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Abstract The electrochemical machining (ECM) is used
to solve the difficult machining problem of metal screw
pump stator inner hole; the mathematical model of elec-
trolyte flow field in machining gap is established, and
the distribution of electrolyte flow field in ECM machin-
ing gap of processing screw pump stator inner hole is
simulated by using COMSOL simulation software. The
simulation results show that, at the end of the machining
gap, the electrolyte is not full, therefore setting up the
added liquid hole on the cathode working zone by opti-
mizing the cathode structure in the relevant machining
gap zone to improve the distribution of flow field.
Finally, the experiments are carried out which were con-
ducted with different voltage and feed rate parameters;
the test piece is sliced and measure it after the experi-
ments, based on the measurement results to adjust the
process parameters. The experiments result show that,
when the processing voltage is 16 V and the feed rate
is 6 mm/min, the distribution of electrolyte flow field in
machining gap is more uniform, and the test piece size
reached the product requirements. The simulation greatly
shorten the cathode design cycle and optimize the struc-
ture of cathode by using COMSOL.
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1 Introduction

Electrochemical machining (ECM) is using the principle of
metal electrochemical anodic dissolution in the electrolyte,
that is a method of machining which takes the workpiece as
anode, tool as cathode, low voltage and high current density of
DC, or pulse current between them; the high pressure of elec-
trolyte pass through the two poles, and the workpiece is dis-
solved under the effect of electric field; finally, the product
with a certain size precision is obtained. ECM has become an
indispensable method in advanced manufacturing technology;
it can easily machine the difficult machining material, mold-
ing for complex shape parts, and has good surface quality,
high productivity, no tool loss, no cutting stress, and other
unique advantages [ 1]. With the emergence of new technology
and new material, the application of ECM has gradually ex-
panded in aerospace, automobile, electronics, mold, and other
fields, and it plays an important role in manufacturing.

The screw pump is mainly used in the field of oil exploi-
tation, which belongs to one kind of oil exploitation equip-
ment in oil machinery [2]. The screw pump is a volume de-
livery pump, which consists of two parts stator and rotor; it is
an application of the cycloidal internal meshing helical gear
pair. When the rotor and stator relative rotation, the enclosed
chamber which formed in space by using the cycloidal move-
ment characteristic was moved along the axial, and the liquid
moved with the enclosed chamber from one end to the other
and realize the lifting function. Moineau invented the single-
screw pump widely used in hydraulic machinery in the mid
1930s, gradually developing for oil exploitation [3]. At pres-
ent, the screw pump used in the oil industry consists of two
parts, namely rubber stator and metal rotor. This kind of screw
pump, due to the restriction of rubber stator, cannot be used in
the high-temperature wells, high viscosity wells, and high
sediment concentration wells, or its service life is very

@ Springer



Int J Adv Manuf Technol

Fig.1 The section shape of stator i
inner hole. a The envelope of
cycloid equation and b the section
shape of stator inner hole

(a) The envelope of cycloid equation (b) The section shape of stator inner hole
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Fig. 3 The 3D model of cathode
in electrochemical machining of
screw pump

Electrolyte inlet hole

shorten; also, the cost of replacement and repair of the screw
pump in these wells are great. Therefore, the design idea of all-
metal screw pump is proposed, which is composed of metal
material stator and metal material rotor [4]. Because the all-
metal screw pump is used in harsh environment, we put for-
ward higher requirement on the physical and chemical prop-
erties of metal stator, which should be corrosion resistance and
high temperature resistance; the stator inner surface should
also have high hardness and wear resistance due to the rotation
between stator and rotor [5]. If the all-metal screw pump is
successfully developed, it can replace the rubber screw pump
and effectively improve the service life of the screw pump,
greatly reducing the costs of replacement and repairment [6].

The difficulty in developing an all-metal screw pump stator
is in the metal stator machining, especially the inner hole
machining, and there is no feasible method for the machining
of the spiral structure of inner hole. The problem of stator
inner hole forming is the bottleneck of the all-metal screw
pump development [7]. In order to solve the above problem,
this paper proposes the ECM method to realize the inner hole
forming process of an all-metal screw pump stator, which
characteristics are the most suitable for the inner spiral hole
forming process.

