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ABSTRACT

In drilling ultra-deep wells, the drilling fluid circulation usually causes erosion damage to downhole
casing and drilling tools. However, the extent and process of this damage to the downhole tools is
intricate and less understood. In order to systematically evaluate and clarify this damage process for
different types of drilling fluid contamination, this research uses a high-temperature drilling fluid
damage device to simulate the damage caused to the casing/drilling tools by various drilling fluid under a
field thermal gradient. The results show that the drilling fluid residues are mainly solid-phase particles
and organic components. The degree of casing/tool damage decreases with an increase in bottom hole
temperature, and the casing/tool is least damaged within a temperature range of 150—180 °C. Moreover,
the surface of the casing/tool damaged by different types of drilling fluid shows different roughness, and
the wettability of drilling fluid on the casing/tool surface increases with an increase in the degree of
roughness. Oil-based drilling fluid have the strongest adhesion contamination on casing/drilling tools. In
contrast, polysulfonated potassium drilling fluid and super-micro drilling fluid have the most potent
erosion damage on casing/drilling tools. By analyzing the damage mechanism, it was established that the
damage was mainly dominated by the abrasive wearing from solid-phase particles in concert with
corrosion ions in drilling fluid, with solids producing many abrasion marks and corrosive ions causing a
large number of pits. Clarifying drilling fluid's contamination and damage mechanism is significant in
guiding the wellbore cleaning process and cutting associated costs.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

2023). The contamination was first reported in the Gulf of Mexico
and the Norwegian continental shelf (Berg et al., 2006; Brege et al.,

Ultra-deep well drilling technology is widely used in western
China (Ma et al., 2022; Pu et al., 2022), and wellbore contamination
caused by drilling fluid during the drilling process has been
increasingly emphasized (Liu et al, 2022; Palimi et al, 2022).
Currently, the drilling fluid used for ultra-deep well drilling are
mainly water-based and oil-based (Jiang et al., 2022; Sun et al.,
2022). During the circulation of drilling fluid, due to the complex
downhole environment (Deng et al., 2022; Guo et al., 2021), the
drilling fluid residual stuck on the casing wall causes wear or
corrosion to the casing as well as the drilling tools (Gautam et al.,
2022) which leads to complex downhole accidents (Ji et al,
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2012; Quintero et al., 2011). The adhesion of drilling fluid affects the
progress of downhole operations, and the photographs taken at the
site are shown in Fig. 1.

The research on the damage mechanism for drilling fluid on the
casing is superficially understood (Etrati et al., 2020; Yanagisawa
et al,, 2021). Therefore, exploring the damage mechanism of dril-
ling fluid on the casing can provide theoretical guidance for pro-
tecting the casing/drilling tool and cleaning the casing walls and
drilling tools (Wang et al.,, 2016; Zhang et al., 2022). Currently,
scholars mainly focus on the wear or corrosion of drilling fluid on
metal surfaces during the contact process between drilling fluid
and downhole casing/tools using the disc friction method at room
(Davoodi et al., 2023). Mao et al. (2020) investigated the friction
damage behavior between oil-based drilling fluid and casing using
the disc friction method. The study analyzed the effects of different
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Fig. 1. Downhole drilling fluid contamination in the field.

oil/water ratios for oil-based drilling fluid on the variability of
casing abrasion. When the proportion of oil phase increases, the
wear of drilling fluid on the casing decreases. Zhang et al. (2018)
quantified the residual mud on the casing using the fluorescent
dye method and determined the correlation between the rough-
ness of the metal surface and the residual drilling fluid. The results
showed a good correlation between the thickness of the residual
drilling fluid and the surface roughness. Palimi et al. (2022)
investigated the effect of glycerol-based additives in drilling fluid
on frictional corrosion of carbon steel surfaces. Analysis of the
lubrication film on the carbon steel surface showed that the addi-
tive can significantly increase drilling fluid performance, and the
carbon steel surface corrosion and wear were significantly reduced.
Luo et al. (2023) investigated the tribological properties of oil-
based drilling fluid in different temperature environments and
explored the fluidity and interfacial wear using reactive molecular
dynamics. The results showed that the friction fluctuation degree is
higher at high temperatures than at low temperatures, increasing
the wear region at the contact friction interface. Humood et al.
(2019) studied the friction and wear characteristics of oil-based
drilling fluid on casing drilling tools in long horizontal sections
and concluded that drilling fluid additives have a specific miti-
gating effect on friction and wear.

