematite raw
sample was collected and examined using scanning electron
microscopy (SEM), X-ray fluorescence (XRF) analysis, X-ray
diffraction (XRD) analysis, densitometer, and particle size
analyzer to determine the shape, material composition, mineral
composition, density, and particle size distribution, respec-
tively. The SEM results showed that the hematite particle has
an irregular shape and consists mainly of iron (Fe), which
represents 96%, and the remaining 4% are traces of aluminum
and silicon. The XRD confirmed that the sample mineralogy is

Figure 1. Mechanism of changing the particle size on the laboratory and field scales.
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100% hematite, and the densitometer result showed a specific
gravity equal to ∼4.9 for hematite particles. The PSD analyzer
showed the raw hematite had a wide range, the three main
percentiles of particle D10, D50, and D90 are equal to 12, 212,
and 542 μm, respectively. Hence, to obtain acceptable
hematite grades, an iterative series of experiments were
performed that included ball milling and sieve analysis to
change the size and then PSD analysis and SEM to evaluate the
sizes.
Hematite particles are known to have high hardness in

comparison to Barite. It has a value of 5−6 on the Mohr scale
and almost 886 on the Vickers hardness scale.15 The ball
milling process confirmed this, as it was quite strenuous to
change the PSD of hematite particles. This can be considered
an advantage since it limits the degradation of the hematite
particles. Many machine runs were performed to change the
particle size, and several of them failed to change the PSD.
From another angle, this indicates that the degradation of the
hematite particles during the circulation of the mud is less
likely. It depends on many factors including the rheological
properties, density (i.e., solid concentration), and the flow
regime.15,18 The degradation phenomenon occurs during the
circulation process, which is mimicked in the laboratory by the
ball milling machine process as shown in Figure 1.
The middle percentile (i.e., D50) was used to determine the

grades in this work. Initially, the hematite sample was milled
for 30 min, and then, a sieve analysis was performed for
different sizes. Afterward, different samples were collected and
a PSD analyzer was utilized to assess the new distribution. If
the target distribution was not achieved, then the process was
repeated. Whenever a new particle size was obtained, SEM was
employed to ensure that there was no significant change in the
particle shape to have a fair comparison between them. This
process is summarized in Figure 2. After many trials, a new

particle grade was obtained that was labeled as large, with D10,
D50, and D90 corresponding to 2.4, 79.8, and 123.5 μm,
respectively. The second grade was labeled as a medium with
D10, D50, and D90 equal to 1.8, 12.0, and 70.8 μm, respectively.
The final grade was labeled as small in which D10, D50, and D90
were equal to 1.4, 8.0, and 103.4 μm, respectively. All the three
grades’ distributions are shown in Figure 3. The SEM results
showed that there were no significant changes to the particle’s
shape as shown in Figure 4.
2.1.2. Drilling Fluid Preparation. Drilling fluid formulations

were then prepared using the previously generated three grades
of hematite particles. Starting with the aqueous phase, 331.4
mL of water was used, and 0.1 mL of defoamer was added to
prevent foam formation. Soda ash and potassium hydroxide
were added to the formulation for pH control, while xanthan
gum (XC) and bentonite function were used to control the
rheology. Starch and PAC-R roles were added to improve the

filtration and filter cake properties. Potassium chloride serves
to minimize clay swelling, while calcium carbonate works as a
bridging material. Finally, the obtained different grades of
hematite (i.e., large, medium, and small) were used as a
weighting material to increase the mud density. Drilling fluid
formulations that contained hematite of large, medium, and
small grades are labeled as mud-1, mud-2, and mud-3,
respectively. Table 1 shows the order and quantity of each
drilling fluid component. Note that the three formulations have
the same mud components, with the difference being only the
hematite particle grades.
2.2. Drilling Fluid Properties. The properties of the mud

that were investigated are the rheological and filtration
properties. The Grace viscometer was used to obtain the
various rheological parameters, which gives the dial readings at
different speeds and the gel strength at different times (i.e., 10
s, 10 min). The dial reading at different speeds was used to
obtain the plastic viscosity and yield point using the following
formula:

=PV Ø Ø600 300 (1)

=YP Ø PV300 (2)

