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ABSTRACT

Detailed information is provided for the design and construction of nitrogen drilling in a coal seam. Two proto-
type wells are considered. The Guo model is used to calculate the required minimum gas injection rate, while
the Finnie, Sommerfeld, and Tulsa models are exploited to estimate the ensuing erosion occurring in pipe strings.
The calculated minimum gas injection rates are 67.4 m>/min (with water) and 49.4 m>/min (without water), and
the actual field of use is 90-120 m*/min. The difference between the calculated injection pressure and the field
value is 6.5%-15.2% (formation with water) and 0.65%-7.32% (formation without water). The results show that
the Guo model can more precisely represent the situation of the no water formation in the nitrogen drilling of a
coal seam. The Finnie, Sommerfeld, and Tulsa models have different sensitivities to cutting densities, particle size,
impact velocity and angle, and pipe string hardness.

KEYWORDS

Coalbed methane; nitrogen drilling; minimum gas injection rate; erosion of pipe string; analysis on the scene

1 Introduction

Two prototype wells in a coalbed methane exploration area are studied, which should be regarded as the
first directional (Well D) and horizontal (Well H) wells in the world to implement nitrogen drilling
technology in coal seams. The amount of gas injection is one of the important design parameters of this
process. The amount of gas injection is too small to meet the requirements of carrying rock and liquid,
and excessive gas injection will lead to the erosion of the pipe string and the expansion of the wellbore.
The reasonable calculation of the gas injection rate has important guiding significance for on-site gas
injection volume, equipment selection, and drilling speed.

Angel [1] first proposed the calculation method of minimum gas injection rate in air drilling. The model
adopts the Weymouth friction coefficient, which is suitable for a smooth pipe wall, while the actual wellbore
is relatively rough. The temperature has a great influence on the air, and the simple use of average
temperature in the calculation process will lead to inaccurate results. The minimum gas injection rate
calculated by this model is 20%—30% lower than the actual value in the field [2,3].

Based on the Angel model, Guo et al. [4] proposed a widely used minimum gas injection calculation
model. In this model, the friction factor coefficient of Nikuradse is introduced into the Angel model to
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make it suitable for relatively rough boreholes. The actual temperature is used to replace the average
temperature, and the inclination angle is introduced into the model to calculate the minimum gas injection
rate in the straight, inclined, and horizontal sections [5—8].

Assuming that polygonal abrasive particles impact the surface of a plastic target at a certain speed and
angle, Xu [9] proposed the micro-cutting model theory of erosion wear, which resulted in target wear.
Experiments show that the model can suitably explain the erosion wear of plastic materials under multi-
angle abrasive and low angle impact. However, it shows that the erosion wear of brittle materials, a high
angle of attack, and non-polygonal abrasive grains (spherical abrasive grains) exhibits great error.

Taji et al. [10] established a particle collision model. This model assumes that the particles do not rotate,
slip, or adhere in the process of colliding with each other. It only considers the changes of the relative motion
velocity, particle size, and the number of particles, it ignores the influence of the strong turbulent flow of the
fluid itself on the collision of particles.

International University proposed the erosion wear model [11], which includes target properties, particle
shape, as well as the particle impact velocity and angle. The model has many parameters, and the rough
estimation of parameters also limits its application.

The erosion wear model proposed by Tulsa University includes target properties, particle shape, particle
impact velocity, and angle, among others [12]. The model has many parameters, and the rough estimation of
parameters also limits its application.

At present, the theory and method of the Guo model are mostly used in the calculation of gas injection
rate in gas drilling. Different erosion models have a great influence on the research and analysis of the erosion
phenomenon, so it is necessary to analyze the erosion of pipe string according to actual working conditions
[13—16]. For Wells D and H that implement nitrogen drilling technology in coal seams in areas with abundant
rainfall, this paper uses the Guo model to calculate the gas injection volume and gas injection pressure of the
two wells, and uses the Finnie model, Sommerfeld model, and Tulsa model to analyze the erosion of string.

