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Abstract

To study the process of coal mine drainage pipe scale removal by using a water jet and its

affecting parameters, a numerical model based on the fluid-solid interaction method is developed to

simulate the removal process. The grid of the water jet and null material adopts ALE (Arbitrary

Lagrange-Euler) formulation, while the pipe scale grid employs Lagrange formulation. The water jet

penetration is simulated by coupling ALE fluid elements and Lagrange solid elements. The stress

variation inside the pipe scale under the impact of water jet is analyzed. In addition, the effect of water

jet parameters on the cutting depth is investigated. The numerical results are consistent with the

experimental results. The results illustrate that the impact velocity and the incident angle of water jet

have a significant influence on the impact depth determination. Small impact velocity causes erosion

near the pipe scale surface and the actual crush occurs only when the velocity exceeds a certain value.

The incident angle of water jet has an efficient range and larger cutting depths can be obtained as the

incident angle increases up to 70°.
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1. Introduction

The drainage pipeline is an important component of
the coal mine drainage system in China. Majority of the
drainage pipelines in the mines are relatively long and
the mine water inside contains impurities such as coal
slime. The impurities in mine water gradually deposit and
solidify on the inner wall of the pipe after a certain period
of drainage resulting in scale formation. Owing to the
scale in the pipe, the hydraulic radius of the pipe is de-
creased and consequently the flow capacity is restricted.
Moreover, severe scale induces unsafe production in the
mines [1,2]. A section of drainage pipe scale sampled
from a mine in China is shown in Figure 1. To ensure safe
and efficient drainage, descaling should be conducted
regularly. The water jet is a stream of dynamic fluid with
highly concentrated energy, and it is widely utilized in
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the cleaning, cutting, breaking, and descaling of materials,
as well as other engineering fields [3]. If the pipe robot
carries water jet generator to run in the pipe, the water
squirted from the generator can remove the scale in the
pipe [4].

Since the process of water jet impacting the pipe

Figure 1. Coal mine drainage pipe scale.
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scale refers to nonlinear shock dynamics and it occurs in
a short period of time, the breaking mechanism is com-
plex and not yet comprehensible. In addition, the choice
of proper process parameters has a significant influence
on the descaling results, and it is difficult to demonstrate
this process by utilizing the accurate analytical model
[5-7].

A few researchers have conducted experiments to
study and understand the nature of material destruction
resulting from the water jet impact [8—10]; nevertheless,
the possibilities of experimental study are limited with
respect to the changes in the material body. In recent years,
a couple of water jet researchers have adopted numerical
approaches to investigate the sand-bed erosion, rock fail-
ure, radial tire rubber fracture, and metal deformation
due to water jet impact. Tang et al. [11] investigated the
sand-bed erosion behavior based on the computational
fluid dynamics technique combined with the granular ki-
nematic theory. The Eulerian algorithm is applied for the
numerical simulation. Li [12] developed a numerical
model to analyze the stress distribution inside the rock
by the impingement of the water jet. The simulation is
based on the utilization of the control volume method
and the fully decoupled fluid-structure interaction the-
ory. Jiang et al. [13] used the smoothed particle hydrody-
namics (SPH) method to simulate the rock fragmentation
process. Song et al. [14] studied the stress distribution of
the rubber material under the impact of water jet and uti-
lized the damage criterion to illustrate the fracture be-
havior of the tread rubber. Aganin [15] presented the
computational results of an elastic-plastic body impacted
by a high-velocity liquid jet. The dependence of the fea-
tures of the body surface deformation on the body mate-
rial is studied. These studies prove that the utilization of
the numerical technique is an effective and favorable
method. Based on the experimental analysis, the material
property of the pipe scale is different from the above-
mentioned materials, and therefore the predominant fail-
ure mechanism is also different [16—18].

The primary objective of the present study is to in-
vestigate the damage propagation and breaking mecha-
nism of pipe scale impacted by a water jet. Furthermore,
the process parameters exerting influence on the pipe
scale removal is studied. The whole water jet impacting
process is simulated by utilizing ANSYS/LS-DYNA soft-

ware. The ALE algorithmis used to simulate the water
and medium of air, and the Lagrangian algorithmis em-
ployed for modeling pipe scale. In addition, the dynamic
fluid-structure interaction between water jet and the pipe
scale is performed using a combination of the ALE and
Lagrangian algorithms.

