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Abstract 

Electrochemical trepanning (ECTr) is an effective method for machining the ruled surface parts. Generally, the 

forward flow mode is used in ECTr. Under the forward flow, the streamlines at the outlet are divergent, resulting in 

the obvious flow patterns at the outlet and the instability of the machining process. In ECTr of a diffuser with a 

special structure, the lateral flow mode is adopted to improve the uniformity of the flow field, thereby improving the 

surface quality at the hub. ECTr is a complicated multiphysics coupling process. To investigate the distributions of 

electric field, two-phase flow field and thermal field in ECTr with lateral flow, a multiphysics coupling field model 

was established. In this model, a coupling relationship was formed between the various physical fields through the 

change of the electrolyte conductivity. Through the multiphysics coupling simulation, the changes of the gas bubbles 

volume fraction, the electrolyte temperature, the electrolyte conductivity and the current density were obtained along 

the flow path. Compared with the inlet of the electrolyte, the gas bubbles volume fraction and the temperature at the 

outlet increased by 38.8% and 6.3 K, respectively. Under the combined influence, the conductivity decreased by 

7.227 S/m at the outlet, resulting in a decrease of 57.81 A/cm2 in the current density. Then, the corresponding 

experiment of lateral flow ECTr was performed to verify the simulation results. Along the flow path, the thickness 

of the machined blade gradually increased, varying from 2.09 mm to 2.76 mm. The surface quality gradually 

deteriorated along the flow path and the surface roughness varied from Ra 0.72 μm to Ra 1.05 μm. Combining the 
simulation and the experiment, the correctness and the effectiveness of the multiphysics coupling model and 

simulation were confirmed. The results can be applied to other ECM processes. 

Keywords: multiphysics coupling, simulation, electrochemical trepanning, machining accuracy, surface quality 

1. Introduction 

Electrochemical machining (ECM) is based on electrochemical anodic dissolution, which is a multiphysics 

coupling process [1]. The process involves flow field, electric field, thermal field etc. Each physical field influences 

each other and the relationships between various physical fields are very complicated [2]. To improve the machining 

quality of ECM in a targeted manner, it is very important to observe the distribution of various physical fields. 

Numerous researchers have conducted a large number of simulation studies to analyze the distribution of 

physical field in ECM. By analyzing the flow field, the cathode structure was optimized during ECM of the internal 

spiral tube [3]. The uniformity of the flow field was improved through a special structure of the cathode [4]. Through 

establishing electric flied model, Skinn el al compared primary current distribution simulations with indentations 

fabricated by ECM of steel panels [5].The distribution of the current density under a flexible auxiliary electrode 

mechanism was obtained in counter-rotating ECM [6]. By establishing the thermal field model in ECM, Clark and 

Mcgeough analyzed the distribution of temperature along the machining gap [7]. To observe the temperature 

distribution in aqueous NaNO3 electrolyte solution, the simulations of thermal field was performed [8, 9]. Although 

the distributions of the analyzed field state can be reflected to a certain extent under the single corresponding physical 

field simulation, the status of other physical fields in the machining area cannot be obtained. Because of the 

characteristics of the multi-physical coupling process for ECM, it is essential to develop the analysis of multiphysics 

coupling field for further enhancing the machining quality. 

To present a more realistic state in ECM, some studies of multiphysics coupling fields have been explored. Mi 

el al established the model of electric field and two-phase flow field coupling without considering the change of the 

electrolyte temperature [10]. Through the finite element method, Gomez-Gallegos el al. carried out the multiphysics 

coupling simulation, which combined the electric field, flow field and thermal field with ignoring the generated 

bubbles [11]. To observe the distributions of whole physical fields accurately, Klocke el al. set up an interdisciplinary 

simulation model for aero engine blade and the model involved two-phase flow field, electric field and thermal field 

[12]. Under the same physical fields coupling conditions, Chang and Hourng established a two-dimensional 

numerical model to guide cathode design [13]. Schaarschmidt el al achieved the simulation to examine the 

differences between front and lateral working gap in the pulsed ECM process with oscillating cathode [14].Under 

the multi-physics coupling analysis, a state closer to the actual processing was visually presented. In view of the 

uneven distributions of the physical fields that may occur in the processing, the problems can be predicted and be 



 

 

better avoided in advance. 

