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Abstract 

Electrochemical machining (ECM), an advanced manufacturing technology, is widely used in aero-

engine blade machining. In blade ECM, the electrolyte flows through the inter-electrode gap, generating 

hydrogen bubbles and heat, which affect the conductance and thus influence the machining quality. This 

paper focused on the effect of bubble movement on the flow field and the machining quality of ECM. A 

novel vertical flow mode of electrolyte was proposed according to the bubbles dynamics analysis. Multi-

physical field simulations of blade ECM using vertical and horizontal flows were carried out. With an 

initial gas void fraction and temperature at the inlet of 0 and 302.65 K, respectively, in both flow modes, 

the vertical flow reduced the gas void fraction and temperature at the outlet by 2.4% and 0.6 K, and 

increased the conductance by 0.47 S/m. Thus, the vertical flow of the electrolyte was beneficial in 

reducing the gas void fraction and controlling the temperature rise, while enhancing the conductance. 

Then, the corresponding experiments using a vertical flow were carried out. The machining deviation 

was found to range from 3.4 μm to 75.6 μm and surface roughness values of Ra<0.35μm. The machining 

quality was high and the variation observed in the experiments was consistent with the simulation results, 

the validity and correctness of the simulations were verified. Thus, the vertical flow mode proposed in 

this paper was appropriate, can be used for other complex structures in ECM. 

Keywords: Electrochemical machining, Blade, Vertical flow, Bubble, Simulation 

1. Introduction 

As one of the key components of aero-engines, the mechanical properties and machining accuracy 

of the blades play an important role in the overall performance of the engine. Blades are generally made 
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of hard-to-machine metal materials with complex surfaces[1,2]. Compared with traditional machining 

methods, electrochemical machining (ECM) is widely used in aero-engine blade machining because of 

its excellent surface quality, absence of tool loss, and high machining efficiency [3-7]. However, as an 

electrochemical anodic dissolution process, ECM is a multiphysics coupling process, which involves 

flow field, electric field, thermal field, etc [8,9]. To determine the machining quality of ECM, many 

different physical disciplines and aspects need to be considered [10]. 

Then, there have been many studies on the multi-physical fields present in ECM, and various 

theoretical models have analyzed the coupling effects of these multi-physical fields. Kozak et al. [11] 

established relevant mathematical and theoretical models for simulating and predicting the shaping of 

ECM blades. A multi-physical model built by Fujisawa et al. [12] showed that the flow field 

characteristics were greatly affected by the Joule heat and bubble generation. Klocke et al. [13,14] 

established an interdisciplinary model and simulated the blade ECM process considering the electric field, 

flow field, and heat transfer. 

In order to achieve high machining quality in ECM, a lot of researches have been carried out. Fang 

et al. established a multi-physical field coupling model to analyze the influence of a pulsating electrolyte 

flow on the machining accuracy[15]. The flow distributions along the machining gap with different 

electrolyte patterns were compared numerically and experimentally by Wang et al. [16]. The lateral flow 

mode was adopted in electrochemical trepanning (ECTr) to improve the uniformity of the flow field by 

Lei et al. Error! Reference source not found.. To solve the problem of flow field stability, the cathode 

structure was optimized by Tang et al.[17] Guo et al. used a new blade flow mode to improve flow field 

uniformity [18]. Zhu et al. optimized the distribution of the flow field by adjusting the turning profile on 

the cathode [19]. However, little work has been done so far on the effect of bubble movement on the flow 

field and the machining quality of ECM. 

In this study, considering the influence of gravity on bubbles, a novel vertical flow mode of 

electrolyte was proposed according to the bubbles dynamics analysis. A multi-physical model was 

developed to consider the electric field, fluid flow, reactant transport, and temperature, enabling the 

variations in the gas void fraction and temperature along the flow direction to be studied and the 

conductance to be analyzed. The simulation of horizontal flow was used for comparison with vertical 

flow. Moreover, experiments were carried out to analyze the influence of a vertical electrolyte flow on 

the machining accuracy and surface quality, and the validity of the simulation results was verified. 
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2. Bubble dynamics of blade ECM using vertical flow 

In blade ECM, there are generally two flow modes in blade ECM, namely the lateral flow mode and 

the axial flow mode. Hydrogen and sludge are generated in the machining gap, and Joule heat is produced 

because of the current heating effect.  

2.1 Electrolyte flow method 

In the lateral flow mode, the electrolyte flows from the leading edge to the trailing edge[5], 

providing a short flow path to facilitate the discharge of by-products. However, this flow mode suffers 

from disordered flow at the inlet and uneven flow in the convex and concave channels of the blade (Fig. 