2. Arbitrary Lagrange-Euler (ALE)
Formulation

The finite element calculation of the stress and strain
of the materials usually adopts the Lagrange algorithm.
In general, the deformation of the mesh is consistent with
that of the material. However, it is known that the water
jet impingement causes large deformation of water. The
large deformation can contribute to severe mesh distor-
tion, and the computation is probably terminated using
the Lagrange method. The ALE method can describe the
fluid in deformed domains and overcome the element
distortion problem with high accuracy and efficient solu-
tion [19,20]. In terms of the mesh motion in the ALE ap-
proach, a reference coordinate, Lagrangian coordinates,
and Eulerian coordinates are introduced. The fluid time
derivative relative to the reference coordinate time deriv-
ative can be deduced as [21]:
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where x; is the Euler coordinates, X; is the Lagrange co-
ordinate, v; is the fluid velocity, and u; is the mesh ve-
locity. The velocity and displacement of the fluid mesh
are solved using conservation equations. The conserva-
tion equation for mass is illustrated as:
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where p is density.
The conservation equation for momentum is expressed
as:
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where o;; is the Cauchy stress [22], f; is body force per
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unitmass,i=1,2,3,7=1,2,3.
The conservation equation for energy is shown as:
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where E is internal energy per unit mass.

With respect to the solution of the ALE equations,
two phases are involved at each time step. One or several
Lagrangian time stepsare implemented during the first
phase, where the mesh follows the material displacement
to deform. Simultaneously, the distorted meshes are under
constant boundary conditions. Further, the meshes are up-
dated and the topologic relation of the mesh remains un-
changed throughout the phase. In the second phase, the
unit variables including mass, momentum and energy, and
the nodal velocity vectors of the deformed mesh are trans-
ferred to the new mesh after remapping [23]. The numeri-
cal formulas which are for updating the velocity and dis-
placement of each node are illustrated below:
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where f;,, is the force inside element and F,,, is the force
outside element. M is the mass matrix,n=20,1, 2...

3. Numerical Model

3.1 Material Model for Water and Air

Material models make use of the constitutive equa-
tion together with the pressure derived by equation of
state to resolve the internal characteristics of material.
The fluid materials in numerical model incorporate wa-
ter and air. The constitutive equationis employed to de-
termine the relationship between the stress and strain and
the state equationis used to describe the relationship be-
tween the pressure and volume respectively. In simula-
tion, the constitutive model is based on the Null material
model where the shear stiffness and the yield strength are
ignored. Moreover, in Null material model, the devia-
toric stress s; is proportional to strain rate &, which is
expressed as follows:

o, =ki, (i#)) ()

where £ is the dynamic viscosity coefficient of fluid, the
dynamic viscosity coefficient of air = 1.75 E-05 Pa - s,
the dynamic viscosity coefficient of water = 8.68 E-05
Pa-s.

The Null material model combined with the linear
polynomial equation of state is used with 1-point ALE
multi-material element to model air in this paper. The
equation of state is defined by the keyword *EOS_LIN-
EAR _POLYNOMIAL in LS-DYNA, and its mathemati-
cal formula is expressed as follows:

p=Cot+ Ciu+ G + Gy’ + (Cy + Csp + Cepdde  (7)

where p is the pressure, e is the internal energy per unit
volume, p is the air volume ratio and it is calculated us-
ing the following formula:

p
W=-—-

Po ®
where p is the compressed air density and pq is the air
density before compression. The air is assumed as an ideal
gas in this study, which can be expressed by setting:

C0:C1:C2:C3:C6:0 (9)

Cy=Cs=y-1 (10)
where v is the specific heat of air, y = C,/C,, C, is the
specific heat capacity at constant pressure, and C, is the
specific heat capacity at constant volume.

The Null material model and the Gruneisen equation
of state is used with 1-point ALE multi-material element
to model water in this paper. The equation of state is de-
fined by the keyword *EOS_GRUNEISEN in LS-DYNA
and its mathematical formula is represented as:
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where C is the longitudinal intercept for the curve of the
shock wave velocity u; versus the particle velocity up, Sy, S>
and S; are the slope factors of the curve, y, is the Gruneisen
coefficient, and a is the first-order volume correction.