As an effective style of ECM, electrochemical trepanning (ECTr) has unique advantages in machining the ruled 

surface parts, which processes the parts through the relative movement between the hollow shaped cathode sheet 

and the workpiece. In ECTr, the forward flow mode is used generally. By analyzing the flow field, Zhu el al 

developed a dynamic lateral flow method to improve the uniformity of flow field for enhancing the surface quality 

at the electrolyte outlet [15]. Through the analysis of the electric field, the method of cathode tool design was 

developed under iterative correction [16]. However, the main simulation analysis in ECTr is a single physical field 

currently, there are few literatures publicly on the multiphysics coupling simulation. This paper focuses on the 

distributions of physical fields in ECTr of lateral flow under the analysis of multiphysics coupling. 

For investigating the distribution of each physical field in ECTr, a model was established, which involved 

electric field, two-phase flow field and thermal field. Through the multiphysics coupling simulation, the changes of 

the gas bubbles volume fraction, the electrolyte temperature, the electrolyte conductivity and the current density in 

machining gap were examined along the flow path. Then, a series of corresponding experiment of ECTr was 

performed to verify the simulation results. Through analyzing the machining accuracy and the surface quality of the 

machined blade, the simulation results were verified effectively. 

2. Description of electrochemical trepanning  

In ECM, the machining quality is determined by the effect of multi-physics coupling. The physical fields 

interact with each other and the connections of each physical field are shown in Fig.1 [17, 18, 19]. As a voltage is 

applied on the electrodes, the electrochemical reaction is occurred and the material is quickly removed. During the 

process, in electric field, the hydrogen bubbles are continuously generated on the cathode surface with the transfer 

of electrons in electrolyte under the hydrogen evolution reaction and the Joule heat is produced because of the current 

heating effect. The electrolyte velocity in the flow field is affected by the generated bubbles and the temperature in 

the thermal field is influenced by the Joule heat. The conductivity of the electrolyte is related to the gas bubbles 

volume fraction and the temperature. The current density in the electric field is impacted by the conductivity and the 

machining gap. Therefore, the flow field and the thermal field will interact with the electric field. The flow field and 

the thermal field influence each other through the thermal conduction and the dynamic viscosity. Because the 

material removal rate in ECM is associated with the current density and the electric field distribution is closely 

related to other physical fields, the forming accuracy and surface quality are the result of multiple fields 

simultaneously.  
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Fig.1. Relationship between physical fields and machining quality in ECM. 

ECTr is an effective method of ECM. During the ECTr process, the shaped cathode of a hollow sheet is fed to 

the workpiece at a preset speed with the electrolyte flowing and a blade is formed. To protect the machined blade, 

an insulator is placed in the inner cavity of the cathode. In ECM, according to the flow path and the flow direction 

of electrolyte in machining gap, there are three main flow modes: forward flow, reverse flow and lateral flow. 

Generally, the forward flow mode is adopted in ECTr. Under forward flow mode, the electrolyte streamlines are 

divergent at the outlet because the flow channels becomes large greatly. Owing to the uneven flow field distribution, 

an unstable machining process may occur. And, a poor surface quality may be presented at the outlet, for example 

obvious flow patterns. To improve the distribution of the flow field and obtain a better surface quality at the outlet, 

the other modes is tried in ECTr. Compared with the forward flow, the lateral flow can obtain a stable flow state, and 

it is easier to achieve in actual processing than the reverse flow [20]. So, the lateral flow mode is adopted.  

In ECTr with lateral flow, the electrolyte flows from the leading edge to the trailing edge in electrode gap, as 

shown in Fig.2. With electrolyte flowing, the produced gas bubbles and heat are moved from inlet to outlet during 

machining, causing a difference on the conductivity along the flow path. That may result in certain changes for the 

current density and the material removal rate in different regions. So, because of the uneven physical field 

distribution, the inconsistent machining quality along the flow path may be occurred. To investigate the distributions 

of various physical fields in ECTr, the multiphysics coupling simulation will be carried out in following parts. 
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Fig.2. Schematic diagram for ECTr of lateral flow. 

 

3. Simulation 

To examine the distribution of each physical field, a mathematical model of material dissolution of ECTr was 

established. Then, the multiphysics coupling simulation of ECTr was performed to observe the changes in physical 

quantities along the flow path, such as the gas bubbles volume fraction, the temperature, the conductivity and the 

current density. 