In this paper, the distribution of electrolyte flow field in
ECM machining gap of screw pump stator inner hole process-
ing is simulated by using the COMSOL simulation software.
Through analyzing the simulation results of the electrolyte
flow field distribution in machining gap to optimize the cath-
ode structure, the development cycle is shortened. The exper-
iments which are conducted with different process parameters
are carried out, and according to the measurement results, it
optimize the process parameters, and improve the process pre-
cision and stability.

2 Simulation analysis

In this paper, we take the metal screw pump stator as the
research object. We simulate the distribution of electrolyte
flow field in machining gap by using COMSOL multiphysics
coupling software. We established the mathematical model of

Connection thread

Cathode forward guide

Cathode main liquid hole

Cathode behind guide

Cathode processing zone

flow field in accordance with the flow equation of incom-
pressible fluid; the simulation boundary conditions are based
on the ECM process parameters. The comparison of the sim-
ulation results and the process experiments analyzes the dis-
tribution of flow field in ECM processing gap to optimize the
cathode structure and shorten the design and manufacture cy-
cle of cathode.

The envelope of the internal cycloid equation is the section
shape of all-metal screw pump stator inner hole, shown in
Fig. la.

Cycloid equation x =
y =

9.6cos(f) + 4.8cos(2f)
9.6sin(¢) — 4.8sin(2¢)
¢, eccentricity 9.9 mm

The envelope of cycloid equation is the section shape of
all-metal screw pump stator inner hole, shown in Fig. 1b. And
the section shape rotate with a certain lead become the metal
screw pump stator inner hole.

The cathode is designed based on the ECM principle and
stator inner hole section shape. By using COMSOL software
to simulate the electrolyte flow field in ECM processing stator
inner hole gap, the distribution law of flow field in processing
gap and the influence of ECM on processing all-metal screw
pump stator inner hole are researched. According to the sim-
ulation results, the cathode structure is optimized. We carry
out the ECM processing experiments with different parame-
ters to obtain the test pieces and the measurement results and
to verify the accuracy of the simulation results. The flow chart
is shown in Fig. 2.

Fig. 4 The 3D model of electrolyte flow field
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Fig. 5 The simplified geometry
model of electrolyte flow field. a
The simplified 3D model of one
rotate flow field and b the
cutaway view of one single rotate
flow field

(a) The simplified 3D model of one single rotate flow field

Machining gap

2.1 Establishment of geometric model

In ECM process, the cathode is used as a tool, whose research
and design are the most complicated work and the key point of
ECM [8]. The shape and size of cathode directly determine the
size and shape of the product, for different processing object
and different molding method, and the design of the cathode is
completely different [9].

Cathode design includes the structure design and molding
surface (processing surface) design. Structure design refers to
a combination of cathode forms and components, and to con-
sider conducting and insulating, clamping and sealing, diver-
sion and flow field, and other issues, the structure design rea-
sonable or not is the primary condition for the stability and
efficiency of the products processing under the appropriate
parameters [10]. The design of the molding surface (process-
ing surface) is based on the forming rule to design the dimen-
sional and shape of the cathode processing surface [11]. The
cathode molding surface is the basic guarantee of the dimen-
sional and shape accuracy of the product.

According to the section shape of screw pump stator inner
hole, the cathode model is preliminary designed and
established in 3D model by using modeling software. The
model is shown in Fig. 3.

The cathode consists of three parts: connection thread,
cathode forward and behind guide, and cathode processing
zone. The connection thread screw with machine pull rod, so

Fig. 6 Electrolyte flow field meshing in processing gap

@ Springer

Electrolyte flow direction
(b) The cutaway view of one single rotate flow field

that the machine can drive the cathode to move. The cathode
forward guide fitted with the test piece inner hole played a
guiding and sealing function, whereas the cathode behind
guide played a role in guidance and diversion. The electro-
chemical reaction occurs at cathode processing zone, which
gradually change the width and height from the forward guide
to behind guide along to the screw pump stator lead; the final
shape is consistent with the shape of the inner hole section of
the screw pump stator.

The electrolyte has an outside and inside flow field; the
outside flow field is the machining gap and the inside
flow field is the electrolyte flow in the cathode. The elec-
trolyte fluid flows through the cathode electrolyte inlet
hole and out from the cathode main liquid hole; the elec-
trolyte flows along the cathode processing zone and fill
the entire machining gap, then it flows out from the cath-
ode behind guide, finally forming the electrolyte flow
field model.

