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Abstract

Most hot dry rock geothermal wells are small angle directional wells, and rock cuttings
easily accumulate at the bottom of the borehole to form a cuttings bed, causing acci-
dents such as drill sticking, reducing the rate of penetration, and drilling tool breakage.
Accurately calculating the resistance coefficient and settling velocity of hot dry rock
cuttings can improve cuttings transportation efficiency, design and optimize drilling
hydraulic parameters, and is crucial to solving borehole cleaning problems. Through
visual experiments, this paper obtained experimental data on the settlement of 167
groups of spherical pellets, 153 groups of granite cuttings, and 174 groups of carbon-
ate cuttings in the Herschel-Bulkley fluid. First, a prediction model for the resistance
coefficient of spherical pellets consistent with Herschel-Bulkley fluid was established.
Based on this, form factor-Roundness is introduced as the starting point, and two
prediction models for the resistance coefficients of granite cuttings and carbonate
cuttings in the Herschel-Bulkley fluid were established. The average relative errors
between the resistance coefficient model predictions and experimental measure-
ments are 9.61% for granite cuttings and 6.59% for carbonate cuttings. The average
relative errors between the predicted and measured values of settlement velocity are
7.27% for granite cuttings and 6.21% for carbonate cuttings, respectively, which verifies
the accuracy and reliability of the prediction model. The research results can provide

a theoretical basis and engineering application guidance for optimizing drilling fluid
rheology and circulation displacement in engineering.

Keywords: Borehole cleaning, Dry hot rock geothermal well, Cuttings settlement,
Resistance coefficient, Herschel-Bulkley fluid

Introduction

China’s geothermal resources are widely distributed and have large reserves [1]. Songliao
Basin, Hepu Basin, Gonghe Basin, and Subei Basin are all important areas for geother-
mal resource exploitation [2-5]. At present, most of the dry hot rock geothermal wells
that have been developed are small angle directional wells (the maximum well devia-
tion angle is less than 30°). Compared with vertical wells, cuttings produced during
drilling are more likely to accumulate at the bottom of the borehole under the influence
of gravity, and the temperature of the hot dry rock is usually higher than 200 °C. High
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temperature causes the viscosity of the drilling fluid to decrease, and the cutting-car-
rying ability is reduced, so cuttings will accumulate for a long time to form a cuttings
bed. The formation of cutting beds will shorten the life of drilling tools, increase the risk
of drill stuck, reduce drilling efficiency, and increase drilling costs. Therefore, the poor
borehole cleaning effect is a problem that must be solved when drilling dry hot rock geo-
thermal wells.

Researchers have conducted a large number of experimental studies on the settlement
laws of spherical pellets in Newtonian and non-Newtonian fluids (mainly power law flu-
ids) and established different forms of prediction models for settlement resistance coef-
ficients. However, hot dry rock cuttings have different shapes and are highly irregular,
and the rheology of the drilling fluid is more consistent with the Herschel-Bulkley fluid
or Bingham fluid [6]. There are not many studies using the Herschel-Bulkley rheological
model to model the sedimentation resistance coefficient. Among them, the Herschel-
Bulkley rheological model was used in the research of Ahonguio, Elgaddafi, Hakim et al.
However, their study focused on settling velocity rather than drag coefficient, and the
experiments did not use real rock cuttings [7-9]. The experiments in this paper used
real granite cuttings and carbonate cuttings. Moreover, during the drilling process of hot
dry rock wells and deep wells, researchers try to add polyethylene beads, nanosilica nan-
oparticles, and other substances to the drilling fluid to improve the high-temperature
resistance of the drilling fluid. The addition of these substances will make the rheologi-
cal model of the drilling fluid closer to the Herschel-Bulkley fluid [10—14]. Therefore,
directly using previous prediction models may produce large errors. To maximize accu-
racy, this paper first established a prediction model for the settlement resistance coef-
ficient of spherical pellets in Herschel-Bulkley fluid through experiments. Using the
form factor-roundness as the “bridge’, models for predicting the resistance coefficients
of granite cuttings and carbonate cuttings in Herschel-Bulkley fluid were established.
Based on two resistance coefficient prediction models, the settling velocities of the
cuttings were derived by iteration, and the accuracy of the two dry-heat rock cuttings
models was verified based on the average relative error between the calculated settling
velocity prediction and the experimental settling velocity measurements. The particle
settling resistance coefficient is a link in the study of solid-liquid phase interactions, and
it is necessary to use the resistance coefficient to calculate the solid—liquid phase drag
force in the modeling of cuttings transport. Therefore, the study of the settling resist-
ance coefficient of dry hot rock cuttings in the Herschel-Bulkley fluid can help calculate
the height of the cuttings bed, provide theoretical support for adjusting the viscosity of
the drilling fluid and the mud pump discharge to obtain the maximum hydraulic energy
distribution at the bottom of the well, and help to solve the borehole cleaning problem.