Generally, to an extent, current studies have explored the
damage caused by drilling fluid. However, due to the complexity of
the downhole environment (Guo et al., 2019; Jia et al., 2020), the
existing studies do not systematically and comprehensively eval-
uate this damage process and mechanism. With the aim to shorten
this research gap, this research examines the casing/drilling tool
damage due to various types of drilling fluid at different tempera-
tures in ultra-deep wells. The study also derives a damage mech-
anism for drilling fluid on downhole casing/drilling tools to guide
the oil field's downhole cleaning operations.
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2. Experiment and methods
2.1. Experimental samples and materials

2.1.1. Different drilling fluid types

High-density water-based and oil-based drilling fluid used in
ultra-deep wells were selected for this research study (Luo et al.,
2023; Mikhienkova et al., 2022), and the different types of dril-
ling fluid are shown in Fig. 2. Water-based drilling fluid are cate-
gorized into polysulfonated potassium (Poly-potassium) drilling
fluid (Barite Powder Aggravator) and super-micro drilling fluid
(Iron Powder Aggravator).

The performance of drilling fluid slurries is shown in Table 1.

2.1.2. Metal samples for wellbore and tools

P110 steel was used for the wellbore, and 42CrMo was used for
the drilling tools (Fig. 3). The element composition for P110 and
42CrMo steel specimens are given in Table 2, respectively.

2.2. Fouling characteristics of the drilling fluid

The particle size analysis for the different drilling fluid was
carried out using a particle size analyzer (OMCC-Topsizer). The
microflow morphology of drilling fluid was observed using the
OLYMPUS Zeiss Primo Star Biomicroscope (Carl Zeiss, Germany). An
electron microscope SEM (Quanta 200 F) was used to observe the
surface of P110 steel and 42CrMo alloy contaminated by drilling
fluid. The micro adhesion behavior between the solid phase of the
drilling fluid and the steel sheet was analyzed.

The solids content in the drilling fluid was calculated using the
mass difference method. The drilling fluid sample of mass as m;,
was dried in a vacuum oven (DZF-6020) at 105 °C for 2 h to remove
the water, and the mass after drying was recorded as m,. The dried
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30 ym
Quanta FEG

Fig. 2. (a) Flow state observations of different types of drilling fluids; (b) Microanalysis of drilling fluid solid phase particles.

Performance parameters of drilling fluid.

Drilling fluid types p, g/cm®> AV, mPa-s PV, mPa-s YP, mPa-s G/G" ES,V
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Fig. 3. P110 and 42CrMo steel test specimens.
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sample was taken out and calcinated to remove the organic matter,
and the mass of the sample after calcination was recorded as ms.
The drilling fluid water content W7 and the organic content ratio
W, were calculated using Egs. (1) and (2), respectively.

S —mp

1441
my

(1)

_my—m3

W;
2 m

(2)

2.3. High-temperature corrosion and wear damage

2.3.1. Relative flow velocity calculation

The corrosion and wear due to drilling fluid on the casing mainly
occur during annular volume circulation between the wellbore and
tools.

The relative flow rate of drilling fluid on the casing surface is
mainly determined through the drilling fluid displacement (V, L/s).
A schematic diagram of drilling fluid backflow is shown in Fig. 4.
Drilling data from a selected ultra-deep well in Tarim Oilfield was
used for the calculation. The well parameters are provided in
Table 3.

The inner diameter of the wellbore r3 was calculated using Eq.

(3).
T'3=T'2—l3><2 (3)

Equation (4) was used to calculate the wellbore annular area, s.
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Table 2
The chemical composition of P110 steel (balance is Fe) and 42CrMo steel (balance is Fe).
Elemental C Si Mn Cr Mo P S Cu Ni \%
P110 steel Mass fraction, % <0.29 <0.27 <0.50 <0.90 <0.18 <0.02 <0.01 <0.20 <0.20 <0.08
42CrMo steel Mass fraction, % <0.45 <0.37 <0.80 <1.2 <0.25 <0.035 <0.035 / / <0.08
caused by drilling fluid, the weight change method was used to
quantitatively assess the synergistic effect of wear and corrosion.
The wear and corrosion rates (W) of P110 and 42CrMo steel spec-
imens were obtained at different temperatures (i.e., at different
pipe sections). The calculation formula is given in Eq. (6).
mg—m
w=290""1 (6)
mo
where W is the damage rate, mg and m; are the original and post-
reaction masses.
A laser confocal profilometer (Marsurf cm-select) was used to
. . construct a three-dimensional metal surface under the synergistic
v: Relative
flow rate of effect of damage, and the degree of damage was observed.
drilling fluid

in the annular
zone

Fig. 4. Simulation of drilling fluid circulation.

s = mry?—mry?