The test was conducted at a temperature of 120 °F and a
pressure of 14.7 psi.
For the filtration test, an HTHP (high-temperature, high-

pressure) filter press was used to run the fluid loss test for two
different filtration media (i.e., a ceramic disk and a rock core
sample). The procedure is the same for both filtration media.
The mud sample was placed inside the cell and pressurized to
the desired pressure using nitrogen gas. A heating jacket placed
around the cell heated the cell until the required temperature
was reached; then, the outlet valve was opened where the mud
filtrate passed through the filtration medium and collected at
the other end of the filtration media. Each filtration test lasted
for 30 min, and a filter cake was built up on the upstream end
of the ceramic disk or rock core sample. The filter cake was
then taken out, and the filtration volume was collected and
plotted against time. The produced filter cake was then
examined to measure its thickness, while its permeability was
calculated using the following equation:19

=
* *

K
q

p
14,700

Th
fc

fc

fc (3)

where Kfc, Thfc, μ, q, and pfc are the permeability (mD) and
thickness (cm), filtrate viscosity (cP), filtration rate per area
unit (cm/s), and differential pressure (psi), respectively.
The conditions of the tests are a differential pressure of 300

psi and a temperature of 250 °F. The properties of the two
filtration media are listed in Table 2.

3. RESULTS AND DISCUSSION
In the first subsection, we delve into the filtration aspects using
both the ceramic disk and the Berea core sample as filtration
media for each mud sample. The following subsection focuses
on the rheological aspects, encompassing key properties, such
as plastic viscosity, yield point, and gel strength. Furthermore,
various rheological models were employed to enhance our
understanding of the mud’s rheological behavior as a function
of PSD.
3.1. Filtration Properties. It is worth noting again that the

different drilling muds have similarities in their components, as

Figure 2. Method to obtain different hematite grades.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02352
ACS Omega 2024, 9, 25084−25093

25086

https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shown in Table 1, except for the different particle sizes. In the
first phase, the filtration tests were conducted utilizing a
ceramic disk with a uniform pore distribution to isolate the
effect of varying pore size of the filtration medium. Hence, the
role of only the particle size can be examined. In another test, a

reservoir rock core sample with a distribution of pore sizes was
employed to replace the ceramic disk. A natural rock core
sample introduces variability in pore and throat sizes adding a
layer of complexity and providing a more realistic representa-
tion of the conducted tests. Moreover, the ability to control the
length of core samples facilitates the usage of advanced
techniques such as nuclear magnetic resonance (NMR) to
evaluate the properties of the rock after intrusion by the mud
filtrates.
The filtration performance of the three mud formulations is

depicted in Figure 5 for both filtration media (ceramic disk and
rock core). The total filtration volumes for mud-1, mud-2, and
mud-3 were 8.7, 9.2, and 8.6 mL, respectively. Notably, mud-2
(i.e., with medium hematite particle size) exhibited a slightly
higher value among the other two mud formulations, which
was potentially attributed to its hematite particle size
distribution. Similarly, the use of rock core samples as the
filtration medium showed more distinct filtration behavior.
Mud-2 produced the highest filtration volume (13.8 mL)
compared with mud-1 and mud-3, both of which produced 4.8
mL of filtrates.
Figures 6 and 7 illustrate the thickness and calculated

permeability of the filter cake for both filtration media. The

Figure 3. Particle size distribution of hematite grades.

Figure 4. SEM image for the three hematite grades (a: raw, b: large, c: medium, d: small).

Table 1. Drilling Fluid Composition Was Used to Prepare
One Barrel

component amount

mud ID mud-1 mud-2 mud-3

water, mL 331.4
defoamers, mL 0.1
soda ash, gm 0.5
XC, gm 0.5
starch, gm 6
bentonite, gm 4
KOH, gm 0.5
PAC-R, gm 1
KCl, gm 20
CaCO3 (25 μm) gm 2.5
CaCO3 (50 μm) gm 2.5
hematite, gm 95.3

large particles medium particles small particles

Table 2. Properties of Filtration Media

muds

ceramic disk core sample

pore throat, μm permeability, D type porosity, % permeability, mD

mud-1 20 3 Berea sandstone 20.5 156.4
mud-2 22.1 130.8
mud-3 20.6 153.1
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filter cake thickness with the ceramic disk is very close for the
three muds falling in the range of 0.85−1 mm. On the other
hand, the thicknesses of the filter cake formed on core samples