Based on the COMSOL simulation idea of fluid, we put
the electrolyte flow field in machining gap as the simula-
tion object [12]. So the 3D geometric model of flow field in
processing gap is established as the research object, the
area of the electrolyte flow is an entity, and the area with-
out electrolyte is empty, whereas the geometrical model is
taken as the carrying medium of the fluid parameters. The
3D geometry model of electrolyte flow field in the gap is
shown in Fig. 4.

p—
“
-

Fig. 7 Simulation result of electrolyte flow field in machining gap
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Fig. 8 Cutaway view of
simulation results of electrolyte
flow field in machining gap. a
Simulation result of electrolyte
flow field in machining gap r
without add liquid hole and b
simulation result of electrolyte
flow field in machining gap after
set up add liquid hole

Electrolyte inlet

Machining gap

Electrolyte outlet

E—
Electrolyte flow direction

(a) Simulation result of electrolyte flow field in machining gap without add liquid hole

Addliquidhole

(b) Simulation result of electrolyte flow field in machining gap after set up add liquid hole

In order to directly analyze the distribution of the flow field
in the machining gap, the geometry model is simplified, as
shown in Fig. 5a. According to the 3D model of electrolyte
flow field, the flow field can be divided into the same three
parts that rotate along the axis and distribute uniformly. In the
simulation analysis, one single rotate flow field can indicate
the whole flow field. As shown in Fig. 5b, we make the cut-
away view of one single rotate flow field, the simplified geo-
metric model of electrolyte flow field as shown in Fig. 5.

2.2 Establishment of mathematical model

The hypotheses of flow field mathematical model in ECM
processing gap are as follows: (1) the fluid is an incompress-
ible constant Newton fluid, which is the dynamic viscosity
constant when velocity gradient changed; and (2) the electro-
lyte flow field in processing gap is a turbulent state, neglecting
the change of electrolyte concentration and temperature dur-
ing the processing and the loss of energy caused by the change
[13—15]. The flow of the electrolyte is constrained by the law
of mass conservation and momentum conservation.

The motion equations of incompressible fluid flow in fluid
mechanics are Navier Stokes equations. The electrolyte flow
in ECM processing gap should be satisfied.

pu-Vu = V[—pl + n(Vu + (Vu)T)] +F (1)

Fig.9 The cathode structure after
set up add liquid hole

u is the electrolyte flow rate (m/s), p is the electrolyte density
(kg/m*), 7 is the dynamic viscosity (Pa s), and F is the volume
force (N/m?).

The volume force (F) of electrolyte caused by the mutual
movement of cathode and anode in the processing gap is very
small and can be neglected. The electrolyte density p is
1.1x10° kg/m®. The dynamic viscosity is 7 = %, v is the
kinematic viscosity coefficient, related to temperature, when
electrolyte temperature is 35 °C, and the kinematic viscosity
coefficient is v=0.73x10"""m?/s.

The viscous friction pressure of electrolyte in processing
gap is as follows:

2

L pug
P,=A—x— 2
v Dh X 2 ( )

L is the flow length in gap L=0.025 m, D# is the hydraulic
diameter 0.0015 m, A = 9318, and Re is Reynolds coefficient.

In order to remove the electrolytic product in the anode sur-
face and reduce concentration polarization, the electrolyte
flow must be turbulent state.

Re = “—]3“, Re >2300 is turbulent state.

The electrolyte flow rate at the entrance of gap is deter-
mined by

Ui P .
- pACAT,  prCAT,

3)

U

Add liquid hole
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Fig. 10 DJW-08 CNC horizontal Test piece

ECM machine

Pullrod

Pressure regulator
Machine

L is the flow length in gap, Ty is the reference temperature,
T, is the temperature after processing, AT, is the temperature
range 5 °C, i is the current density, p is the electrolyte density
1.1x10° kg/m?, & is the electrolyte conductivity 17 (1/Q m),
and C is the electrolyte-specific heat C=4.03 x 10° J/kg.

The flow field boundary conditions are as follows: the
pressure at the inlet of gap is Po=P,+ P+ P,, the dynamic
pressure is P, = pTu‘z’, the viscous friction drag is P, = AD%P,,,
and P, is the pressure at the outlet of balance gap.