Experimental equipment and materials

Experimental equipment

The settlement experiment was conducted in a plexiglass cylinder with a height of
1500 mm and an inner diameter of 100 mm. Using a high-speed camera to record the
movement of spheres and cutting pellets, The high-speed camera is a Revealer 2F04C,
which achieves a frame rate of 190 FPS in full frame resolution (2320 x 1720) and 1260
EPS in 640 x 480 format, with intelligent image triggering, support for post-triggering,
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and support for simultaneous shooting by several cameras. the computer stores and
analyzes experimental data. The observation area of the high-speed camera is located
between 750 mm from the top of the column and 350 mm from the bottom of the col-
umn, ensuring that the pellets can be balanced by forces above the observation area to
reach the final settling velocity while avoiding the influence of the end effect.

When pellets settle, they will be subject to forces from the solution in all directions, so
rotation and displacement will occur during the sinking process. To determine whether
the pellets have reached a stable settlement state, the observation area was divided into
several small segments during the experiment, and the settling velocity of the pellets was
compared with that of each small segment. If the velocity of the pellets in each segment
was the same or the difference was less than 5%, it was considered that the pellets had
achieved stable settlement.

Experimental particle and dry heat rock cuttings shape description
Precision solid spherical pellets made of iron, zirconia, silicon nitride, and aluminum
were used in this experiment. Although the cuttings produced during actual oil and gas
drilling construction have a much lower density and settling rate than spherical pellets
of the same mass, the use of some high-density materials can increase the applicability
of the data. The physical properties of the pellets used in the experiment are shown in
Table 1, and the granite cuttings and carbonate cuttings used are shown in Fig. 1.

It can be seen that granite cuttings are mostly flaky, while carbonate cuttings
are predominantly massive. To better characterize the shape of irregular pellets,
researchers have proposed more than a dozen different form factors. Considering the

Table 1 Physical properties of pellets used in experiments

Materials Equivalent diameter D, (mm) Density (kg/m3)
Iron 1,2,3,45 7850
Zirconia 1,2,3,4,5 6040
Silicon nitride 15,2,3,4,5 3250
Aluminum 1,2,3,45,6 2700
Granite cuttings 1.6-5.1 2810
Carbonate cuttings 23-46 2440

-

3 & -y N
Granite cutting Carbonate cutting

Fig. 1 Two types of hot dry rock cuttings
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accuracy of experimental studies and the convenience of practical engineering, this
paper adopts the roundness proposed by Wadell H (1932) to describe the highly irreg-
ularly shaped rock chip pellets [15, 16]. Roundness is defined as shown in Eq. (1):

P,
X = -2
Py 1)

where.

P,: perimeter of the equivalent sphere of the projected surface of the particle, m,

Py the projected perimeter of the particle, m.

The roundness of the cuttings can be measured using the “analyze pellets” function
in the image analysis software Image], Image] is a scientific image analysis tool that
can scale, rotate, and blur images, as well as analyze a range of geometric features of
an object within a selected area, including length, angle, perimeter, area, circularity,
and more. the measurement conversion diagram is shown in Fig. 2.