(4)

The flow rate of drilling fluid in the wellbore annulus was
calculated using Eq. (5).

V=§ (5)

2.3.2. High-temperature corrosion and wear test

Throughout the entire drilling cycle in ultra-deep wells,
different depths have different temperatures, which have a certain
degree of impact on the contact between drilling fluid and casing.

Regarding the corrosion and wear issues of drilling fluid on
casing and drilling tools, an in-house high-temperature corrosion
and wear tester developed by China University of Petroleum (Bei-
jing) was used for testing at four temperatures: 90, 150, 180, and
200 °C. By rotating the steel plate and generating relative motion
with the drilling fluid, the required temperature for the reaction is
provided through a sealed heating chamber, and the required
pressure is provided through N, the simulation of the real situation
of downhole drilling fluid is achieved. The high-temperature
corrosion and wear experimental device is shown in Fig. 5.

2.4. Principles and calculations of damage on metal surfaces

2.4.1. Calculation of the degree of damage to metal surfaces
In an attempt to evaluate the degree of metal surface damage

Table 3
Drilling data.

2.4.2. Electrochemical tests

The electrochemical workstation (CHIG60E) was used to
conduct corrosion evaluation experiments on metal steel plates for
casing. The electrolytic cell used for the tests was a flat plate
corrosion electrolytic cell. The electrodes used in the experiment
are as follows: the working electrode is a P110-type, 42CrMo-type
specimen with a contact area of 1 cm? with the corrosion medium;
the Ag/AgCl electrode was the reference electrode.

2.4.3. Determination of the coefficient of friction

A hydraulic friction wear testing machine (MRS-100) was used
to test the coefficient of friction of the system under different
drilling fluid media, and analyze the degree of friction on the casing
by different types of drilling fluid.

2.4.4. Calculation of roughness of metal surfaces after reaction

Data points were extracted after 3D modeling of the steel
specimens, and the roughness of the specimen surfaces was
calculated. Then, the roughness of the steel alloy specimens was
compared under different damage conditions.

The principle of roughness calculation is shown in Fig. 6, the
arithmetic mean deviation of the contours (R,) (arithmetic mean of
the absolute deviation of the contours within the sampling length)
in the calculation formula was used to represent the roughness of
the metal sample surface (Feng et al., 2020).

2.4.5. Wettability transition dynamics of alloys’ surface

A contact angle measuring instrument (JY-82C-N2) was used to
test the wettability of the alloys’ surface before and after wear and
corrosion to get the corresponding contact angle of the alloy plates.

2.5. Observation of corrosion/wear changes on metal surfaces

An energy spectrum analyzer was used to analyze the compo-
sition of the reacted metal surface material to obtain the corre-
sponding reactants. Scanning field emission scanning electron
microscopy (SU8010) was used to microscan the surface of the
reaction surface and observe the corrosion pits and wear marks.

Well return depth, m Casing name

Casing O.D., mm

Drill pipe diameter, mm Circulation rate, L/s

3070 Technical casing 193.68

101.6 17

1237
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Fig. 5. High-temperature corrosion and wear test machine.

P110

Metal surface after drilling fluid circulation

Fig. 6. Principle of calculation of contour arithmetic mean deviation R,.

The corrosion products on the metal surface were examined
through microscopic analysis. The friction force of particles on the
casing in the pipeline was studied using mechanical analysis to
reveal the causes of casing damage due to drilling fluid.

3. Results and discussion
3.1. Characterization of casing fouling by drilling fluid

The fouling properties for each fluid were determined through
analysis of the different types of drilling fluid on casing surfaces.
The results are shown in Figs. 7—9, respectively.

As can be seen from Fig. 7, the oil-based drilling fluid has a high
content of solid phase, with 60.5% by mass, while 31.5% is organic
phase. Through microscopic observation of its fouling state, it was
found that the surface of the solid phase is covered with an oil film
and that the residual oil-based drilling fluid is more tightly adhered
to the casing and tools.