3.1 Mathematical model 

During the ECTr, the processing voltage is loaded on the electrodes. The distribution of electric field between 

electrodes satisfies the Laplace’s equation, which is described as follows [21]: 
2

0   (1) 

where ϕ is the electrical potential in the inter-electrode gap. 

In electric field, the relationship between the current density and the electric field strength and the conductivity 

is as follows : 

i E  (2) 

where i is the current density, κ is the electrical conductivity of the electrolyte and E is the electric field strength. 

The conductivity of the electrolyte is related to the gas bubbles volume fraction and the electrolyte temperature, 

which can be considered as following equation [26]: 

0 0(1 ) (1 ( ))
g bp

T T        (3) 

where Ƙ0 is the initial conductivity of the electrolyte, βg is the gas volume fraction of the electrolyte, bp is the 

Bruggeman’s coefficient, α is the temperature coefficient of the conductivity, T is the electrolyte temperature and T0 

is the original temperature of the electrolyte. The bp is generally 1.5~ 2 and it will be taken 1.5 here and α will be 

taken 0.2911 1/ K. 

As the machining proceeding, some hydrogen bubbles are generated on the cathode surface with the transfer 

of electrons. According to the Faraday's laws, the flux of the produced gases can be described by the following 

equation [23]: 

2 2 2
H

i E
N

F F
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where F is the Faraday’s constant. 

In flow field of ECTr, because the electrolyte flow is a gas-liquid mixing flow, the density and dynamic viscosity 

of the flow satisfy the following relationships [24]: 

1 2 
g l       

(5) 
1 2

g l    

where ρ is the electrolyte density, β is the volume fraction, ρ1 is the gas density, l is the liquid, g is the gas and 

μ is the dynamic viscosity. 

The flow model is a complex curved flow and the Re-normalization group (RNG) k–ε model is suitable for 

solving this complicated flow field state, so RNG k–ε model is adopted here. The flow state of incompressible fluid 

can be governed by the following Navier-Stokes equation and continuity equation [25]: 
2

( ) 0u u u p         
(6) 

0u   

where u is the flow rate and p is the electrolyte pressure. 

In thermal field of ECTr, owing to the current heating effect, the Joule heat is produced during the process. And 

it is considered that the Joule heat is not dissipate here. The temperature distribution is calculated by solving 

convection–diffusion equations with heat sources [26] as follows: 
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Where Cp is the specific heat capacity coefficient of the electrolyte, q is the heat flux, λ is the thermal 

conductivity and Q is the heat source (ohmic heating). 

3.2 Simulation model 

To simplify the model, a geometric model of the simulation was established based on cross section A (Fig.3), 

the positon of which is in the middle profile from inlet to outlet (Fig2). 

In the geometric model, the inter-electrode gap (Δ) between the cathode head and the workpiece was equal to 

0.4 mm, the height of the cathode slice (a) was adopted to 1 mm, the width of the cathode base (b) was equal to 1.6 

mm, the width of the insulator (c)was also equal to 1.6 mm, the height of the insulator (d) was equal to 10 mm, the 

width of the cathode cavity (e) was equal to 23.6 mm, the length of workpiece (f) was equal to 30 mm, and the fillet 

radiuses at the cathode edge fillet (r1) was 0.8 mm. 

For simplifying the simulation, several assumptions were adopted. (1) The oxygen generated on the workpiece 

was ignored. (2) The generated Joule heat did not escape. (3) There was no slip at the boundary. Above the conditions, 

the boundary conditions on the geometric model were set follow: 

1,8 0
n


 


 (Free boundaries) 

(8) 

2,7 0  
 (On the cathode) 

(9) 

3,4,6 0
n


 

  (Insulation boundaries) 

(10) 

5 U  
 (On the workpiece) 

(11) 

1 1p p 
 (Electrolyte inlet) 

(12) 

8 2p p 
 (Electrolyte outlet) 

(13) 

Where n was the unit normal vector surface. 

According to Eq.3, the conductivity of the electrolyte was set in the solution domain. When the conductivity 

changed, it causes the current density in the electric field to change, which led to the change of the amount of 

generated gas and generated Joule heat. Along with the electrolyte flowing, the gas bubble volume fraction and 

temperature of the electrolyte in the processing zone occurred a certain difference. At the same time, the conductivity 

was determined by the gas bubble volume fraction and temperature. So, the coupling relationship was formed 

between each physical field through the change of the conductivity. 