1). In the axial flow mode, the electrolyte usually flows horizontally from root to tip, and the electrolyte 

is supplied separately to the channels of the convex and concave parts, allowing the flow rates in the two 

channels to be controlled [20]. However, because the bubbles generated by ECM accumulate along the 

flow direction, a high bubble rate occurs at the outlet. Thus, the machining gap gradually decreases from 

the inlet to the outlet, and the machining deviation becomes large at the outlet (Fig. 2(a)). To overcome 

the shortcomings of the current flow modes, a vertical flow mode is proposed in which the electrolyte 

flows vertically upwards from root to tip. Under the influence of gravity, the bubbles in vertical flow 

have different dynamics from those in horizontal flow, with an increased bubble velocity and reduced 

bubble rate. 
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Fig. 1 Disadvantages of lateral flow. [20] 

 

Fig. 2 Diagram of blade ECM in the axial flow mode: (a) horizontal flow, (b) diagram of buoyancy in 
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horizontal flow, (c) diagram of buoyancy in vertical flow, (d) vertical flow. 

 

The buoyancy generated by the gravity gradient acts vertically upward; In horizontal flow, the 

direction of buoyancy is perpendicular to the direction of electrolyte flow, and so the bubble motion is 

affected (Fig. 2(b)). In vertical flow, the direction of buoyancy is consistent with the flow direction (Fig. 

2(c)). As the density of the electrolyte is 1146 g/L , which is about 104  times that of the gas 

(0.089 g/L), the buoyancy significantly increases the bubble velocity and reduces the bubble rate in 

vertical flow. Hence, the bubble rate is low and the uniformity of conductance can be improved. As a 

result, the machining deviation is small at the outlet (Fig. 2(d)), and so better machining accuracy can be 

achieved in blade ECM using vertical flow. The specific dynamics of the bubbles are analyzed in the 

next section. 

 

2.2 Bubble dynamics analysis 

For a gas–liquid bubble column operating in the homogeneous regime, it can be assumed that the 

total force acting on a non-deformable spherical bubble moving in an unsteady, non-uniform liquid fluid 

is composed of separate and uncoupled contributions from the pressure gradient, drag, virtual or added 

mass, vorticity, and gravity [21]. The total forces on the bubbles in horizontal flow and vertical flow are 

shown in Fig. 4. To simplify the model, only the drag force 𝑭𝐷, (i.e., the resistance exerted by the fluid), 

pressure gradient 𝑭𝑃, and gravity 𝑭𝐺 are considered for the total force of the bubble. 

 𝑭𝑡𝑜𝑡𝑎𝑙 = 𝑭𝐷 + 𝑭𝑃 + 𝑭𝐺  (1) 

The acceleration of the bubble can be obtained from the following equation: 

 𝑚𝑏 𝑑𝒗𝒈𝑑𝑡 = 𝑭𝑡𝑜𝑡𝑎𝑙 (2) 

where 𝑚𝑏 is the mass of a single bubble and 𝒗𝑔 is the bubble velocity. 

The resulting velocity of the bubble can be calculated by a simple formula [22]: 

 𝒗𝑔𝑚+1 = 𝒗𝑔𝑚 + (𝑑𝒗𝑔𝑑𝑡 )𝑚+1𝐷𝑇  (3) 

This states that the new bubble velocity is equal to the sum of the previous bubble velocity and the 
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current acceleration of the bubble multiplied by the time step 𝐷𝑇.  

The drag force 𝑭𝐷 acting on a suspended sphere, the direction of which is consistent with the flow 

direction of the electrolyte [23], is given as follows: 

 𝑭𝐷 = − 12𝐶𝐷𝜌𝑙𝜋𝑅𝑏2|𝒗𝑙 − 𝒗𝑔|(𝒗𝑔 − 𝒗𝑙) (4) 

where 𝒗𝑙, 𝒗𝑔 are the electrolyte and bubble velocities, respectively, and C𝐷 is the drag coefficient. 

For rigid spheres, this coefficient is usually approximated by the standard drag curve [24]: 

 ∁𝐷= {𝑅𝑒 < 1000 ⇒ 24𝑅𝑒 (1 + 0.15𝑅𝑒0.687)𝑅𝑒 ≥ 1000 ⇒ 0.44  (5) 

As the electrolyte is a contaminated system, the bubbles behave more like rigid particles [21]. 

Therefore, for turbulent flow with 𝑅𝑒 > 1000 , the value of C𝐷  is 0.44. 𝜌𝑙  is the density of the 

electrolyte and 𝑅𝑏 is the diameter of a single bubble. 