Using the polysulfonated potassium drilling fluid, it was
observed that the solid phase content of this drilling fluid is 71.4%,
and the proportion of organic component content is 2.2% (Fig. 8).
Under microscopic observation, it is found that the clay mineral
content in potassium-based polysulfonate drilling fluid is relatively
high, mainly due to the mixed deposition of clay minerals with
barite powder, but it does not closely adhere to the metal surface of
the casing and tool.

In super-micro drilling fluid, the solid content is about 84.2% and
the organic content is 1.9% (Fig. 9). Under microscopic observation,
it is found that many fine particles in the super-micro drilling fluid
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adhere closely to the casing/drilling tool. The main component of
the solid phase is micro iron powder, and the particle size analysis
results show that its particle size is between 200 and 300 nm.
Different types of drilling fluid have different compositions, and
their surface adhesion status and the particle size of the solid phase
also vary. For casings and drilling tools, the interaction between
different components and the metal surface varies, and the physi-
cochemical reactions involved are complex and variable.

3.2. Analysis of the extent of damage to metal surfaces

Using Egs. (3)—(5), the relative rotational velocity (v) was
calculated to be 1.297 m/s, and the rotational diameter of the steel
sheet in the experimental apparatus was 27 mm, at a set speed of
364 r/min. The corresponding experimental parameters were
computed based on the calculation results, and the related tests
were conducted in the high-temperature corrosion and abrasion
apparatus to calculate the corresponding damage rate (Fig. 10).

From Fig. 10(a), it can be seen that oil-based drilling fluid has less
damage to the casing and drilling tool steel sheets. As the tem-
perature increases, the change in quality decreases, indicating a
reduction in the degree of damage. This is related to the oil film
formed by oil-based drilling fluid on the surface of the steel sheet,
which not only reduces the friction between particles and the steel
sheet but also increases the corrosion resistance of the steel sheet
surface. It has been confirmed that oil-based drilling fluid can
effectively protect casing and drilling tools, extending their service
life.

From Fig. 10(b), it can be seen that polysulfonated potassium
drilling fluid causes significant damage to the casing and drilling
tool steel sheet. As the temperature increases, the damage shows a
decreasing trend. This is because the toughness of the metal is
enhanced at high temperatures, which, to some extent, reduces
wear. However, the high-temperature state intensifies the corro-
sion process, and the drilling fluid dumps many corrosion products
on the metal surface (Jing et al., 2018), increasing the steel sheet
quality(Anwar et al., 2019).

From Fig. 10(c), it can be seen that the super-micro drilling fluid
causes significant damage to the casing and drilling tool steel
sheets. This is because the super-micro drilling fluid contains a
large amount of fine particles, resulting in severe abrasive wear.
However, with the increase in temperature, the degree of wear
decreases and shows a sharp downward trend at 180 °C, confirming
that the toughness of the casing/drilling tool increases at high
temperatures (Lin et al., 2016).

In general, different drilling fluid have varying degrees of



H.-X. Song, S.-L. Zhang, X.-W. Chen et al.

Petroleum Science 22 (2025) 1234—1251

b C
( ) 4+ Aluminum tecto-alumosilicate ( )
* Sodium tecto-alumosilicate
 Faujasite-K
v Barite
x & Others
=
©
=
@
{ =]
i)
£
- S f »~
P * °
. * *
2 la |
¢ | Y
’ slts ¢
5+ S 2 RN
T T T T T T T Water
10 20 30 40 50 60 70 80
20,°
(d) ) g
Residual particle state on ]
metal surface Trends in deep and ultra deep well
drilling in China
\
Microscopic state of residual a Particle size of residual oil-based
oil-based drilling fluid drilling fluid
() 1
o | ™ Differental distribution
—— — Cumulative distribution
8 - 100
R 74 B
5 §
E= =
2 . 2
= = =
2 51 g (= @
4 ©
= ;] om b4
2 4 a8 50 2
= u ©
s 2 [s ™ 2
£ ' " £
[s] / " o
2 m L]
. ¢ L
14 u [
[ ]
f ‘-
o4 =l e e o e e e e R
0.01 0.1 1 10 100 1000

Particle size, ym

Fig. 7. (a) SEM testing of metal surfaces; (b) XRD analysis of residual oil-based drilling fluid; (c) Analysis of residual oil-based drilling fluid components; (d) Residual testing of oil-
based drilling fluid; (e) Microscopic observation of oil-based drilling fluid; (f) Particle size analysis of oil-based drilling fluid.

damage to metals. The 42CrMo alloy used in the tool has stronger
resistance to drilling fluid damage than the P110 alloy, and as the
temperature increases, the damage from drilling fluid onto the tool
and casing decreases.