Then, the condition parameters of the multiphysics coupling simulation were set according to the actual 

processing conditions (Table 1) and the corresponding simulation was performed. 
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Fig.3.Simulation geometric model of ECTr with lateral flow. 

Table 1.Simulation condition parameters 

Condition Value 

Processing voltage (U) 25 V 

Electrolyte 20% w.t NaNO3 

Inlet pressure (p1) 1.0 MPa 

Outlet pressure(p2) 0 MPa 

Electrolyte initial conductivity (κ) 14.6 S/m 

Electrolyte initial temperature (T0) 303.15 K 



 

 

3.3 Simulation results 

Through the multiphysics coupling simulation, the distributions of physical fields were obtained. In addition, 

the change curves of each parameter value were presented along the flow path at the middle of the machining gap. 

Based on the changes of various physical parameters, the possible effects on the machining accuracy and surface 

quality of machined blade were analyzed in detail. 

3.3.1 Gas bubbles volume fraction 

To analyze the change from the inlet to the outlet, a detection line (B) was taken, which was located at a distance 

of 0.2 mm from the workpiece surface because of the inter-electrode gap of 0.4 mm (Fig.4). In ECTr, according to 

Eq.4, the hydrogen gas bubbles were continuously generated on the surface of the cathode with the material removal. 

As the electrolyte flowing, the gas bubbles were stacked along the flow path. The distribution cloud and the change 

curve on line B of the gas bubbles volume fraction were achieved, as shown in Fig.5. 

Detection line B

0.4 mm

0.2 mm

 
Fig.4 Detection line in the simulation. 

From the Fig.5 (a), the gas bubbles volume fraction gradually increased and changed significantly along the 

flow path from the inlet to the outlet. From the Fig.5 (b), the values at the inlet and the outlet were respectively 0 

and 38.8%. It was considered that the electrolyte at the inlet was pure without gas bubbles. With the electrolyte 

flowing, the gas bubble volume fraction reached 38.8% because of the gas bubbles gathering at the outlet. 
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(a) Cloud  (b) Curve 

Fig.5 Distribution cloud and change curve of the gas bubbles volume fraction. 

3.3.2 Electrolyte temperature 

Based on Eq.7, the Joule heat was generated and the electrolyte temperature was related to the electrolyte flow 

rate and the gas bubbles volume fraction. The distribution cloud and the change curve of the electrolyte temperature 

were obtained, as shown in Fig.6. 

With the electrolyte flowing, the generated heat was moved along the flow path. In Fig.6 (a), the electrolyte 

temperature changed smoothly and gradually increased along the flow path. From Fig.6 (b), the values at the inlet 

and the outlet were 303.15 K and 309.45 K, respectively. And the temperature of the electrolyte at the outlet was 6.3 

K higher than that at the inlet.  
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Fig.6. Distribution cloud and change curve of the electrolyte temperature. 

 

3.3.3 Electrolyte conductivity 

The conductivity of the electrolyte was associated with the gas bubbles volume fraction, the temperature and 

the electrolyte characteristic in Eq.3. Under a single variable, when the gas bubbles volume fraction increase or the 

temperature dropped, the conductivity decreased. The electrolyte conductivity distributions at different regions were 

achieved (Fig.7 (a)) and the change curve of the conductivity was obtained along the flow path (Fig.7 (b)). 

From above results, under the influence of comprehensive factors, the electrolyte conductivity had a certain 

corresponding change from the inlet to the outlet. From the Fig.7 (a), the conductivity at the inlet was significantly 

greater than that at the outlet. According to the Fig.7 (b), the conductivity of the electrolyte at the inlet and the outlet 

were 14.600 S/m and 7.373 S/m, respectively. The difference between them could reach 7.227 S/m.  

At the inlet, the gas bubbles volume fraction of the electrolyte was 0% and the temperature of the electrolyte 

did not change, which was the initial value, so the value of the conductivity remained consistent with the initial 

solution property value. As the electrochemical machining process, the gas bubbles and Joule heat were produced. 

The gas bubbles volume fraction and temperature gradually increased along the flow path. And the gas bubbles 

volume fraction dominated the entire process and played a leading role. That had a greater impact on the conductivity. 