showed wider variation, in which mud-2 formed the thickest
filter cake (2.79 mm) compared with mud-1 and mud-3, 1.2
and 0.64 mm thickness, respectively. Similarly, the estimated
filter cake permeability showed the same trends for both
filtration mediums. Mud-2 exhibited the highest permeability
values (1.84 and 0.14 mD for core and ceramic disk,
respectively), while mud-3 displayed the lowest permeability
values of filter cake among the other formulations (0.00103
and 0.00148 mD for core and ceramic disk, respectively). The
remaining formulation (i.e., mud-1) had the intermediate filter
cake permeability values, with the value of 0.00287 mD for the
core and 0.00107 mD for the ceramic disk.
In addition to providing a more realistic filtration medium

(similar to downhole reservoir conditions), using a reservoir
core sample as a filtration medium allows the application of
benchtop NMR to probe the effects of filtration into the pores
of the porous medium. A core sample with a sufficient length
provides the sample volume needed for a good signal-to-noise
ratio during NMR measurements. Following the method
outlined by Adebayo and Bageri20 and Adebayo et al.,21,22 the
NMR T2 distribution measured at different stages of the
experiment provides valuable insight into the filter cake
porosity and the degree of invasion. In summary, the core
sample passes through three stages of NMR scanning namely:
(i) pretest with 100% brine saturation sample, (ii) mud filtrate

Figure 5. Filtration behavior.

Figure 6. Filter cake thickness for the investigated base drilling fluids.

Figure 7. Filter cake permeability for both filtration media.

Figure 8. NMR T2 curve at the initial stage (when the sample is 100% saturated with water) overlain by the T2 curve at the last stage (when the
sample has been infiltrated with filtrates and particles from the mud). The gray area represents the difference between the two curves, which
characterizes the T2 (corresponding to the pore size) distribution of the pores damaged by solid invasion.
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invasion into the pores plus filter cake deposited at the
upstream end of the core, and (iii) core sample only after
removing the filter cake. Figures 8 and 9 present the NMR T2
profiles of the rock core sample at different NMR scanning
stages for each drilling formulation. The shaded areas in the
curve represent the differences (by subtraction) between the
two T2 curves shown in each figure. The difference in the T2

curve of a 100% water-saturated sample and the T2 curve of the
same sample after mud infiltration shows the pores damaged
by particle invasion (gray area in Figure 8). Similarly, the
difference between the T2 curve of the same sample after mud
infiltration (but with the filter cake on top) and the T2 curve
after the filter cake was removed represents the T2 distribution
(equivalent to pore size distribution) of the filter cake (green
area in Figure 9). Mud-3 invaded a single-pore system
(corresponding to T2 > 80 ms), resulting in the lowest
porosity reduction (4.04%) due to the invasion of only the big
pores. However, the invasion by mud-1 and mud-2 occurred in
two pore systems (mud-1:0.1 ms < T2 < 1 ms and T2 > 50 ms;
mud-2:1 ms < T2 < 10 ms and T2 > 70 ms). Thus, mud-1 and
mud-2 caused the highest porosity reduction corresponding to
4.49 and 5.28% respectively. Furthermore, mud-3 generated a
filter cake with the lowest porosity (i.e., 1.29%), while mud-2
had the highest filter cake porosity (2.8%). Mud-1 filter cake
porosity lies (2.8%) with an invasion-induced porosity
reduction of 5.28%. The previous results showed mud-2 has
different behavior in terms of filtration volume and filter cake

Figure 9. NMR T2 curve of the rock sample after mud filtrate invasion and with the deposited filter cake overlaid by the T2 curve of the sample after
the filter cake was removed. The green area represents the difference between the two curves that characterize the T2 (corresponding to the pore
size) distribution of the filter cake.

Figure 10. Porosity values for the core and filter cake are estimated by
NMR for each drilling formulation.

