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ABSTRACT

Measurement while drilling (MWD) has been widely used in petroleum drilling engineering because it can realize borehole trajectory
monitoring and improve the drilling speed. However, the slurry erosion will deteriorate and shorten the life of MWD. A user-defined
function (UDF) code was developed to calculate the particle properties (particle impact velocity, particle impact angle and particle
impact number) and erosion depth to understand the erosion process. The results show that the Realizable k-¢ model can accurately
predict the erosion profile and the erosion depth is consistent with the experiment results. Furthermore, high pressure will aggravate
surface damage and expand the area of slurry erosion. It has been demonstrated that computational fluid dynamics (CFD) and exper-
imental approach can be used to identify and explain the erosion mechanisms in different regions where the surface morphologies

reveal four erosion patterns, namely, micro-cutting, cracks, pits and plastic deformation.
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INTRODUCTION

Measurement while drilling (MWD) is a kind of advanced drill-
ing equipment, which has been widely applied because it can
realize well trajectory monitoring and improve the drilling effi-
ciency. In drilling operations, sand can provide the energy
needed to break hard rock in a fast and cost-effective manner
[1,2]. On the other hand, sand particles can bring about various
problems, such as pressure drop, pipe blockage and erosion [3].
When solid particles in the fluid impact the copper alloy barrel
of MWD, the equipment is prone to damage and failure, result-
ing in huge economic losses [4,5]. Therefore, in order to ensure
the safe operation of MWD instrument and reduce the damage
caused by the slurry erosion, an accurate erosion prediction is
prerequisite.

The slurry erosion is a very complex phenomenon, which is af-
fected by many factors such as particle impact velocity, particle
impact angle and particle impact number and mechanical prop-
erties of barrel materials. For brittle materials [6], the erosion is
mainly caused by cracking and peeling of barrel materials. For
ductile materials [7-9], the erosion is generated by a series of
repeated micro-plastic deformations.

In order to study the erosion rate and establish an erosion model,
the Slurry Pot Erosion Test, Coriolis Test, Direct Impingement
Jet Test and Pipe Loop Test [10-12] are provided to carry out

standard experimental tests. DVN [13], E/CRC [14], Oka [15,
16], Grant and Tabakoff [17] erosion models are widely used
owing to their relative simplicity and accuracy. However, in the
fully automatic drilling environment, the determination of 3D
erosion distribution is still challenging due to the long time and
high cost of wall thickness monitoring. Computational fluid dy-
namics (CFD) can estimate particle microscopic characteristics
that cannot be observed in the experimental methods. It is widely
used for particle erosion prediction of related geometric shapes
such as pipelines, tee pipes at sudden expansions and contrac-
tions [18-20]. However, no CFD investigation to date has been
conducted to examine the slurry erosion behaviors of copper al-
loy barrel of WMD.

In the present, a combined numerical and experimental approach
was used to investigate the erosion-induced surface evolution as
well as the erosion mechanisms on the surface of the MWD bar-
rel. CFD simulation results are helpful to make an insight into
the particles impact on MWD barrel surface and the process of
removing the material.

EXPERIMENTAL PARAMETERS

MWD testing system is mainly composed of ground equipment
and downhole measuring instruments as shown in Fig. 1. Parti-
cles are irregularly shaped quartz sand with a density of 2450
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kg/m3 and the diameter in the range of 0.1~ 0.3 mm. The vis-
cosity of the drilling fluid is 47.5CP and the density is 1325
kg/m3. Detailed composition of MWD barrel and experimental
conditions are shown in Table 1 and Table 2. The relation be-
tween drilling fluid velocity u and fluid flow Q is referred to Eq.
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Fig. 1 Schematic of the experimental facility. (a) MWD testing
system, (b) MWD barrel (mm)
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Q (LYs) is the fluid flow, C (3.117) is the empirical coefficient,
and D (0.083 m) is the length scale of the fluid.
The total mass loss of MWD barrel was measured by the elec-
tronic balance. The local erosion depth and surface morphology
were characterized by Super Depth 3D microscope (Keyence,
VHX-6000).