3.3. Characterization of metal surface damage behavior at different
well depth positions

Different temperatures are set corresponding to different well

1239

depths to simulate downhole drilling fluid circulation, and observe
the surface damage of casings and drilling tools after drilling.

Fig. 11 shows the morphology of the casing/drilling tool sample
after being damaged by oil-based drilling fluid. Due to the low salt
ion content and low gas solubility in the oil-based drilling fluid, the
degree of metal corrosion is very minimal, and the oil phase in the
oil-based drilling fluid has some lubricating effect, resulting in less
abrasive wear caused by particles in the oil-based drilling fluid. The
protection of the oxide film on the metal surface is relatively intact
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during the drilling cycle. Thus, oil-based drilling fluid will create a
surface oil film on the surface of the casing/drilling tool as it cir-
culates, reducing damage to the metal surface.

Fig. 12 shows the morphology of casing/drilling tool samples
damaged from polysulfonated potassium drilling fluid. Poly-
sulfonated potassium drilling fluid contains a large amount of KCI
salt, which is used to suppress the expansion of clay minerals in the
clay layer. However, as an active anion, chloride ions have a pref-
erential adsorption ability on metals, so they will preferentially
adsorb on metal surfaces compared to oxygen elements. Due to
their free state in the solution, they have a high probability of
contact with metal surfaces, damaging the oxide film on the metal
surface and exacerbating the surface damage situation.

The morphology of the casing/drilling tool sample after damage
due to the super-micro drilling fluid is presented in Fig. 13. The
super-micro drilling fluid contains a large amount of fine iron
powder particles. During the circulation of the drilling fluid, as the
temperature of the drilling fluid continues to rise and the solubility
of oxygen in water decreases with the increase in the temperature,
the oxide film on the metal surface decreases, and the structure is
destroyed. The oxide film shows wear and detachment during the
relative movement of the fine abrasive particles in the super-micro
drilling fluid. This leads to severe surface wear marks, increasing
the roughness of the casing/drilling tool surface and providing a
good reaction site for ion corrosion.

3.4. Analysis of corrosion and wear results on metal surface

Using an electrochemical workstation to test the corrosion
performance of different types of drilling fluid on metal samples for
casing/drilling tools, the polarization (Tafel) curve is shown in
Fig. 14.

It can be seen that the curve measured by oil-based drilling fluid
is much smaller than that of polysulfonated potassium drilling fluid
and super-micro drilling fluid, indicating that the corrosion per-
formance of oil-based drilling fluid is weak. Among them, poly-
sulfonated potassium drilling fluid has the highest cathodic slope
and anodic slope of the corrosion reaction, and has a strong
corrosion current density, the corrosion is most obvious.

Polysulfonated potassium drilling fluid and super-micro drilling
fluid use inorganic salts to inhibit the swelling of clay minerals,
mainly KCl and NH4Cl, etc. The introduced ions accelerate the
corrosion of the metal surface, so these two drilling fluid have a
higher corrosion efficiency. Oil-based drilling fluid mainly contain a
large amount of organic phase, have a low ion content, generate a
small current density, and therefore have a lower corrosion rate.

Due to the differences in the composition of drilling fluid, the
mutual friction effect produced by the drilling fluid on the surface
of the casing/drilling tool during the circulation process also varies.
The friction coefficients obtained from tests of different drilling
fluid with the casing/drilling tool surfaces are shown in Fig. 15.

By comparing the friction coefficients of different drilling fluids,
it was found that oil-based drilling fluids have the lowest friction
coefficient, which is due to the significant lubrication provided by
the oil phase components between particles and metal surfaces.
This leads to less abrasive wear on the metal surface. In contrast,
potassium-based poly-sulfonate drilling fluid and super-micro
drilling fluid have higher friction coefficients. This means that un-
der the same pressure, potassium-based poly-sulfonate and super-
micro drilling fluid cause more severe abrasive wear on the casing.

fluid damage on the quality change of steel sheets at different temperatures; (c) The
effect of super-micro drilling fluid damage on the quality change of steel sheets at
different temperatures.
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Fig. 11. (a) Casing sample morphology after oil-based drilling fluid damage; (b) Drilling tool sample morphology after oil-based drilling fluid damage.