148 Ziwei Zhang et al.

3.2 Material Model for Pipe Scale

The material model *MAT PLASTIC KINEMATIC
is employed to describe the constitutive relation of the
pipe scale in this study, which is material type 3 in LS-
DYNA. It considers the elasto-plastic properties of the
material and can evaluate the kinematic and isotropic
hardening and the strain rate effects. Based on the exper-
iment, the mechanical parameters of the scale in the mine
drainage pipe are demonstrated as follows: density =
1224.5 kg/m’, elastic modulus = 1.59 GPa, Poisson’s ra-
tio = 0.3, compressive strength = 4.3 MPa, Tensile st-
rength = 0.67 MPa.

4. Explicit Finite Element Dynamic Analysis

The simulation model constitutes three components
that include pipe scale, water, and air. The entire mesh-
ing utilizes the SOLID 164 element defined by eight
nodes in LS-DYNA. The discretized dynamic equation
for the simulation model based on the finite element me-
thod is defined as follows.
Mx(t)=P(t)-F(t)+ H(t) - Cx(t) (12)
where M is the mass matrix, P(¢) is the nodal load vec-
tor, F(?) is the stress divergence vector, H(¢) is the hour-
glass damping force vector, C is the damping matrix,
and x(?) is the node coordinate vector.

The explicit central difference method is adopted to
solve Eq. 12 and the recurrence formulations are shown
as follows:
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where X (¢,) is the node acceleration vector at time ¢,
x(t,,,) is the node velocity vector at time f,_;,, and
X,. ., 1s the node velocity vector at time #,11.

Since water and air are involved in the process of
water jet impacting the pipe scale, the multi-material
ALE finite method is applied for the simulation. In addi-
tion, the formation of shock wave during the high-speed
impact results in the discontinuity of pressure, density,

particle acceleration, and energy, which makes it diffi-

cult to solve the dynamic equation. Therefore, we use an
artificial volume viscosity term to correct the hydrostatic
pressure. The artificial volume viscosity ¢ is able to smooth
the discontinuity of the shock wave with a continuous
change in a sufficiently narrow region. With regard to the
artificial volume viscosity term, the mathematical formula
is defined as:
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where the characteristic length / =3/v, a is the partial
sound velocity, p is the density, the trace of strain rate
tensor | =[(&, +£€,, +&5;)[, Co=1.5,and C, =0.06.

Considering the artificial volume viscosity term, the
stress Sj is calculated by:

Sij=0;+ @+ 495y (15)

where p is the pressure and §; is the kronecker delta.
5. Modeling Procedure

LS-DYNA solver can only run the K file that is ex-
ported by the preprocessor ANSYS, therefore geometric
modeling, meshing and setting of simulation conditions
need to be completed in ANSY'S. Since some LS-DYNA
keywords that are used in ALE simulation cannot be cre-
ated by ANSYS, the K file is required to be re-edited and
modified in order that we can apply ALE algorithm to
conduct fluid structure interaction dynamic analysis. The
ANSYS/LS-DYNA software is used to model and simu-
late the process of pipe scale removal. The primary pro-
cedures are demonstrated as follows.

5.1 Geometric Model and Boundary Condition
The process of establishing the geometric model is
conducted in the graphical user interface (GUI) of ANSYS/
LS-DYNA. The element type of the model is 3D164 that
is used for explicit dynamic analyses. The geometric mo-
del of the pipe scale under water jet impact is shown in
Figure 2. In Figure 2, component A is the water jet source,
component B is the null material domain, and component
C is the pipe scale. Component A is simplified as a col-
umn and its diameter is 4 mm. The height of component
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Figure 2. Geometric model of simulation.

B is 10 mm. The thickness of component C is 50 mm, its
length is 120 mm and its width is 100 mm. The geometry
of bottom and top of component C are constructed with
curved surfaces, which is consistent with the actual spec-
imens.

The finite element model is constituted by meshing
the pipe scale domain and the fluid material domain re-
spectively, which is illustrated in Figure 3. The mesh of
components A and B is set to the ALE grid and compo-
nent C is meshed using the Lagrange grid. The interac-
tion of components A, B, and C is conducted by coupling
the ALE and Lagrange grids. The mesh size applied in
model affects the correctness of numerical results to some
extent. In order to acquire proper size, a number of dif-
ferent mesh sizes are used to make the simulation model
discretized. With the decrease of mesh size, the results
obtained by simulations are able to better match the ex-
perimental values. As the mesh sizes of component A
and B are less than 0.5 mm x 0.5 mm x 0.5 mm and the
mesh size of component C is less than 2 mm x 2 mm x 1
mm, the numerical results are not varied any more and
they approximate to experimental values. This indicates
that the mesh size of 0.5 mm x 0.5 mm x 0.5 mm and 2
mm x 2 mm x 1 mm conforms to the requirement of cor-
rectness. The total number of element in whole model is
754360, and number of nodes is 771552.