The experiment obtained 327 sets of valid dry heat rock cuttings settlement data,
including 153 sets of granite cuttings and 174 sets of carbonate cuttings. Statistics and
analyses of the roundness and equivalent diameter D, of the two types of cuttings show
that the equivalent diameter of the granite cuttings D,, used for the experiment ranges
from 1.6 to 5.1 mm, and the Roundness ranges from 0.297 to 0.813, while the equiva-
lent diameter of the carbonate cuttings D, used for the experiment ranges from 2.3 to
4.6 mm, and the Roundness ranges from 0.457 to 0.863. The results are shown in Fig. 3.
It can be seen that the Roundness of both dry heat rock cuttings is less than that of
spherical pellets. The particle equivalent diameter is defined as shown in Eq. (2):

D, = (6’””) : @)
705

where.

m,,: quality of pellets, kg,
p,: density of pellets, kg/m?.
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Granite cuttings: a. original image; b. grayscale image Carbonate cuttings: a. original image; b. grayscale image

; ¢. threshold image; d. silhouette image ; c. threshold image; d. silhouette image
Fig. 2 Conversion diagram of two types of dry hot rock cuttings. Granite cuttings: a original image, b
grayscale image, ¢ threshold image, d silhouette image. Carbonate cuttings: a original image, b grayscale
image, ¢ threshold image, d silhouette image
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Fig. 3 Relationship between Roundness and equivalent diameter of two types of dry hot rock cuttings

Experimental solution and rheological parameter testing

In this experiment, Carbomer 980 powder was mixed with water to prepare the test
solution. Carbomer 980 is a polyacrylic acid cross-linked polymer with acid groups in
the molecular chain, which needs to be neutralized by adding Trolamine solution (con-
tent>99.0% (GC)), After neutralization, carbomer solution forms a clear gel. Most
importantly, the rheological model of the carbomer solution is consistent with the Her-
schel-Bulkley fluid as shown in Eq. (3):

T=10+Kyp" (3)

where.

7: shear stress, Pa;

7, yvield point, Pa;

y: shear rate, 1/s.

A small amount of carbomer solution was taken before the start of the settlement
experiments and its rheological profile at the current experimental temperature was
measured using an Anton Paar MCR 92 rheometer, and fitted using data analysis soft-
ware. The Herschel-Bulkley fluid rheological model was used to fit 6 groups of carbomer
solutions with different concentrations. The average value of the coefficient of determi-
nation R? after fitting was as high as 0.9917, proving that the rheological model of the
carbomer solution is consistent with the Herschel-Bulkley fluid. To make the rheology
of the prepared carbomer solution closer to that of the actual drilling fluid at the drilling
site, the consistency coefficient K needs to be in the range of 0.01-0.05 Pa.s", and the test
results are as shown in Table 2.

Table 2 Rheological test results of Carbopol agueous solution for experiment

Test solution Mass T(C) Solution Parameters R?
concentration density
(wt%) (kg/m3) 7, (Pa) K (Pa.s") n

Carbomer solution 0.075 25.01 1000 0.289 0.0498 0.829 0.9958
0.07 24.89 1000 0.254 0.0382 0.859 0.9949
0.065 24.99 1000 0.231 0.0266 0.903 0.9934
0.06 25.04 1000 0.206 0.0176 0.949 0.9899
0.055 25.03 1000 0.192 0.0145 0.965 0.9936

0.05 24.97 1000 0.110 0.0119 0.981 0.9825
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Equations (4)—(6) are common drilling fluid rheology formulas. Table 3 is a comparison
of the rheological properties of the carbomer solution calculated by equations and the rhe-
ological properties of the carbomer solution obtained by fitting, it can be seen that there is
a considerable difference between the two, especially the consistency coefficient K. This is
because the calculated parameters are measured by a six-speed rotational viscometer and
then calculated by Eqs. (4)—(6), while the parameters obtained by fitting are measured by
an Anton Paar rheometer and then fitted to the relationship between shear rate and shear

stress, so the parameters obtained by fitting are used.