Among them, super-micro drilling fluid have an even higher fric-
tion coefficient, which is due to the presence of a large number of
micron-level particles in the fluid. Under the same pressure con-
ditions, the smaller the particles, the greater the pressure they exert
on the metal surface, leading to more severe damage. In the se-
lection process of drilling fluid, casings, and tools, it is necessary to
consider both corrosion and abrasive wear in order to maximize the
lifespan of the casings and tools.

3.5. Analysis of changes in metal surface roughness

The roughness data obtained through scanning calculation for
the different damaged samples are shown in Figs. 16—18.

It is noticed that the surface roughness of the sample after being
damaged by oil-based drilling fluid is relatively small and smooth
(Fig.16), confirming that the oil-based drilling fluid has less damage
to the sample and the surface is subject to minimal corrosion and
wear.

After the samples were subjected to damage from polysulfone
potassium drilling fluid, the surface fluctuated drastically, which
implies that the surface roughness is relatively high. The difference
in surface roughness amplitudes between the P110 sample and
42CrMo sample after damage is insignificant, but the surface
roughness is lower at 180 °C.
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From Fig. 18, it can be seen that after damage by super-micro
drilling fluid, there is a significant fluctuation on the surface of
the P110 sample, but the roughness of the 42CrMo sample is less
affected. This observation signifies that during the super-micro
drilling fluid drilling process, the 42CrMo steel is less damaged by
the drilling fluid. At 180 °C, the surface roughness of the sample is
the lowest, and the surface is least affected by corrosion wear.

3.6. Analysis of changes in wettability of drilling fluid on metal
surfaces

When the metal surface is damaged to a certain extent, the
wettability of the drilling fluid on the metal surface will change to
varying degrees (Wan et al., 2023). Results from the wettability test
conducted on metal samples after damage from the drilling fluid
are shown in Figs. 19—21.

The surface of the damaged alloy pieces subjected to oil-based
drilling fluid changes slightly at different temperatures (Fig. 19).
The contact angle between the oil-based drilling fluid and the
damaged sample shows a weak downward trend, indicating that
the adsorption between the drilling fluid and the damaged alloy
piece increases, thus rendering it hard to clean.

At different temperatures, the casing/drilling tool samples
exhibit different contact angles with polysulfonated potassium
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Fig. 12. (a) Casing sample morphology after damage by polysulfonated potassium drilling fluid; (b) Drilling tool sample morphology after damage by polysulfonated potassium

drilling fluid.

drilling fluid on the damaged alloy samples. Due to the damage
from the drilling fluid, the surface of the metal samples was
covered with pits and abrasive wear marks, resulting in irregular
rough surfaces. Therefore, polysulfonated potassium drilling fluid
has better wettability on the surface of the samples (Xiao et al,,
2022). As the temperature increases, the surface roughness shows
an increasing trend, implying that the drilling fluid's adsorption on
the sample’s surface also increased.

From Fig. 21, it is evident that the contact angles of the drilling
fluid on the samples, which were damaged by super-micro drilling
fluid at different temperatures, display significant variations.
Notably, the contact angle changes between the pre-damaged and
post-damaged P110 steel samples are more pronounced when in
contact with the drilling fluid. By comparing with the roughness
data in Fig. 18, it can be deduced that samples with higher rough-
ness levels exhibit better spreading of the super-micro drilling fluid
on their surfaces. Additionally, the fine particles can also embed
themselves on these rough surfaces.

3.7. Wear and corrosion mechanism

Through a series of research methods, the damage to casing/
drilling tools during drilling fluid circulation is mainly categorized

1244

into irregular abrasion marks caused by sliding friction of solid-
phase particles in the drilling fluid on the metal surface, and
pitting pits formed by ionic corrosion in the drilling fluid, with the
former caused by friction between solid-phase particles and the
metal surface while the latter by ionic corrosion in the drilling fluid.
The mechanical damage process is illustrated in Figs. 22 and 23.