For the boundary conditions, the bottom surface of
component C is defined as fixed displacement condition,
and non-reflecting conditions are applied to its surround-
ing surfaces where an unlimited domain is required.

5.2 Keyword Modification and LS-DYNA Solution
We set energy options, bulks viscosity, time step scale

factor, solution time, number of steps, and other solver
parameters in the GUI of ANSYS/LS-DYNA. After the
option settings are accomplished, we output the keyword
K file that is in ASC II format.

The keywords that are not produced in ANSY'S should
be written or modified in the K file. The major adjust-
ments in the K file include: using the keyword *SEC-
TION_SOLID ALE to substitute the keyword *SEC-
TION_SOLID and changing the default generated value
of ELFORM to 11. The keyword *CONTROL_ALE is
used, which is intended to control the ALE solution. Be-
sides, to define two types of fluid material in the fluid
field, the keyword *ALE_MULTI-MATERIAL GROUP
is generated. Furthermore, the keyword *CONSTRA-
INED_LANGRANGE IN_SOLID is adopted to solve
the fluid solid coupling, which is performed using the
penalty function and the motion constraint algorithm.
The modified K file is submitted to the LS-DYNA pro-
gram for solution analysis.

6. Experimental Setup and Procedures

An electric powered water jet generator is used in the
experiment, which is shown in Figure 4. The dimension
of the machine is 1650 mm in length, 1100 mm in width
and 1180 mm in height. The experimental setup mainly
comprises a plunger pump, a PLC controller, an electric
motor, a water jet nozzle, high pressure hoses, a water
tank, a data acquisition system and a pressure sensor.
The maximum water pressure and flow rate produced by
the plunger pump are 50 MPa and 50 L/min respectively.
The rated power of electric motor is 55 kW.

Figure 3. Meshing of the system.
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Figure 4. Water jet generator.

The experiment focus on measuring the cutting depth
of pipe scale subjected to water jet with different impact
velocities. The diameter of nozzle used is the experiment
is 4 mm and standoff distance is 10 mm in the experi-
ment, which are consistent with numerical model. A num-
ber of experiments were conducted with the impact ve-
locities ranging from 100 m/s to 250 m/s. The variation
of impact velocity is regulated by changing the pressure
of plunger pump. Each experiment is run for 20 s, and
then stopping the plunger pump and measuring the cut-
ting depth.

7. Results and Analysis
Figure 5 depicts the water jet impacting on the pipe
scale in the initial stage. Figure 6 describes the status of

the pipe scale under the water jet impact and the von-
Misses stresses distribution inside the pipe scale at dif-

Water Jet

Pipe Scale

Figure 5. Water jet impacting on pipe scale in the initial stage.

ferent time intervals. In this simulation, the included an-
gle between the axis of the water jet and the pipe scale
surface is 90°; the impact velocity is 200 m/s. It can be
observed from Figure 6 that intensive stress is formed
upon the edge of the hitting region. The maximum stress
occurs in the zone closest to the edge. As the hitting pro-
ceeds, the high stress expands to the contiguous region.
In addition, in the entire impacting process, the stress
spreading domainis approximately uniform and the mag-
nitude of stress is symmetric to the center of the impact
zone. The depth of the material failure is also increased.
Furthermore, the surrounding area of perforation is pri-
marily subjected to the compressive stress.

Certain water jet parameters that influence the cut-
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Figure 6. von Misses stresses within the pipe scale at a certain
time stamp.
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ting performances are investigated using a couple of sim-
ulations. In the following section, the impact velocity, in-
cident angle, and breaking depth are discussed.