2 Project Overview

The lower part of the Longtan formation in this exploration area is composed of thin to medium-thick
bedded limestone, fine sandstone, and siltstone, with great lithology variation and rich water content.
However, the upper part of the Changxing formation is comprised of siltstone and fine sandstone with a
thin layer of little limestone, which is rich in water. The exploration area is controlled by the local tensile
stress field and is a fault connected with the karst aquifer of the Maokou Formation (P1m), which can
replenish the groundwater of the coal measures strata.

Wells D and H are coalbed methane development wells, so nitrogen drilling technology is implemented
in the coal seam. The completion depth of Well D is 882 m (casing completion 711 m, open hole completion
171 m), and is 50 m below the coal seam completion. The completion depth of Well H is 1019.57 m (casing
completion 917.74 m, open hole completion 101.83 m), and the footage of the coal seam horizontal section
reaches 300 m. The combination of drilling tools used in the two wells is presented in Table 1, the gas drilling
equipment is shown in Table 2, and the well trajectory is exhibited in Fig. 1.
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Table 1: Drilling assembly

Well  Combination

Well D ©152.4 mm drill bit + ®120 mm gas bent screw (1.25°) + ®149 mm STB + ©120 mm forced
check valve 2 + @120 mm NMDC + ®120 mm non-magnetic suspension short connection
(EMWD) + ®89 mm weighted drill pipe + ®89 mm drill pipe + ®120 mm cock valve +
®108 mm hexagonal drill pipe

Well H ®152.4 mm drill bit + ®120 mm gas bent screw (1.25°) + ®120 mm forced check valves 2 +
®120 mm NMDC + ®120 mm non-magnetic suspension connection short (EMWB) + ®89 mm
weighted drill pipe + ®89 mm weighted drill pipe + ®89 mm drill pipe + ®120 mm stopcock +
®108 mm hexagonal drill pipe

Table 2: Gas drilling equipment

Number Name of equipment and tools Specifications and models
1 Clearance pipeline 4 MPa, 254 mm
7 MPa, 244.5 mm

2 Hydraulic gate valve of sand discharge pipeline 14 MPa
3 Air compressor XRVS476
4 Supercharger FY500
5 Making nitrogen by membrane C5551-3600
6 Gas injection manifold 35 MPa, 65 mm
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Figure 1: Three-dimensional diagram of well trajectory (a) Well D (b) Well H
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3 Minimum Gas Injection Calculation
According to the Guo model [4], the gas injection parameters are calculated as follows:
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For the vertical interval, the calculation equation is:

2a
23.418,(Ts + GH) Qyg0* , ab _,\(T,+GH\°  ab )
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where S, is the density of gas relative to air; 7 is ground temperature, °R; G is geothermal gradient, °C/m; H
is the calculated well depth, ft; Oy is the volume flow of gas under standard conditions (14.7 psi, 60 °F),
ft>/min; Vo 18 50 fps and the minimum gas flow rate under standard conditions; A is the annular cross-
sectional area, inz; P is the pressure at well depth 4, lb/ftz; ps 1s ground throttle pressure, lb/ftz; and a
and b are defined parameters.

For inclined and straight sections, the pressure calculation equation at depth H is as follows:

23.418,(Ts + G cos(I,)S) Ogo”
ngZAZ
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In which, [ is the slant angle of the deviated hole, rad.

For the directional interval, the pressure calculation equation at depth 4 is as follows:

23.418, [Ty + G(H + cos(I)R)]Qg0* 2aR sin(I)
£ Sy & — | P% + 2abRT,I exp o 0. 3)

In the formula, Py is the pressure at the kick-off point, Ib/ft%; R is the radius of curvature, ft; T, is the
average temperature of the interval, °R; and / is the angle of inclination, rad.

In formulas (1)—(3):
2
) 2
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In the formula, S, is the density of gas relative to air, dimensionless; dj, is the bit diameter, in; S; is the
density of cuttings relative to clear water; R, is penetration rate, ft/h; S; is the density of formation fluid
relative to clear water; @, is the liquid volume flow, ft*/min; f is the Mohs friction coefficient,
dimensionless; g is 32.2 fps?, which is a conversion constant for converting weight unit pounds into mass
unit seconds; A4 is the cross-sectional area of the runner, in’; dy is the vertical well depth increment, ft;
and e is the absolute roughness of shaft lining, in.