Thus, the change trend of the conductivity was opposite to the change trend of the gas bubbles volume fraction. Even 

if the temperature of the electrolyte at the outlet was 6.3 K higher than that at the inlet, the conductivity value dropped 

sharply. Since the distributions of the conductivity directly affected the current density of each area, thereby affecting 

the machining quality, the distributions of the current density were analyzed below. 
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Fig.7. Distribution cloud and change curve of the electrolyte conductivity. 

3.3.4 Current density 

The current density directly affected the material removal rate to influence the machining quality of the 

machined blade. To examine the machining quality of each area, the distribution cloud and the change curve on the 

detection line of the current density were achieved, as shown in Fig.8. 

The conductivity of the electrolyte was an important influence factor of the current density. From above results, 

the electrolyte conductivity had a difference in various regions. The region where the current was maximum was 

same as the value where the conductivity was the largest. From the Fig.8 (a), the value at the inlet region was 

obviously greater than that at the outlet region. According to the Fig.8 (b), the current density value was 89.05 A/cm2 

at the inlet. However it was only 31.24 A/cm2 at outlet. The difference between the two regions reached 57.81 A/cm2. 

The material removal rate is proportional to the current density. Thus, more material will be removed at the inlet 

than at the outlet. As a result, the thickness of the machined blade may increase accordingly along the flow path. 



 

 

Generally, when the current density is higher, the surface processed becomes smoother. Thus, according to the 

above results, the surface quality of the machined blade may gradually deteriorate along the flow path because of 

the decrease of the current density.  
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Fig.8. Distribution cloud and change curve of the current density. 

4. Experiment and analysis 

To verify the simulation results, the ECTr experiment will be carried out. And through measuring the thickness 

and surface roughness of each area for the machined blade, the machining accuracy and the surface quality can be 

evaluated. 

4.1 Establishment of experiment 

In the experiment, the combined cathode used (Fig.9 (a)) was made up of the cathode sheet, the cathode base 

and the insulator. The entire geometric shape was consistent with the model used in the above simulation. Through 

designing a new special fixture, the lateral flow mode of the electrolyte was achieved. The combined fixture adopted 

and the processing schematic sketch were presented (Fig.9 (b)). The workpiece material was Inconel 625. The 

feeding rate and the feeding distance of the cathode were adopted as 1.6 mm/min and 9 mm. The other machining 

parameters used in this experiment were the same as those in the simulation (Table 1). 
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(a) Combined cathode (b) Processing schematic sketch 

Fig.9. Experiment set-up for lateral ECTr. 

4.2 Experiment results and analysis 

Through the experiment of the ECTr, the machined blade was obtained (Fig.10 (a)). To analyze the machining 

accuracy and the surface quality on different regions, two detection lines were taken on the blade (Fig.10 (b)). Line 

C was a horizontal line located 4.5 mm from the bottom along the flow path and line D was vertical line in the middle 

of the blade length. The intersection between the two lines was O point. The machining accuracy and the surface 

quality were judged by the thickness and the surface roughness of the blade machined, respectively. 
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Fig.10. Machined blade and the detection lines on the machined blade. 

 

4.2.1 Machining accuracy 

Through measuring the thickness of the machined blade, there were obvious varieties along the flow way. The 

thickness changed from 2.09 mm to 2.45 mm and then to 2.76 mm from the inlet to the outlet on the line C. The 

thickness difference was 0.67 mm. And along the line D, the thickness of the machined blade gradually became 

thinner from bottom to top, ranging from 2.56 mm to 2.04 mm.  

According to the simulation results above, the gas bubbles volume fraction, the temperature, the conductivity 

and the current density changed along the flow path. Because the conductivity of the electrolyte gradually decreased 

along the flow path, the current density had the same trend. That caused the current density was different along the 

flow path. From the inlet to the outlet, the current density value decreased from 89.05 A/cm2 to 31.24 A/cm2 and the 

material removal rate also gradually reduced according to the Faraday's Law. In the same plane, the larger material 

removal rate may lead to the smaller thickness of the machined blade. So, the thickness of the machined blade will 

increase accordingly along the flow path. In the experiment, the variety of the thickness of the machined blade from 

the inlet to the outlet was consistent with the simulation prediction results. 

From the distribution of current density obtained above, the blade tip region still had weak current. Under the 

stray current effecting, the machined blade suffered secondary corrosion. The stray corrosion caused that the 

thickness of the machined blade gradually deceased from the root to the tip on the line D, resulting in a certain taper 

degree. 