T =0.5116; (4)
n = 3.3221g [(Bs00 — 63)/ (6300 — 03)] (5)
K = 0.511(6300 — 03)/511" )

Experimental principles

The experiment was carried out by immersing spherical pellets into the solution with
tweezers and releasing them at the center of the cylindrical tube. To reduce the influence
of uncertainties such as human factors on the experiments, 3—5 experiments were carried
out for each spherical particle in the same density solution to ensure at least 3 sets of valid
experimental data. and in fitting the resistance coefficients, only experimental data with a
relative error in velocity of less than 4% were selected.

It can be observed from the 167 sets of settling experiments that the regularly shaped
round spherical particles settle very stably and freely along the center of the pipe, with
almost no secondary motion. Therefore, it is considered that when the particles are
subjected to a resistance force F; (particle-liquid interaction force, Eq. (8)) equal to
the difference between gravity F, and buoyancy F; (Eq. (9)), the sphere reaches an end
velocity V, [17-19].

Fa=Fg—Fp (7)
which
T
Fq = g/OLCDDg V2 (8)

Table 3 Comparison of rheological parameters of carbomer solutions

Fitted parameters Calculated parameters

7, (Pa) K (Pa.s™ n 7, (Pa) K (Pa.s") n
0.289 0.0498 0.829 0.246 0.0228 0.843
0.254 0.0382 0.859 0.209 00177 0.872
0.231 0.0266 0.903 0177 0.0125 0914
0.206 0.0176 0.949 0.147 0.0084 0.958
0.192 0.0145 0.965 0.134 0.0070 0973

0.110 0.0119 0.981 0.086 0.0057 0.989
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T 3
Fy —F, = g(:os — pL)gD; 9)

where.

p,: density of particles, kg/m?;

py: fluid density, kg/m3;

V: velocity difference between particles and fluid, m/s;

Cp: resistance coefficient, dimensionless.

The resistance coefficient Cp, is crucial in characterizing the settling properties of parti-
cles. Since its formula includes the particle settling velocity V,, The relative displacement
(As) of particles between two frames (At) needs to be measured using the software “Get-
Data” before calculating the Cp. The software GetData obtains the coordinates of a point
on the picture by establishing the axes and unit lengths, which can be used to determine
the positional coordinates of the particles at the time of settlement, and thus to obtain the
relative displacements. and the settling velocity of the particles (V; = As/At) is calculated.
The expression for the resistance coefficient Cp, is given in Eq. (10):

_ 4 ps— pLgDe

C
D?’PLVtZ

(10)

The Reynolds number, Re,, is another dimensionless number that must be determined
to characterize the settling of particles. The significance of the Reynolds number is the
ratio of the inertial force to the viscous force, which is used to determine whether the
fluid flow is laminar (Re, <2320) or turbulent (Re,>2320), as well as the intensity of tur-
bulence [20]. For the Herschel-Bulkley fluid, the formula is shown in Eq. (11):

Res_pp = L_};Dg
K+ o(37)"
where.
7, yield point of the fluid, Pa;
K: the consistency coefficient of the fluid, Pa.s";
n: the rheological index of the fluid, dimensionless.

Experimental steps and flowchart
Experimental step

1. Before conducting the experiment, the carbomer solution was introduced into the
organic glass tube and allowed to stand for 12 h to ensure that the bubbles were fully
released.

2. The pellet was immersed in carbomer solution using forceps and gently placed in the
center of the round tube to allow it to settle freely.

3. A high-speed camera was used to record the movement of particles in a Plexiglas tube.

4. Each spherical particle experiment was conducted three times to reduce the interfer-
ence of uncertain factors and improve the accuracy of experimental measurement
results. When the debris particles settled, the experimental data whose trajectories
deviated significantly from the center line of the circular tube were discarded.
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Experimental flow chart
Figure 4 is a flow chart showing all the processes involved in the experimental study and

modeling work on the sedimentation of dry heat rock cuttings.