The calculation method is as follows: first, assume the O, value to get the a and b values; bring the
values of a and b into formulas (1)—(3); if the equation holds, the assumed Q, is the desired value;
otherwise, continue to calculate on the assumption of the Oy value.

The basic parameters of Well D and Well H are shown in Table 3.
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Table 3: Basic parameters of each well

Project Well D Well H
Density of rock relative to water 1.5 1.5
Density of gas relative to air 1 1
Density of formation fluid relative to water 1 1
Formation fluid intrusion flow (m*h™") Average 2.55 0

Drill bit diameter (m) 0.1524 0.1524
Mechanical drilling speed (m-h™") 3.74 11.64
Ground throttle pressure (MPa) 0.1 0.1
Ground temperature (°C) 23 23
Geothermal gradient (°C'm ") 0.03 0.03
Drill hole diameter (m) 0.012 0.012
Number of drill holes 7 7

Gas specific heat ratio 1.4 1.4
Bit flow coefficient 0.6 0.6

The gas injection volume and pressure are calculated by the Guo model, and the results are shown in
Table 4.

Table 4: Calculated value and field value of minimum gas injection rate

Well Project Result Remarks

Well D Calculate the minimum gas injection rate About 67.4 m>/min Formation effluent

Actual gas injection rate 90-120 m*/min
Well H Calculate the minimum gas injection rate About 49.4 m*/min No formation effluent

Actual gas injection rate 110 m*/min

The required gas injection rate of Well D is higher than that of Well H. This is because there is the
formation of water in the drilling process of Well D, and the water output of some sections is large. The
calculated minimum gas injection volume of the two wells is less than the actual value in the field
because the treatment of wellbore roughness in the Guo model cannot fully express the nitrogen drilling
in the coal seam.

4 Calculation of Injection Pressure

Combined with O, and the a and b values, the pressures at different positions in the wellbore can be
calculated.

For the vertical interval, the upstream pressure is calculated by the following formula:

2a
ab ) Tror + ab )
| (o s ) (1) - ®

In which, G is the geothermal gradient, °C/m. For the + number in the formula, ‘+’ is for the upwelling,
whereas the downflow uses ‘“—’.
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For non-horizontal vertical sections, upstream pressure is calculated using the following formula:
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In which, S is the interval length, ft.

For the horizontal interval, the following formula is adopted for calculation:

Py = V Pan® +abTy’S. (7)

For the arc hole section, the upstream pressure is calculated by the following formula:

@®)
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where [, is the maximum dip angle (bottom hole), rad; and R is the radius of curvature of the well section, ft.

The critical pressure ratio of bit water hole is calculated as follows:

pdn 2 k,ﬁ
Fdn _ (_ 2 ) 9
Pup (k + 1) ©)

In which, P, is the downstream pressure, bbl/ft?; P,, is the upstream pressure, bbl/ft?; and & is the
specific heat of the gas.

When the velocity of the drill hole is subsonic, the gas flow rate is:

2 k1
P dn \ ¢ P an \ *
Py P, |

In the formula, C is the flow coefficient, the nozzle of the bit is about 1, and the water hole of the bit body
is 0.6.

The relevant parameters at different positions of Well D and Well H are taken to calculate the injection
pressure and compare it with the measured injection pressure, as shown in Tables 5, 6, Figs. 2, and 3.

k

Qo = 6.02CAPw\ | s T
g n

(10)

Table 5: Comparison of gas injection pressure in each section of Well D

Well depth (m)  Calculate injection  Actual injection  Difference (%)  Remarks

pressure (MPa) pressure (MPa)
723.57 3.26 3.06 6.5 —
759 4.00 4.00 15.0 Effluent 1.40 m*/h
853 4.95 5.34 7.3 Outlet water 5.00 m*/h

882 4.55 5.37 15.2 Outlet water 2.55 m’/h
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Table 6: Comparison of gas injection pressure in each section of Well H (formation free effluent)

Well depth (m)

Calculate injection  Actual injection  Difference (%)

pressure (MPa)

pressure (MPa)