4.2.2 Surface quality 

The surface roughness of the machined blade was obtained via using Form Talysurf i-Series 5 surface 

measurement. The three-dimensional surface topography and surface roughness curve along the flow path were 

achieved (Fig.11). The surface roughness changed from Ra 0.72 μm to Ra 0.79 μm and then to Ra 1.05 μm from 
inlet to outlet along the line C. The difference of the surface roughness was Ra 0.33 μm. From the blade tip to the 
blade root, the surface roughness values gradually increased, varying from Ra 0.62 μm to Ra 0.79 μm and then to 
Ra 0.97 μm. 
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(a) The inlet 
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(b) O point 
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(c) The outlet 

Fig.11. Three-dimensional surface topography and the surface line roughness on the line C along the flow 

path. 

With the electrolyte flowing, the gas bubbles, the heat quantity and other processed by-products were gathered 



 

 

along the flow path, resulting in the current density to gradually decrease from the inlet to the outlet. Generally, a 

higher current density may make the surface of the machined smoother. So, in combination with the above-

mentioned influencing factors, the surface quality of the machined blade gradually deteriorated along the flow path. 

Therefore, the result presented was that the change of surface roughness from the inlet to the outlet was from Ra 

0.72 to Ra 1.05 μm. The stray corrosion was one of the important influencing factors of surface quality. From the 
bottom region to the tip region along line D, the stray corrosion suffered became more serious, causing poorer surface 

quality. 

Combined with the experiment results above, the varieties of the machining accuracy and the surface quality in 

each area were consistent with the simulation results. So the correctness and the effectiveness of the multiphysics 

coupling simulation of the ECTr were verified. 

5. Conclusion 

(1) A multiphysics coupling field model of ECTr was established, which involved electric field, two-phase flow 

field and thermal field. In this model, a coupling relationship was formed between the various physical fields through 

the change of the electrolyte conductivity, so that the various physical fields influenced each other. In electric field, 

the conductivity was an important influence factor of the current density. In flow field and temperature field, the 

degrees of the hydrogen evolution reaction and the current heating effect were affected by the current density. And 

the generated hydrogen bubbles and Joule heat affected the electrical conductivity, thereby affecting the current 

density. Through the multiphysics coupling field model, the physical field distribution state of ECTr that was closer 

to the actual processing was reflected. 

(2) A multiphysics coupling field simulation in ECTr with lateral flow was carried out. Through the 

multiphysics coupling simulation, the distributions and varieties of the gas bubbles volume fraction, the electrolyte 

temperature, the electrolyte conductivity and the current density were obtained along the flow path. Compared with 

the inlet of the electrolyte, the gas bubbles volume fraction increased by 38.8% and the temperature increased by 6.3 

K at the outlet of the electrolyte. Under the combined influence, the conductivity decreased by 7.227 S/m and the 

current density decreased by 57.81 A/cm2 at the outlet. 

(3) The experiment of lateral flow ECTr was performed. Through measuring the machined blade, the varieties 

of the thickness and the surface quality along the flow path were acquired. The thickness gradually increased and 

changed from 2.09 mm to 2.76 mm from the inlet to the outlet. Along the flow path, the surface quality gradually 

deteriorated and the surface roughness changed from 0.72 μm to 1.05 μm. The results between the simulations and 
the experiment were consistent. The multiphysics coupling simulation results were effectively verified. 

Although the lateral flow can obtain a better flow state, there are certain changes in machining accuracy and 

surface quality along the flow path. Thus, to improve the consistency of machining quality along the flow path in 

lateral flow electrochemical trepanning, the pulsed machining style will be tried in future research. 
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Figures

Figure 1

Relationship between physical �elds and machining quality in ECM.

Figure 2



Schematic diagram for ECTr of lateral �ow.

Figure 3

Simulation geometric model of ECTr with lateral �ow.

Figure 4

Detection line in the simulation.



Figure 5

Distribution cloud and change curve of the gas bubbles volume fraction.

Figure 6

Distribution cloud and change curve of the electrolyte temperature.



Figure 7

Distribution cloud and change curve of the electrolyte conductivity.

Figure 8

Distribution cloud and change curve of the current density.



Figure 9

Experiment set-up for lateral ECTr.

Figure 10

Machined blade and the detection lines on the machined blade.



Figure 11

Three-dimensional surface topography and the surface line roughness on the line C along the �ow path.
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