From Fig. 22, it is discernible that the metal samples exhibit
irregular abrasion marks on their surface after being subjected to
drilling fluid circulation. Under particulate wear conditions, as
detailed in (Yang et al., 2018), mechanical calculation formulas
suggest that when the particle size is smaller, it can more readily
penetrate the metal surface, resulting in deeper abrasion marks.
While solid phase components in different drilling fluid vary in
particle size, microscopic morphologies indicate that the particles
in super-micro drilling fluid are the smallest. Consequently, super-
micro drilling fluid lead to the most significant abrasive wear on
casings/drilling tools.

From Fig. 23, it becomes evident that the primary cause of
corrosion is ionic corrosion. The drilling fluid contains an abun-
dance of salts (such as KCl, used to inhibit the swelling of clay
minerals). These salt molecules hydrolyze in the drilling fluid sys-
tem into various ions, predominantly including ClI-, OH™. The pri-
mary corrosion products are FeCl~ and Fe(OH),. This corrosion
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Fig. 13. (a) Casing sample morphology after super-micro drilling fluid damage; (b) Drilling tool sample morphology after super-micro drilling fluid damage.
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Fig. 16. (a) Contour scan of P110 sample after oil-based drilling fluid damage; (b)
Contour scan of 42CrMo sample after oil-based drilling fluid damage; (c) Roughness of

Fig. 17. (a) Contour scan of P110 sample after damage by polysulfone potassium dril-
P110 sample and 42CrMo sample.

ling fluid; (b) Contour scan of 42CrMo sample after damage by polysulfone potassium
drilling fluid; (c) Roughness of P110 sample and 42CrMo sample.
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process forms numerous pitting sites on the metal surface, sub-
stantially compromising the metal's toughness and disrupting its
surface structure (Sedmak et al., 2020).

Wear and corrosion occur concurrently and mutually reinforce
each other. Pitting reduces the resilience of the metal surface,
rendering it more susceptible to abrasion. Furthermore, wear dis-
rupts the metal's protective oxide layer, accelerating the reaction
between ions and the metal. This synergistic interplay between
wear and corrosion results in heightened damage to the metal
surface, which stands as a principal reason for the adverse effects of
drilling fluid on casings/drilling tools.

This study conducts a systematic study on the wellbore pollu-
tion and damage caused by residual drilling fluid during ultra-deep
well drilling. The pollution and damage mechanism of drilling fluid
has profound guiding significance for wellbore cleaning work. We
should choose environmentally friendly wellbore flushing fluid to
clean the casing, thereby improving the service life of the casing
and ensuring the cleanliness of the underground development
environment.

4. Conclusion

In this study, a systematic investigation was conducted on the
contamination and damage to casings and drilling tools during the
drilling process of ultra-deep wells using different types of drilling
fluid (oil-based, polysulfonated potassium, and super-micro drilling
fluid). Analysis of drilling fluid residues on the casings and drilling
tools revealed that the primary constituents were solid-phase
particles and organic components. As the bottom-hole tempera-
ture increased, the extent of damage to the casings and drilling
tools decreased, with the least damage observed in the tempera-
ture range of 150—180 °C. Under varying temperatures, the surfaces
of casings and tools damaged by different types of drilling fluid
exhibited different roughness levels. Among them, the oil-based
drilling fluid caused the least damage, primarily due to its high
lubricity and the protective oil film it forms on metal surfaces,
greatly mitigating harm to casings and tools. However, the oil-
based fluid demonstrated strong adhesion, leading to more signif-
icant contamination. Polysulfonated potassium and super-micro
drilling fluid, with their high solid-phase and ion content, inflic-
ted considerable damage on casings and tools. The wettability of
drilling fluid on the surfaces of casings and tools increased with
surface roughness. Analyzing the mechanisms of damage by the
drilling fluid, it was determined that the primary modes of damage
to casings and tools stem from the abrasive wear caused by the
solid-phase particles in the drilling fluid and corrosion due to its
ions. The abrasive wear produces numerous scratches, while ionic
corrosion results in extensive pitting. The combined effects of these
mechanisms exacerbate the damage inflicted by the drilling fluid
on casings and drilling tools.
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Fig. 21. Contact angle between the super-micro drilling fluid and post-damage metal samples.
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Nomenclature

AV Apparent viscosity

ES The electrical stability

G'|G" Storage modulus/Loss modulus

PV Plastic viscosity
P110 P110 steel

YP Dynamic shear force
42CrMo  42CrMo steel
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