Figure 11. Filtration volume, filter cake thickness, filter cake porosities, and permeabilities vs the ratio of particle size at different percentiles.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c02352
ACS Omega 2024, 9, 25084−25093

25089

https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c02352?fig=fig11&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


features for core samples compared with other mud
formulations; the justification of such behavior comes down
to the hematite particle range, pore throat, and pore
distribution. The medium hematite particle grade range is
narrower than the large and small grades, the difference
between D90 and D10 is 68.1 μm compared with 122.7 and
101.9 μm for large and small, respectively. The wider range of
particles made it easier to have more compacted filter cake
since the different particles can fill the pores, which can be seen
in the low filter cake porosity for mud-1 and mud-3. Pore
throat was not measured in this work, yet it can be estimated
using the Winland equation that depends on core porosity and
permeability.23 The core pore throat used for mud-1, mud-2,

and mud-3 is 13.7, 12.7, and 13.7 μm. Associating each core
pore throat with used particle distribution showed the
difference in the case of mud-2. Klungtvedt and Saasen
showed the importance of the D90/pore size ratio that can
impact the filtration results, using a similar argument (i.e., D90/
pore size or D90/D10/pore size), and showed the ratio is the
lowest for mud-2 compared with other formulations.24 Finally,
the core pore distribution used for mud-2 showed that pore
system, transfer relaxation time measurement (T2) exceeded
900 ms in comparison to other used cores, and T2 have a direct
relation to the rock pore size.25

These porosity numbers are summarized in Figure 10. It is
worth mentioning that these values of rock porosity (after
hematite invasion and filter cake deposits) are likely affected by
the enhanced relaxation caused by the hematite. Hematite is a
paramagnetic material and thus affects the NMR signal by
causing an internal magnetic gradient in the rock, which
eventually causes faster relaxation.26 Hence, the reported
decrease in porosity may be overestimated. Nonetheless, since
the intention here is to compare three mud systems (all having
hematite), the comparison is valid in that we can see how each
of the mud formulations affects the filter cake and particle
invasion. The use of low-field NMR (2 MHz) in this study also
dampens, to some extent, the effect of the paramagnets on the
measured NMR relaxation.
Numerous factors contribute to the previously investigated

properties, encompassing filtration medium permeability and
porosity, pore size distribution, and particle size distribution,
among others. Among these factors, the particle size

Figure 12. Rheological properties for the drilling fluid formulations.

Table 3. Rheological Modelsa

# model relation constrain

1 Bingham τ = τ0 + μ∞γ τ0 ≥ 0
μ∞ > 0

2 Power law τ = Kγn K > 1
0 < n < 1

3 Herschel−
Bulkley

τ = τ0 + Kγn τ0 ≥ 0
K > 0
0 < n < 1

4 Robertson-Stiff τ = A(γ + C)B (τ > ACB) A > 0, 0 < B < 1, C ≥ 0
γ = 0 (τ ≤ ACB)

aτ: shear rate. γ: shear stress. K: consistency index. n: flow behavior
index. μ∞: plastic viscosity. τ0: excess shear stress. A, B, C: numerical
parameters.

Figure 13. Shear stress vs shear rate for three drilling formulations.
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distribution of hematite emerges as the controlling parameter,
prompting an investigation of the potential relationships with
other properties for improved outcomes. To establish
correlations, different ratios of the particle size percentiles
(i.e., D90/D50, D90/D10, and D50/D10) were investigated. The
most meaningful relationships were identified when D90/D10
was correlated to filter cake properties. Figure 11 illustrates
these relationships, showcasing the correlations between the
D90/D10 ratio and filter cake thickness, reduction in core
porosity (i.e., formation damage), filter cake NMR porosity,
filtration rate, and filter cake permeability. Observing each
property and how it correlates with this ratio reveal intriguing
behavior. In general, each mud filtration property tends to
decrease as the ratio increases, with certain properties
displaying higher sensitivities to this change. Reduction in
the core porosity and filter cake permeability emerges as the
most sensitive to the ratio. These two properties are
interconnected, as a higher filter cake permeability increases
the possibility of drilling fluid invading the formation, resulting
in a greater reduction in core porosity.
3.2. Rheological Properties. The rheological properties

of the drilling fluids play a crucial role in various drilling
functionalities, making it imperative to assess how changes in
the PSD of the weighting material might affect these
properties. Figure 12 shows an overview of key rheological
properties for the investigated drilling formulations, including
the plastic viscosity (PV), yield point (YP), PV/YP ratio, and
gel strength at 10 s and 10 min. Minimal changes were
observed in most rheological properties with varying particles’
PSD. The most significant change was in PV values, where
mud-1 exhibited the highest value (22.5 cP) compared with
mud-2 and mud-3 (15.9 and 17.2 cP). YP values experienced a
slight reduction as particle sizes decreased, moving from 10.9
lb/100 ft2 for mud-1 to 10.4 and 10.2 lb/100 ft2 for mud-2 and
mud-3, respectively. Gel strength progression from 10 s to 10
min was acceptable for the formulations, increasing from 3.54,
2.93, and 4.17 to 4.59, 4.8, and 5.22 lb/100 ft2 for mud-1, mud-
2, and mud-3, respectively. Even though the previous results do
not highlight the impact of the PSD on the rheology, the main
reason might be attributed to the mud’s low density (i.e., low
solid packing and friction between the particles).
Beyond these basic rheological properties, various rheo-