Spherical particle settlement experiment and result analysis

Figure 5 shows the relationship between the experimentally measured C, and Reynolds
number Re plotted in logarithmic coordinates for the settlement resistance coefficient
of the spherical particles. The classical Stokes formulation is obtained by Stokes by solv-
ing the Navier—Stokes equation by neglecting the nonlinear term in the laminar region
to obtain a formula for the fluid drag force on a circular sphere in a viscous fluid moving
at a slower speed (particle Reynolds number Re,<0.1). From Fig. 5, it can be seen that
when Re <1, the difference between the experimentally measured value of the resist-
ance coefficient Cp,, and the Cy-Stokes calculated by the Stokes equation is large, and
through the processing of the experimental data, it can be obtained that the average rela-
tive error of the two has been as high as 17.55%. From Eq. 8, it can be seen that the Reyn-
olds number is negatively correlated with the yield point and the consistency coefficient,
so the difference will only increase with the dilution of the solution. There is a large error
in predicting the settling resistance coefficient of spherical particles in Herschel-Bulk-
ley fluid using the Stokes equation and the calculation gives an average error of up to
53.04%. This suggests that using the Cp-Re, relation applicable to Newtonian fluids to
calculate the coefficient of resistance for settling spherical particles in non-Newtonian
fluids can produce large errors.

A variety of models for predicting resistance coefficients have been developed by pre-
vious authors, these models include distinguishing between Newtonian fluids and non-
Newtonian fluids, as well as between regular particles and irregular particles. There are
also differences in applicable types, Reynolds number ranges, model forms, etc. Some

| Settlement resistance coefficient experiment |

! .

Experimental values of settling velocity Experimental values of settling velocities
of spherical particlesV; of granite cuttings and carbonate cuttings
s Voraeand Ve
Experimental values of resistance coefficient Cpg .y (Eq.(7)) l
and Reynolds number Re(Eq.(8)) of spherical particles

‘ Experimental values of resistance
coefficientCpg .Cpc (Eq.(7))and Rey(Eq.(8))
of granite cuttings and carbonate cuttings

L Introducing the 2D shape factor
: Roundness C

Granite chips and carbonate chips are equated to spherical
particles of the same diameter

Establish the relationship between Cp
and Re, for spherical particles(Eq.(10))

Establish the relationship between
Cpc(Eq.(15)).Cpc(Eq.(16)) and Re; for granite cuttings
and carbonate cuttings

l

Predicting the critical upward velocity of rock cuttings
carried by drilling fluids, etc.

Fig. 4 Flow chart of settlement experiment of hot dry rock cuttings
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Fig.5 Cp-Re, relationship obtained from 167 groups of ball settlement experiments

of the more classical ones are Flemmer, Brown, Cheng, and Terfous [21-24]. Based on
the experimentally obtained settlement data of 167 sets of round spherical particles, the
above prediction model of settlement resistance coefficient was fitted, and it was found
that the model proposed by Brown fitted best, As shown in Eq. (12).

Cp = &(1 —i—AReB)—I—LReS<105 (12)
Reg *7 1+ D/Ref
where.
A, B, C, D, E: coefficients to be found, dimensionless.
The five unknown coefficients of Eq. 9 can be derived from the fitting, which leads to
the Cp-Re relationship for the round spherical particles in the Herschel-Bulkley fluid as
shown in Eq..

0.5582
1 + 0.0494 /Re0-4862

Cps = ;—1(1 + 0.2151ReX 1361y 4 0.3<Res <247 (13)

Equation (13) can demonstrate that the resistance coefficient C, will decrease with the
increase of Reynolds number in both the first and second terms of the right equation,
which shows a negative correlation.