Table 1 Experimental conditions

Condi- Fluid Particle Working Testing
tions flow concentra- pressure time (h)
(L/s) tion (%) (MPa)

Test 1 55 05 0 200
Test 2 35 05 20 200
Test 3 15 0.5 20 200

Table 2 Physical properties and composition of Cu-Be (QBe2)
alloy barrel of MWD

Mate- Density Hard- Young's Pois- Yield
rial (kg/m3) ness modulus, son's strength
(HB) E (GPa) ratio, v (MPa)
QBe2 8300 213 128 0.27 195
Composition (wt. %)
Be Ni Fe Al Si Cu
1.86 0.21 0.07 0.03 0.02 Bal

NUMERICAL SIMULATION

3.1. Discrete phase model
The motion of particles is solved by Newton 's second law in the
Lagrangian frame [21,22], which can be expressed as:

dvy _ (pr—p)

?—FD(M—VI,)-FQT-FF (2.)
_ 18uCpRe, _ pdp|u - vp|

b= ape s Re="l L @)

where Fp is the drag force per unit particle mass. In this study,
F represents the additional force and the pressure gradient per
unit particle mass, g is the acceleration of gravity. vp, pp, dp, Co

and Rep are the particle velocity, density, diameter, drag coeffi-
cient and the Reynolds number, respectively.

The particle-wall interaction not only affects the velocity and
angles, but also the trajectory of particles. The particle rebound
model proposed by Forder et al [23] can be described as:

e, = 0.988 — 0.786 + 0.1962 — 0.0246% + 0.0270*  (4.)

e, =1—0.786 + 0.846% — 0.216° + 0.0286* — 0.02265  (5.)

where en and e: are the normal and tangential restitution coeffi-
cients, respectively. 6 (rad) is the particle impact angle.

3.2. Erosion model

Oka erosion model [15, 16] is obtained on the basis of a large
number of erosion experiments. The relationship between
K(a-HV)%+" and Eqo at reference impact velocity can be derived
based on Oka experimental results. The function of SiO2~Cu is
described as [16]:

K(a - HV)? ~ 81.714(HV) 015 (6.)
Ve a
ER =107° X p,, - K (a Hv)*? (—) B)eg0)  (7.)
Vref dref
HV +0.1023
— 0.038 -
ky = 2.3(HV)°038, HB 00108 8.

The ER (kg/kg) is defined as the mass of removed material from
the sample divided by the mass of erodent impacting the surface.
pw and HV (GPa) are the density and Vickers hardness of the
target material, respectively. drer and vrer are the reference parti-
cle diameter (326 um) and the velocity (104 m/s) of the particle,
respectively. k is the particle impact velocity exponent, ks is de-
termined by the properties of the particle. The detailed parame-
ters are listed in Table 3.

The impact angle function g(®) is defined by:

g(0) = (sin)™ (1 + HV (1 — sinf))"2 9.)

ny = 0.71(HV)*M,  n, = 2.4(HV)™ %% (10.)
where n1 and nz are determined by the particle properties and the
eroded material hardness. The impact angle function g(@) of
SiO2~QBez is shown in Fig. 2.

Furthermore, in the present a user defined function (UDF) code
is developed into the ANSYS FLUENT software to calculate the
erosion depth and total mass loss:

_ER;-m;-

t
AW =ER-m; -t x 1000, Ah; = x 1000  (11.)
Pw A

where Ahi (mm) and Aw (g) are the erosion depth and total mass
loss, respectively. t (s) is the test time. m; (kg/s) is the mass rate
of particles impacting the computational cell area Ai (mz).
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Fig. 2 The erosion arising from repeated plastic deformation and
cutting action according to Eq. (9)-(10)
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Table 3 Parameters for Oka erosion model

. QBe2 Model constant,
Material type (C17200) n 1.14
Particle type  Angular SiO2 Vemcﬂ'g’f %po- 2.37
Refgrence 0.0006026 Diameter expo- 0.19
erosion rate nent
Wall material .
Vickers 2.2 Refertee”rc(en?)'ame' 0.000326
(GPa)
Model con- 079 Refe_rence veloc- 104
stant, ny ity (m/s)

3.3. Computational mesh and geometry

Fig. 3 shows the simplified geometry and the mesh used in the
CFD simulation. Three kind of meshes as shown in Fig.4 were
created by ICEM to conduct the mesh refinement study, with a
refinement ratio of 1.5.