The mathematical model of flow field in processing gap
could be obtained as follows:

pu-NVu = V[—pl + n(Vu + (Vu)T)]
Py=P,+P, +P, (4)
P=P,

2.3 Simulation and analysis of flow field

Accordingly, the boundary conditions set the pressure at the
inlet and outlet of gap, taking the zone of electrolyte flow field
in the processing gap as the research object and the electrolyte
flow direction perpendicular to the inlet section; the pressure
at the inlet of gap is P, the pressure at the outlet of gap is P,

Table 1 Chemical composition of test piece (weight percent)

Element Fe C Si Mn Cr Mo Ni P S

Percentages Balance 0.42 0.27 0.60 1.10 0.20 0.03 0.03 0.03

Electric conduction device

Test piece fixture

=

]
F‘g Control cabinet

and the boundary is non slip wall. The electrolyte flow field
meshing in processing gap is shown in Fig. 6.

The 3D model of electrolyte flow field simulation result is
shown in Fig. 7. The simulation result shows that the distri-
bution of electrolyte flow field is not uniform, the electrolyte
at the inlet of the gap is full, but at the end of the machining
gap is not full. According to the simulation result, the cathode
is extremely easy to short-circuit and burn due to electrolyte
insufficiency in the actual processing, which is unable to
continue.

The cutaway view of simulation results of electrolyte flow
field in machining gap is shown in Fig. 8a; the distribution of
the flow field in the machining gap is intuitively shown in the
picture. From the simulation result, we can see that the color of
the flow field in machining gap gradually turned from red to
blue, which means the electrolyte is gradually reduced from
the inlet to the outlet along the electrolyte flow direction that is
due to the leakage of electrolyte flow. Electrolyte flow in the
gap is not sufficient, and cathode is easily burned by electric
short circuit. This situation will directly affect the machining

Table 2  The process parameters

The process parameters of ECM experiments

Voltage, V 18 17 16
Feed rate, mm/min 4.0 5.0 6.0
Electrolyte composition NaCl

Concentration, g/l 15%

Electrolyte temperature, °C 35

Electrolyte pressure, MPa 2.0

@ Springer
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3500

Fig. 11 Electric current curve
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accuracy and machining stability. In order to improve the in-
sufficient electrolyte flow, we setup the added liquid hole on
the cathode for supplying the electrolyte flow leakage in the
gap, to guarantee the electrolyte at the end of machining gap.
The result of simulation is shown in Fig. 8b; from it, we can
see that the color distribution of flow field in the gap is

Fig. 12 ECM process test piece
anatomy pictures. a The test piece
cross-section profile picture and b
the test piece along the axial
section picture

1
150

1 i i
470 600 800
Cathode displacement (mm)
L1-FeedRate,6.0mm/min Voltage, 16V
L2-FeedRate, 5.0mm/min Voltage, 17V
L3-FeedRate,4.0mm/min Voltage,18V

i i
300 1,000 1,200

significantly improved, and it also shows that the distribution
of electrolyte flow is fully supplied.

According to the simulation result, the cathode structure is
optimized; the added liquid hole is set up on the cathode
working zone to increase the electrolyte flow at the end of
the gap, and improve the distribution of electrolyte flow field

(@) The test piece cross section profile picture

A Y Ve Tr

.- i ik SRSy
g the axial section picture

s

(b) The test ﬁiece alon,
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Fig. 13 The detection equipment

in the relevant machining gap zone. This method can effec-
tively relieve the problem of cathode short-circuit burn. The
optimized cathode structure is shown in Fig. 9.

3 Process experiments

The experiment was carried out in the DJW-08 CNC horizon-
tal ECM machine as shown in Fig. 10. The test piece size is
@110 x4000 mm, inner hole is @37 mm, and the chemical
composition is shown in Table 1. The test piece is clamped in
the fixture, and the electric conduction device is fixed in the
middle of the test piece; the pull rod pass through the test piece
inner hole and connected with the cathode. In the machining
process, the drive box of the machine drag the pull rod, that
drive the cathode, which realized the motion in the test piece
inner hole based on the lead of screw pump stator.

3.1 The process parameters of ECM experiments

According to the process parameters of ECM experiments in
Table 2, the experiments were divided into three groups; the
electric current changes with the cathode displacement of each
group experiment as shown in Fig. 11.

Figure 11 shows the role of electric current changes with the
cathode displacement in the process experiments are basically
same. In the cathode displacement range from 0 to 150 mm, the
cathode working zone enters the test piece gradually and the
current increases with the increase of the processing area. In the
cathode displacement range from 150 to 470 mm, the cathode
working zone is completely into the test piece and the current
gradually increased to stable processing current. In the cathode
displacement range from 470 to 1200 mm, the cathode is into
the stable process zone, the machining gap becomes balanced,
and processing current tends to stable.