The experimentally obtained settlement resistance coefficients, the resistance coefficients
calculated by Eq. (10), and the resistance coefficients obtained from previous studies are
plotted in Fig. 6, which shows that the individual curves have the same trend. Among them,
Khan [25], Okesanya [26], and the present experimental model are the Cy-Re, relation
obtained for the settling of round spherical particles in Herschel-Bulkley fluid. Therefore,
to better reflect the accuracy of this experimental model, three error analysis parameters
are used: root mean square error (RMSE), mean relative error (MRE), and coefficient of
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determination (R?) [27, 28], The results are shown in Table 4. RMSE, MRE, and R? are
shown in Egs. (14)—(16).

N
> (Cpp — Ctm)?

i=1 (14)
RMSE =
N
N
3 |Cpp—Cpwml
4 CPM (15)
MRE = x 100%
N 2
>~ (Com — Cpp)
2 i=1
R=1-= . (16)
> (Com — Cpm)
i=1
Table 4 Error statistics of ball settlement resistance coefficient in Herschel-Bulkley fluid
Reynolds number range Author Errors
RMSE MRE R?
0.3 <Re, <247 Khan (1987) 0.087 15.04% 0.992
Okesanya (2020) 0.130 12.55% 0.987
Cp-Re, model of the paper  0.045 6.02% 0.998

(Eq. 13)

Page 10 of 18
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where.
N: total number of experiment data points;
Cp: experimental values of settlement resistance coefficient, dimensionless;

Cpp: predicted values of settlement resistance coefficient, dimensionless;

CpmMm: average experimental values of settlement resistance coefficients,
dimensionless.

Resistance coefficient Cp,, Reynolds number Re,, and settling velocity V, are nested
with each other, so based on Eq. (13) in this paper, the iterative method can be used
to calculate new predicted values of settling velocity and resistance coefficient, and
compare the predicted values with the experimental values of settling velocity and
resistance coefficient, and the iterative flowchart is shown in Fig. 7, and the results of
the comparison are shown in Fig. 8.

From the results of the error analysis in Table 4, it can be seen that the RMSE and
R? of the predicted values of Okesanya’s model have the largest difference from the
experimental measurements, and the MRE of the predicted values of Khan’s model
has the largest difference of 15.04% from the experimental measurements. The RMSE
and MRE of the predicted values of the model in this paper are 0.045 and 6.02%
respectively there is a substantial reduction and the coefficient of determination R? is
0.998 is the highest compared to other models. Therefore, the model proposed in this
paper can better predict the settling resistance coefficient Cp,, and settling velocity V,,
for spherical particles in Herschel-Bulkley fluids.

Settlement experiment of irregularly shaped hot dry rock cuttings

The lift and resistance forces on irregularly shaped dry heat cuttings during settling
are related to some factors such as the shape of the particles and the direction of the
force. This will result in higher resistances on the dry heat rock cuttings than on the
spherical particles in the same solution [29]. Therefore, using Eq. to calculate the set-
tlement resistance coefficient of dry heat rock cuttings will result in inaccurate cal-
culations of parameters such as the height of the bed of cuttings and the volume of
discharge needed to carry the rock, which leads to engineering problems such as
plug-hole jamming, well-wall collapses, etc. In addition, irregular cuttings may drift
when settling, failing to fall steadily along the center of the pipe or even spiraling
downwards, a phenomenon that is evident in the settling of flake granite cuttings.
As shown in Fig. 9, particles of similar mass but different shapes in the settlement
experiments were selected, as shown in the figure, when the particles were close to
falling at a uniform velocity, the regularly shaped aluminum spheres had the fastest
settling velocity of about 0.28 m/s because they were subjected to the least resist-
ance, whereas the highly irregularly shaped flakey granite cuttings had the slowest
settling velocity of about 0.06 m/s because they were subjected to the greatest resist-
ance. Therefore, to avoid the influence of wall effects and secondary motions, the set-
tlement resistance coefficients of all cuttings that adhere to the wall (near the wall),
flip, or spiral sink are deleted when processing the experimental data. and introduce a
form factor- Roundness to modify Eq. (13).
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Fig. 7 Schematic diagram of parameter iteration