The grid convergence method proposed by Roache [24] is used
to analyze the uncertainty of the upstream average erosion rate
caused by the grid refinement in Table 4. To obtain representa-
tive average velocity and turbulence fluctuations value of parti-
cle interaction in the near-wall cell, it is recommended to set the
thickness of the first layer equal to the particle size [25-27]. The
convergence index for coarse and intermediate meshes is 4.8%
while intermediate and finer meshes is 0.84%. Meanwhile, the
asymptotic range of convergence is 0.97 and the order of grid
convergence is 4.39. As it can be seen, the intermediate mesh is
sufficient to meet the simulation accuracy requirements.

Table 4 Parameters setting of grid refinement study (Realizable
K-¢ model)

Mesh Refine- The number Average ero-
group ment ratio of elements sion rate
(kg/m?-s)
Mesh 1 68640 5.96x10¢
1
Mesh 15 220320 5.01x10¢
2
Mesh 2.25 717810 4.85x10°°
3

3.3. Boundary conditions and numerical schemes

ANSYS FLUENT 2019 was used for numerical simulations. For
complex flow problems involving pressure gradient and impact,
non-equilibrium wall functions are recommended [28]. The
boundary conditions adopt velocity inlet and pressure outlet.
The turbulence specification method was used taking into ac-
count the turbulence intensity (5%) and hydraulic diameter
(0.083 m). The Couple-Pseudo transient algorithm was used to
solve the pressure-velocity coupling problem and QUICK dis-
cretization scheme was used to determine the momentum, the
convection and divergence terms, and the PRESTO for the pres-
sure term.

As the particle concentration is low, one-way coupling can be
employed. The Rosin-Rammler model [29] is used to calculate
the particle distribution. The average particle diameter is esti-
mated as 0.000181 m, the particle distribution exponent is 2.5
and the non-spherical coefficient is 0.8.

RESULTS AND DISCUSSION

4.1. Turbulence model analysis

Different types of turbulence models will lead to different tur-
bulence scales, which will lead to differences in particle trajec-
tory prediction. In this study, three turbulence models of Realiz-
able k-¢, SST k-0 and RSM are used to analyze the erosion rate
of MWD barrel [30]. The experimental data from Test 1 was

used to determine which model performed best in predicting the
overall erosion profile.

As can be seen from Table 5, the total mass loss of RSM model
and SST k-® model is close to the experiment values, while the
Realizable k-¢ model is obviously over-predictive in the down-
stream of MWD. The significant erosion localization is found by
the SST k-w model and RSM model in Fig. 5(b) and (c), but the
experimental erosion profile is dispersed and randomly distrib-
uted. In comparison with the experimental data, the erosion
depth and erosion profile predicted by the SST k- model and
RSM model are not as good as that by Realizable k-¢ model in
Fig. 5(a) and Fig. 6. Therefore, the Realizable k-¢ model is se-
lected as turbulence model for the CFD simulation.

Table 5 Comparison of total mass loss with different turbulence
models

Condi- Realiza- SSTk-0  RSM (g) Experi-
tions ble k-¢ (9) ment ()
©
Testl 81.35 45.36 47.53 57.23
Test2 21.18 11.08 11.25 23.28
Test3 7.6 4.19 4.32 14.52
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Fig. 5 Contours of erosion depth with different turbulence mod-
els (Testl): (a) Realizable k-¢, (b) SST k-0, and (c) RSM
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4.2. Comparison between CFD simulation and experimental
results

A combination of CFD calculation and experimental results is
conducted to study the influence of fluid flow on the slurry ero-
sion process and erosion mechanism. Under different fluid
flows, the erosion distribution of MWD barrel by the simulation
and experimental results is shown in Fig. 7. The erosion wear is
mainly distributed in the upstream of MWD barrel.