*9.9958

89.0958 *
31,7379 »
~0,0008 »
317370 »

ot

41,8432 =
-0.8087 *
18328 «

=1.8053 »
313823 «

31.0881 »
~3.0436 «
30.9388 4

A 20.8643 «
*

=

e lal

3

333 333 2

-

[ TeP spossu . sul
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S

Fig. 14 Parts of the detection data
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Fig. 15 Experiments result when
processing voltage was 16V, feed
rate was 6 mm/min, and electric
current was 3320 A. a The test
piece section and b the
measurement result

(a) The test piece section

3.2 The process experiments result

According to the different process parameters of ECM exper-
iments, the test pieces after the experiment measure the shape
and size of test pieces cross-section in different parameters.
Based on the measurement results of the test pieces, cross-
section in different parameters, compared with the section of
the test pieces shape and the cross section of cathode shape,
optimized the process parameters of ECM (Fig. 12).

3.3 The experiments result detection

Taking the coordinate measuring machine as detection equip-
ment, we measure the inner shape of test pieces. As shown in
Fig. 13, the type of equipment is GLOBAL STATUS, the
measuring range X is 1200 mm, Y is 1500 mm, Z is
1000 mm, and the measurement precision is 0.003 mm.

The output data of the measurement result is polar coordi-
nates, and parts of the detection results are shown in Fig. 14.
Each test piece measured for hundreds of data points, and it is

Fig. 16 Experiments result when
processing voltage was 18V, feed
rate was 4 mm/min, and electric
current was 2250 A. a The test
piece section and b the
measurement result

(a) The test piece section

The envelope of
the measurement
result of the test
piece section

Cathode
section
envelope

(b) The measurement result

difficult to compare all the data points. In order to compare with
the theory shape, we put measurement data into graph shape.

3.4 Comparison of measurement results and theoretical
shape

Draw the shape of the inner hole according to the result of the
test piece measurement, compared with the cathode section
shape and the shape of the inner hole, as the result of the
comparison shown in Fig. 15, the machining gap between
the test piece section envelope of measurement result and
the cathode section envelope, which is uniform and the accu-
racy of size is better when processing voltage was 16 V, feed
rate was 6 mm/min, and electric current was 3320 A.

Figure 16 shows the result of the comparison between the
cathode section shape and the shape of the inner hole; under
the process parameters of the experiments, voltage was 18V,
feed rate was 4 mm/min, electric current was 2250 A, the
machine gap is lager and the envelope of the test piece mea-
surement distribution is not uniform, the arc section gap is

The envelope of
the measurement
result of the test
piece section

Cathode
section
envelope

(b) The measurement result
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larger than the straight section gap, and the size distribution is
not consistent.

The process experiment results show that when the electro-
lyte temperature is 37 °C, electrolyte pressure is 1.7 MPa, volt-
age is 16 V, and feed rate is 6 mm/min, the cross-sectional
shape size of the test piece processed is consistent with the
requirement of the product, and the lead of screw is in accor-
dance with the technical requirements, and the inner spiral hole
surface roughness achieves the product drawing requirements.

4 Conclusion

COMSOL software was used to simulate the distribution of
flow field in ECM machining gap; through analysis, the sim-
ulate result can effectively optimize the cathode structure and
greatly shorten the design and manufacture cycle of cathode.
The COMSOL was used to simulate the distribution of elec-
trolyte flow field in ECM machining gap; the simulation re-
veals an issue of flow field in the gap, and the electrolyte at the
end of the machining gap is not full. In order to solve this
problem, an added liquid hole was set up on the cathode
working zone to improve the distribution of flow field in the
relevant machining gap zone.

In order to obtain the test pieces under different parameters,
we carry out experiments which were conducted with different
process parameters. The relationship between the parameters
and the test pieces inner hole dimension is obtained by mea-
suring the envelope of the test piece. The experiments result
show that, when processing voltage was 16 V and feed rate
was 6 mm/min, the electrolyte flow field distribution in ma-
chining gap is more uniform, effectively improving process-
ing stability, and the dimension reached product requirements.
It laid the foundation for the further development of all-metal
screw pump stator machining.
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