The ratios of the experimental values of settlement resistance coefficients Cp, and their
equivalent spherical settlement resistance coefficients predicted values Cpg were calcu-
lated for 153 granite cuttings and 174 carbonate cuttings respectively, and the results
were plotted as shown in Fig. 10. It can be seen that the C/Cpg of both cuttings is
slightly greater than 1. Based on the analysis of experimental data, to better reflect the
relationship between roundness and Reynolds number and to ensure that the particles
are spherical (when the roundness is 1) to meet the C,,/Chg=1, This paper uses Eq. (17)
to calculate the settlement resistance coefficient of cuttings.
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Cp = Cpsexp | XRe! (1 — ¢)” (17)

where.

X, Y, Z: coeflicient to be found, dimensionless.

Substituting the results of the data fitting and Eq. into Eq., the expressions for the coef-
ficient of resistance coefficient of settlement Cp, for granite cuttings and carbonatite cut-
tings in Herschel-Bulkley fluid are obtained as shown in Egs. (18) and (19).

Granite cuttings:

0.5582
1 + 0.0494/Re04862

24
Cpg = (ﬁ(l—l—O.ZlSlReg'Bél)—l— ) exp [1.131Res_°'004(1 — c)—°~°36]
S
(18)
Carbonate cuttings:

0.5582
1 4 0.0494/Re04862

24
Cpc = (E(1+0.2151Reg‘1361)+ ) exp {1.16Res_0‘°06(1 - c)°‘°35}
S

(19)

Results and discussion
Figure 11 shows the comparison between the predicted and experimental values of
resistance coefficients for granite cuttings and carbonate cuttings, respectively. Table 5
presents the results of the error evaluation for the two prediction models. It can be seen
that the predicted values RMSE and MRE calculated by Eq. (19) are lower, 0.027 and
6.59% respectively, while the predicted value R* calculated by Eq. (18) is higher at 0.980.
Based on the Cpg and Cp models, iterative calculations were used to obtain the
predicted values of settling velocities Vi, p and V. for granite cuttings and carbon-
atite cuttings in Herschel-Bulkley fluids, which were compared with the experimental
values Vi and Vi, respectively, and the results are shown in Fig. 12. The average
relative errors between the predicted and experimental values of the settling veloci-
ties of the two dry heat rock chips are 7.27% and 6.21%. Therefore, the V; model and
Ve model can better predict the settling velocity of two types of dry hot rock cuttings
in the Herschel-Bulkley fluid.



Wang et al. Journal of Engineering and Applied Science ~ (2024) 71:107 Page 14 of 18

Fig. 9 Settlement diagrams for particles of different shapes

Conclusions

To study the settlement characteristics of particles in Herschel-Bulkley fluid, a total of
494 sets of valid settlement experimental data were selected (167 sets of spheres, 153
sets of granite cuttings, and 174 sets of carbonate cuttings). Through the analysis of
the above experimental data, the following conclusions are drawn:
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Table 5 Error statistics of two types of debris settlement resistance coefficients

Type of cuttings Range of Reynolds Errors
numbers
RMSE MRE R?
Granite cuttings 142 <Re, <99 0.063 9.61% 0.980
Carbonate cuttings 7.76<Re,<61 0.027 6.59% 0.962

(1) Based on the model proposed by Brown, this paper considers the influence of the
rheology of Herschel-Bulkley fluid on the resistance coefficient, corrects the cor-
relation coefficient, and constructs a prediction model Cpg based on Herschel-
Bulkley fluid that is consistent with the settlement resistance coefficient of spherical
particles. The MRE between the predicted value Cpg p and the experimental value
Cps.m is 6.02%.