Since the MWD barrel is not a plane, there is a curvature error
in the radial direction. In the experiment measurements, it is
noted that the erosion profile is distributed randomly. In order to
reduce the measurement error, the multiple line data in the Y-
axis direction are extracted and averaged. For Test 1, the erosion
wear is mainly distributed in the range of 200-210 mm. Gener-
ally the trend of erosion wear decreased gradually from the top
to the bottom in the upstream of MWD barrel. CFD simulation
can well predict the erosion profile, and the predicted erosion
depth is relatively consistent with the experimental data as
shown in Fig. 7(a) and Fig. 6. Under high pressure and high fluid
flow (Test 2), the interaction between particle erosion and pres-
sure, the area of slurry erosion is expanded and the erosion depth
is increased in Fig. 7(b) and Fig. 8. In the range of 205-210 mm,
CFD can better predict the erosion depth, which is agreement
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with the experimental measurement. When Von Mises stress be- comparison with the experimental measurement. Surface dam-
comes larger in the range of 190-200 mm, plastic deformation age may be caused by plastic deformation due to high pressure,
caused by high pressure dominates, and it is difficult for the ex- resulting in a uniform concave in the middle and convex on both

isting erosion model to predict complex conditions as shown in sides in the upstream of MWD barrel in Fig. 7(c).
Fig. 8 [31, 32]. For Test 3, the erosion wear are negligible in
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stress with actual erosion (Test 2)

To further understand the erosion process and erosion mecha-
nism, the surface morphology of MWD barrel after erosion is
observed by Super Depth 3D microscope. The erosion morphol-
ogy is mainly affected by the particle impact velocity, particle
impact angle and Von Mises stress. Figure 9 shows the contours
of erosion-related variables (such as erosion depth, particle im-
pact velocity, particle impact angle and sand mass per unit area)
under different fluid flow. It can be seen that the fluid flow has
a certain degree of influence on the shape of the erosion scar. As
the particle velocity decreases, the ability of fluid flow to carry
particles becomes stronger, and more particles will impact the
surface of MWD barrel in the upstream with the fluid, and the
impact angle will increase. Therefore, the combination of CFD
simulation and experimental approach can be used to identify
and explain the slurry erosion mechanism in different regions.
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Under high fluid flow (Test 1), small fragments were induced by
the repeated cutting actions of high-velocity particles at low im-
pact angle. These fragments were washed away by the incoming
slurry and subsequently removed from the material surface, re-
sulting in scratches and vulnerable lip formation [33,34] as
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shown in Fig. 10(a) and (b). Under high pressure and high fluid
flow (Test 2), the impact force of the particles becomes bigger,
the pits form on the surface and are becoming larger and deeper
in Fig. 10(c) and (d). In the middle of the upstream (195-200
mm), the Von Mises stress and particle impact angle become
bigger, plastic deformation and cracks caused by indentation
dominate in Fig. 10 (e) and (f) [34-36]. Under high pressure and
low fluid flow (Test 3), the particle impact velocity is relatively
low, but the impact angle increases. The micro-pits and
scratches form, resulting in a large number of micro-pits and
scratches in Fig. 10(g) and (h). These slurry erosion characteris-
tics are very similar to the experimental study of slurry erosion
results [34].

Fig. 10 Surface morphologies in different regions of MWD bar-
rel. (1) in the top of upstream (205-210mm): (a), (c), (d) and (g),
(1) in the middle of upstream (195-200mm): (b), (e), (f) and (h)

CONCLUSIONS

1) The SST k-0 and the RSM model predictions are insuffi-
cient in particle-fluid interaction, showing the obvious ero-
sion localization in the upstream of MWD barrel. The real-
izable k-¢ model can well predict the erosion profile and
the erosion depth is consistent with the experiment results.

2) Under high fluid flow, particle erosion wear is mainly dis-
tributed in the range of 200 ~ 210 mm, and the overall trend
gradually decreases from the top to the bottom of MWD
barrel; under high pressure and high fluid flow, particle
erosion and pressure interaction further expand the area and
the depth of slurry erosion; under high pressure and low
fluid flow, the particle erosion is negligible, and plastic de-
formation caused by high pressure is dominant.

3) A user defined function (UDF) code is developed to calcu-
late the particle characteristics to understand the slurry ero-
sion process and explain the erosion mechanisms. The im-
pact of particles at high velocity and low angle is domi-
nated by the cutting mechanism. Under high angle and high
Von Mises stress, plastic deformation caused by indenta-
tion is dominated; for high velocity of particles, large pits
and cracks are formed, and micro-pits and scratches form
at low velocity particles.
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