The velocity of the water jet determines the magni-
tude of the impact pressure on the pipe scale; hence, it
exerts a key effect on the pipe scale removal. The simula-
tion results of the cutting depth varying with the duration
of water jet impact under different water jet velocity are
illustrated in Figure 7. As shown in Figure 7, the cutting
depth is increased continuously before 1.5 s. When the
duration is more than 2 s, the rate of depth increment be-
comes constant. The relationship between the impact ve-
locity and the cutting depth is demonstrated in Figure 8.
Eight sets of velocities that vary from 100 m/s to 240 m/s
are applied during the simulation and the numerical re-
sults are compared with that of the experiments. For each
set of simulation and experiment, the duration is set to 10
s. It can be observed from Figure 8 that the extent of the
pipe scale fragmentation is increased with the water jet
velocity and the simulation results are satisfactorily in
agreement with the experimental results. According to
the results, two inflection values for the cutting depth
vary with the impact velocity. When the impact velocity
is V1 (V1 = 100 m/s), the impact pressure is small, which
limits the damage range and only a small crush pitis formed
on the surface. When the impact velocity is V;, (¥, =163
m/s), the breaking depth is rapidly increased. The incre-
ment rate of breaking depth becomes moderated over
time when the impact velocity is greater than 180 m/s.
The overall trend of increment of breaking depth is non-

—a— v=240 m/s —e— v=220 m/s
—&— yv=200 m/s —»— v=180 m/s
607 —e—v=160 m/s —&—v=140 m/s
—»—v=120 m/s —<—v=100 m/s
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Time (s)

Figure 7. Variation of cutting depth over time under different
water jet velocities.

linear but step-like type and the amount of increase rate
is the largest when the impact velocity is between 163
m/s and 180 m/s. Figures 9 and 10 show the breaking sta-
tus of the pipe scale at 3 s with the impact velocities
equal to 100 m/s and 163 m/s respectively. Based on the
results shown in the two figures, it can be inferred that
the lower impact velocity results in the erosion of the
pipe and the actual crush occurs as the velocity exceeds a
certain magnitude.

—=— Simulation result
*— Experiment result
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Figure 8. Relationship between impact velocity and cutting
depth.

"

Y
T_X,
Figure 9. Breaking status of pipe scale as the impact velocity

is 100 m/s.

Y
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Figure 10. Breaking status of pipe scale as the impact velocity

is 163 m/s.
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The incident angle is formed by the axis of water jet
and the surface of pipe scale. Six different incident an-
gles 0f 40°, 50°, 60°, 70°, 80°, and 90° are utilized in the
simulation with the water jet velocity equal to 250 m/s.
The results of the cutting depth varying with time are de-
monstrated in Figure 11. It can be observed from Figure
11 that pipe scale breaks at the initial period of 0.3 s to 1
s. As the period of water impact is over 1 s, the increment
rate of cutting depth is diminished greatly. Consequently,
the water jet impacting duration makes no effect on the
cutting depth after 1 s in simulations. Figure 12 illus-
trates the extent of the cutting depth at time 1 s with dif-
ferent incident angles. According to Figure 12, the gen-
eral variation trend is that the cutting depth increases ap-
proximately linearly with the increase of incident angle,
except that a small increment trend variation occurs at
incident angle equal to 60°. On the other hand, this also

601

—a—9()°

Cutting depth (mm)

0.0 0.5 1.0 1.5 2.0
Time (s)

Figure 11. Variations of cutting depth over time under differ-
ent incident angles.
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Figure 12. Relationship between incident angle and cutting
depth.

indicates that the incident angle is one of the important
parameters affecting the water jet damage and rock break-
ing. When the incident angle is below 40°, the jet impact
energy cannot effectively damage the pipe scale with ob-
lique impact as a result of hydrodynamic friction coeffi-
cient, which results in a small crushing. When the inci-
dent angle is up by 70°, the cutting depth of the pipe
scale is sufficiently larger since the damage capability of
the stress wave is increased. Based on the above analy-
sis, the pipe scale crushing effect is better when the inci-
dent angle is larger than 70°.

8. Conclusions

The model of the pipe scale impacted by water jet is
established using the ALE algorithm. Based on the simu-
lation and experimental results, we can deduce the fol-
lowing conclusions.

1. The stress concentration occurs around the contact re-
gion between the water jet and the pipe scale. With
continuous impact, the stress expands as a wave. In
the entire process, the shape of the stress region re-
mains basically the same, and the maximum stress re-
gion is symmetrically distributed.

2. The impact velocity and the incident angle exert criti-
cal effect on the cutting of the pipe scale by a water jet.
When the jet velocity is small, the damage of the pipe
scale is dominated by erosion. The pipe scale is effec-
tively crushed as the impact velocity attains a certain
value. The velocity for effective impact is up to 163
m/s. There is an optimal range for the incident angle
of the water jet when impinging on the pipe scale. The
pipe scale crushing effect is better as incident angle
exceeds 70°.
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