logical models were employed to understand the drilling
behavior and pressure losses during the drilling process.
Several models are available in the literature, and each model
has its advantages and disadvantages. Common models, such
as the Power law model, Bingham model, Herschel−Bulkley
model, and Roberston−Stiff model were utilized.27−30 Table 3
shows the relations and constraints for the previously
mentioned models. The shear rate and shear stress values of
each mud formulation were fitted to these models using
regression analysis (i.e., nonlinear least squares), with
evaluation criteria including root-mean-square error (RMSE)
and the coefficient of determination (R2) to assess the
performance of the investigated models.
Figure 13 depicts the shear stress versus shear rate for each

drilling formulation, along with fitted models. Table 4 provides
the rheological models’ parameters and their evaluation criteria
for each drilling formulation. The Bingham model considered
the closest model to the Newton model compared with other
models (i.e., straight line with intercept point), demonstrated
excellent fit for all formulations in which the PV value was the
same for all the drilling formulations, while YS values wereT
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close for the three formulations. Since most of the models
showed an acceptable performance, the limitations represented
by the highest RMSE and lowest R2 are discussed. The
evaluation criteria were excellent for all the models and among
all of the formulations with the highest RMSE and lowest R2

equal to 2.21 and 0.994, respectively. These criteria improve
more as well for the other models due to the improvement in
the fitting capability. Power law had the highest RMSE equal to
1.79 and the lowest R2 equal to 0.99 for mud-1. The model
parameters (K) and (n) varied between the formulations, K
was equal to 0.21, 0.67, and 0.62 for mud-1, mud-2, and mud-
3, respectively, while the n was equal to 0.78, 0.59, and 0.61 for
the same formulations order. The three models (i.e.,
Herschel−Bulkley model, Roberston-Stiff) had the highest
accuracy represented by the lowest RMSE and the highest R2.
Since the Herschel−Bulkley model was the best in describing
the fluid, it will be used to describe the parameter’s
performance. The K value represented the dependency of
the shear stress on the shear rate, mud-1 has the lowest
dependency compared with the other two drilling formula-
tions. The cutting suspension ability of the mud is represented
by the YP (experimentally) and YS (modeling) which is
important in terms of cutting suspension and well stability. All
formulations showed shear-thinning behavior since n < 1.

4. CONCLUSIONS
The role of hematite’s PSD in drilling fluid performance is
multifaceted, impacting various properties either positively or
negatively. This detailed study delved into the nuanced effects
of hematite PSD on drilling fluid filtration and rheological
behavior through a comprehensive series of experiments. The
findings underscore the pivotal role of PSD in influencing these
properties. Particularly, the study revealed that the degradation
of hematite particles halts at a D50 value of 8 μm, showcasing
the unique characteristics of hematite in this context. Such a
fact is important since it emphasizes the ability to use the
hematite as additional bridging material. Further, the
rheological analysis demonstrated that variations in PSD
elicited only slight changes in the drilling fluid’s rheological
parameters, suggesting robustness in its behavior against PSD
alterations. Notably, the Herschel−Bulkley model emerged as
the most accurate in capturing the fluid’s shear-thinning
behavior, highlighting its suitability for modeling such complex
fluids. A key insight from this research was the identification of
the particle size ratio (D90/D10) as a crucial factor in governing
the filtration properties and the characteristics of the filter cake.
This ratio exhibited a significant correlation with these
properties, offering a promising avenue for targeted manipu-
lation of PSD to optimize drilling fluid performance. The
study’s findings not only shed light on the intricate interplay
between hematite PSD and drilling fluid properties but also
opened avenues for refining filtration processes and enhancing
the efficiency and effectiveness of drilling operations. Future
work will investigate additional factors, including mud density
variation, test conditions, and weighting material type.
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