4.84
4.57
4.59
4.86

4.51 7.32
4.60 0.65
4.48 2.46
4.80 1.25

950.00
983.25
1000.57
1019.00
5.5
st
4.5

Pressure /MPa
&~

—e— Calculated injection pressure

—— Actual injection pressure

750

800 850 900
Well depth /m

Figure 2: Comparison of gas injection pressure in Well D
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Figure 3: Comparison of gas injection pressure in Well H

423

The comparison results show that the difference between the calculated injection pressure and the field
value is up to 6.5%—15.2%. In the case of no effluent, the difference between the calculation results and the
field values is small, which is 0.65%—7.32% and relatively consistent. For nitrogen drilling in the coal seam,
the Guo model can better predict injection pressure without water.
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5 Calculation of Erosion of Pipe String

The column erosion calculation method is as follows [17-19]:

b(vp) .
R 3 SV 0y

11
n=l Aﬂzce ( )

In which R is erosion rate, kg/(m?s); C(dp) is a function of the cuttings particle size; f{a) is a function
of impact angle; v, is the velocity of cuttings relative to the wall, m/s; b(v) is a function of the relative velocity
of cuttings; m, is the mass flow rate of rock chips, kg/s; and A, is the unit erosion area of drill pipe
surface, m°.

The input parameters of the Finnie model are c(dp) = 1.8 x 10°°, ffa) = 1, and b(v) = 0.

The input parameters of the Sommerfeld model are C(dp) = 1.8 % 1079,f({0, 20,30,45,90})=1{0,0.8,1,
0.5, 0.8}, and b(v) = 2.6.

The input parameters of the Tulsa model in the above formula are:

b(v) = 1.73, (12)

C(dy) = 1.559¢ *B~"*F.d,?, (13)
_ [ —38.40% 42270, o < 0.262rad

/(o) = {2.25a3 — 7.500% + 6.80a +2.00, o > 0.262rad (14

where B is the Brinell hardness of the drill pipe material; Fig is the particle shape factor; and the spherical
particle is taken as 0.2.

According to the relevant requirements in the standard SY/T5956-2004 “Technical conditions for
scrapping drilling tools” and SY/T 5369-2012 “The management and use of oil drill pipe, drill pipe, drill
collar” [20,21], the scrapping conditions of drilling tool erosion are shown in Table 7.

Table 7: The scrap condition of drill pipe body abrasion

Wear condition of drill pipe Scrap condition
Local wall thickness wear of pipe body Remaining wall thickness < 62.5% of the total wall
thickness

Lateral hard injury at tube thickening site  Depth > 2 mm, length > 20 mm

Longitudinal hard injury at tube thickening Depth > 2.5 mm, length > 20 mm
site

Hard injury in the tube body Depth > 1.5 mm, length > 20 mm
Tube corrosion Remaining wall thickness < 70% of the wall thickness
Plastic deformation Have

5.1 Impact Angle on Erosion Rate

The average particle size of cuttings is 0.26 mm, the impact velocity is 21.74 m/s, and the density is
1500 kg/m>. The Boolean hardness of the column is 260, and the relationship between the erosion rate
and the impact angle is plotted in Fig. 4. The erosion rate calculated by the Sommerfeld model and the
Tulsa model is the largest when the impact angle is 30°, whereas the Finnie model does not change.
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Figure 4: Influence of impact angle on erosion rate

5.2 Impact Velocity of Cuttings on Erosion Rate

The impact angle of cuttings was set to be 18°, the average particle size was 0.26 mm, and the density
was 1500 kg/m>. The Boolean hardness of the pipe column was 260, and the relationship curve between the
erosion rate and the impact velocity of cuttings is presented in Fig. 5. It can be seen that the erosion rate
calculated by each model increases with the increase of the debris impact velocity. The calculation results
of the Sommerfeld model are much larger than those of other models.
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Figure 5: Influence of cuttings impact velocity on erosion rate

5.3 Influence of Average Particle Size of Cuttings on Erosion Rate

When the impact angle of cuttings was set at 18°, the impact velocity was 21.74 m/s at the drill collar and
the density was 1500 kg/m>. The Boolean hardness of the string was 260. The relationship curve between the
erosion rate and average particle size of cuttings is presented in Fig. 6. It can be seen that the erosion rate
calculated by each model increases with the increase of the average particle size of cuttings. The
calculation results of the Tulsa model are much larger than those of other models.
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Figure 6: Influence of average particle size of cuttings on erosion rate