Characterization of highly irregular granite cuttings and carbonate cuttings using
Roundness based on Cpg modeling, The resistance coefficient prediction models
Cpg for granite cuttings and Cp for carbonate cuttings in Herschel-Bulkley fluids
were constructed, respectively. The MRE between the predicted and experimental
values of resistance coefficients for the two types of cuttings were 9.61% and 6.59%,

respectively.
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Fig.

12 Comparison of experimental values and prediction values of cuttings settling velocity:1 granite

cuttings, 2 carbonate cuttings

(3) Based on the Cpg model and Cp model, the iterative method is used to

reversely calculate the settlement velocity. The MRE between the predicted and
experimental values of settlement velocity for granite rock chips and carbonate
rock chips can be obtained as 7.27% and 6.21%, respectively. Once again, both
the Cpg and Cp models are confirmed to have good predicted effects. This lays
the foundation for subsequent more accurate calculations of cutting bed height,
drag force, and other parameters, as well as more accurate modeling for pre-
dicting the restart of cuttings. It can provide a theoretical basis and engineer-
ing application guidance for solving borehole cleaning problems and optimizing
hydraulic parameters in the drilling construction of geothermal wells in dry hot
rocks.

One of the limitations of this article is that the test solution used is not a real drill-
ing fluid because drilling fluids are usually formulated with a large amount of mate-
rials such as bentonite. However, the use of bentonite cannot guarantee the visibil-
ity of the experiment and cannot observe the movement of particles in the solution.
Condition. The second limitation is that the Reynolds number range of the granite
cuttings resistance coefficient model established in this article is 1.42-99, and the
Reynolds number range of the carbonate cuttings resistance coefficient model is
7.7642—61. Within this range, the prediction accuracy of the resistance coefficient
model established in this article is better than that of previous researchers. How-
ever, the range of Reynolds numbers should be expanded in future research so that
the model in this article has a wider application range [18, 19, 23, 24].
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Abbreviations

G Resistance coefficient, dimensionless

Cos Calculated equivalent spherical settlement resistance coefficients for cuttings, dimensionless
Com Experimental values of settlement resistance coefficient, dimensionless

Cop Calculated values of settlement resistance coefficient, dimensionless

Cosm Experimental value of resistance coefficient of spherical particles, dimensionless
Cosp Calculated value of resistance coefficient of spherical particles, dimensionless
Coonm  Experimental value of resistance coefficient of granite cuttings, dimensionless
Cogp Calculated value of resistance coefficient of granite cuttings, dimensionless
Cocm Experimental value of resistance coefficient of carbonate cuttings, dimensionless

Coce Calculated value of resistance coefficient of carbonate cuttings, dimensionless
CbM  Average experimental values of settlement resistance coefficients, dimensionless
D, Equivalent diameter, mm
Deg Equivalent diameter of granite cuttings, mm
Dec Equivalent diameter of carbonate cuttings, mm
Fq Resistance force, N
Fq Gravity, N
Fy Buoyancy, N
K Consistency coefficient of the fluid, Pa.s"
m, Quiality of pellets, kg
MRE Mean relative error
n Rheological Index of the fluid, dimensionless
P, Perimeter of the equivalent sphere of the projected surface of the particle, m
Py The projected perimeter of the particle, m
RMSE Root mean square error
R? Coefficient of determination
v Velocity difference between particles and fluid, m/s
Viem Experimental values settling velocity of spherical particles, m/s
Vier Calculated values settling velocity of spherical particles, m/s
Ve Experimental values settling velocity of granite cuttings, m/s
Viep Calculated values settling velocity of granite cuttings, m/s
Veem Experimental values settling velocity of carbonate cuttings, m/s
Veep Calculated values settling velocity of carbonate cuttings, m/s
Roundness, dimensionless
T Shear stress, Pa
T Yield point, Pa
y Shear rate, 1/s
Os Density of particles, kg/m?
o Density of fluid, kg/m?
Re, The Reynolds Number, dimensionless

Re,g  The Reynolds Number of Herschel-Bulkley Fluid, dimensionless
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