5.4 Influence of Cuttings Density on Erosion Rate

When the impact angle of cuttings was set at 18°, the impact velocity at the drill collar was 21.74 m/s
with an average particle size of 0.26 mm. The Boolean hardness of the pipe string was 260. Fig. 7 shows the
relationship curve between the erosion rate and the average particle size of cuttings. It can be seen that
the erosion rate calculated by each model increases with the increase of the average particle size of
cuttings. The results of the Sommerfeld model are larger than those of other models.
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Figure 7: Influence of cutting density on erosion rate

5.5 Influence of Hardness of Pipe String on Erosion Rate

The impact angle of cuttings was set to be 18°, and the impact velocity was set to be 21.74 m/s at the drill
collar. The average particle size was 0.26 mm and the density was 1500 kg/m>. The relationship between the
erosion rate and the Boolean hardness of the pipe column is calculated and presented in Fig. 8. The Tulsa

model shows the relationship between the erosion rate and Boolean hardness. The greater the hardness of
the string, the smaller the erosion damage.
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5.6 Erosion Analysis of Field Pipe String

When analyzing the erosion of string in Well H and Well D, the impact angle was 18°, the density of
cuttings was 1500 kg/m>, and the average particle size of cuttings was 0.26 mm. The drill collar Brinell
hardness was 341, and the drill pipe Brinell hardness was 260. Column erosion. The pure drilling time of
Well H was 8 h 35 min, and the mixed fluid flow rate at the drill collar was 67.98 m/s. The pure drilling
time of Well D was 45 h 39 min, and the flow rate of mixed fluid at the drill collar was 21.74 m/s.

The three models of the gas drilling process on the string erosion calculation results are listed in Tables 8,

9, Figs. 9, and 10.

Table 8: Erosion calculation results of Well D

Computational ~ Maximum erosion rate Maximum wall thickness Minimum residual wall
model (kgm %s ) loss (m) thickness (%)

Finnie 9.00 x 10~ 1.88 x 107 99.90

Sommerfeld 1.79 x 107* 3.76 x 10~ 79.91

Tulsa 1.84 x 107 3.91 x 107 79.08

Table 9: Erosion calculation results of Well H

Computational ~ Maximum erosion rate Maximum wall thickness Minimum residual wall
model (kgm s ) loss (m) thickness (%)

Finnie 9.00 x 107’ 3.54 x10° 99.98

Sommerfeld 1.44 x 107* 5.68 x 107 99.43

Tulsa 1.62 x 107* 6.36 x 10°* 99.12

The Sommerfeld model and the Tulsa model show the relationship between the erosion of string and the
particle size of cuttings in the two wells. In the pure drilling time, the residual wall thickness of Wells H and
D is greater than 70%, which is lower than the erosion wear failure standard.
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6 Conclusion

This paper calculates the minimum gas injection rate of nitrogen drilling in a coal seam with abundant
rainwater in the study area, and analyzes the erosion of pipe string. The calculation results were compared
with the field data. The following conclusions were reached.

1. The minimum gas injection rate of wells with water production in the formation calculated by the
Guo model was 67.4 m’/min, which was 90-120 m’/min in actual use. The minimum gas
injection rate of the well without water was 49.4 m>/min, and the actual use was 110 m*/min. The
difference between the calculated injection pressure and the field value of wells with water in the
formation was 6.5%—15.2%. The difference of no effluent was 0.65%—7.32%. The comparison
between the calculation results and the field data shows that the Guo model can better calculate
the situation of no water formation in the nitrogen drilling of the coal seam.

2. Cuttings density, particle size, impact velocity and angle, and string hardness have significant effects
on the erosion rate. The Finnie model, Sommerfeld model, and Tulsa model have different
sensitivities to these factors, so they need to be used at the same time to analyze the string
erosion. The erosion damage of the pipe string at the wellhead is large, and the erosion damage of
the pipe string in the field does not reach the failure standard.
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