The distributions of the pressure gradient in vertical and horizontal flows are shown in Fig. 3(a) and 

Fig. 3(b). Two units composed of the two gas–liquid phases are taken in the different flows to analyze 

the pressure gradient force 𝑭𝑃  acting on a single bubble. This can be calculated by the following 

equation: 

 𝑭𝑃 = −𝑉𝑏𝛻𝑃 (6) 

where 𝑉𝑏 is the volume of a single bubble and ∇P is the pressure gradient of the electrolyte. To 

simplify the calculation, 𝑭𝑃 can be decomposed into two components, 𝑭𝑃𝐺 and 𝑭𝑃𝐷, and which are 

derived from the gravity pressure gradient 𝛻𝑃𝐺   and the pressure drop 𝛻𝑃𝐷   due to fluid velocity 

changes, respectively. 

 { 𝛻𝑃𝐺 = 𝜌𝑙𝑔𝑭𝑃𝐺 = −𝑉𝑏𝛻𝑃𝐺𝑭𝑃𝐷 = −𝑉𝑏𝛻𝑃𝐷 (7) 

 𝑭𝑃 = 𝑭𝑃𝐺 + 𝑭𝑃𝐷 (8) 



7 

 

 

Fig. 3 Diagram of pressure gradient: (a) vertical flow, (b) horizontal flow, (c) pressure gradient 

force on bubbles in unit 1, (d) pressure gradient force on bubbles in unit 2.  

 

The direction of 𝑭𝑃𝐺 is consistent with the direction of the electrolyte velocity in the vertical flow 

mode, but is perpendicular to the electrolyte velocity in the horizontal flow mode. Thus, the direction of 𝑭𝑃 acting on the bubbles is the same as 𝒗𝑙 in the vertical flow (Fig. 3(c)), whereas there is a certain 

angle 𝜃 between them in the horizontal flow (Fig. 3(d)). 

The force due to gravity 𝑭𝐺 can be calculated as follows: 

 𝑭𝐺 = 𝜌𝑔𝑉𝑏𝑔 (9) 

where 𝑔 is the acceleration of gravity, 9.8 m/s2, and 𝜌𝑙 ≫ 𝜌𝑔. 

 |𝑭𝑃𝐺| ≫ |𝑭𝐺| (10) 

In fact, |𝑭𝑃𝐺| is about 104 times larger than |𝑭𝐺|, and thus has a great influence on the bubbles.  
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Fig. 4 Analysis of force: (a) horizontal flow, (b) vertical flow. 

 

Combining Eqs. (1)–(3), the direction of the total force is different from that of the electrolyte 

velocity in horizontal flow (Fig. 4(a)). When the electrolyte flows vertically, the magnitude of 𝑭𝑡𝑜𝑡𝑎𝑙 is 

greater and the direction is consistent with the flow direction (Fig. 4(b)), and so the velocity of the bubble 

increases, the gas void fraction 𝛽 decreases along the flow direction. 

3. Multi-physical field models 

ECM is an interdisciplinary subject covering mass transfer, energy transfer, momentum transfer, 

and chemical reactions[25]. By-products in the machining gap include sludge and hydrogen (Fig. 2). 

Due to the small ratio of sludge, its influence is neglected in this study[26]. The theoretical models of 

these multi-physical fields are established in this chapter.  

3.1 Simulation model 

To analyze the gas void fraction and the temperature along the flow path of blade ECM, the final 

machining time is modeled for the middle section of the blade body, and multi-physical field simulations 

are carried out. The structure of the flow channel on both sides is the same, the width and length of the 

flow channel are 0.5 mm and 40 mm, respectively, the height and length of the inlet are 2.5 mm and 6.5 

mm, respectively, and the width of the outlet is 3 mm (Fig. 5). The parameters used in the simulations 

are given in Table 1. 

 

Table 1 Simulation parameters 

Parameter Value 

Initial electrolyte conductance 𝑘0 14.6 S/m 

Initial temperature 𝑇0 302.65 K 

Inlet electrolyte pressure 𝑃0 0.5 MPa 
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Outlet electrolyte pressure 𝑃1 0.1 MPa 

Machining voltage U 18 V 

 

The simulation model of blade ECM is illustrated in Fig. 5. The boundaries consist of an anode 

workpiece (boundaries 2–6) and cathode tools (boundaries 8, 9, 11, 12), with electrolyte flows through 

the inter-electrode gap from the two inlets (boundaries 1, 7) to the outlet (boundary 10). To simplify the 

proposed model, the following assumptions are made: 

1) A bubble-flow model is used to simulate the gas–liquid two-phase flow. 

2) The diffusion coefficient of the bubbles is independent of temperature, and has a constant value of 3.0 × 10−6 m2/s [12]. 

3) Only Joule heat is considered as the heat source in ECM. 

 

 

(a)                                           (b) 

Fig. 5 Simulation model of blade ECM: (a) vertical flow, (b) horizontal flow. 

 

3.2 Fluid field 
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Using the flow channel shown in Fig. 5, the flow field can be considered as a gas–liquid mixing 

flow, the density 𝜌 and the dynamic viscosity 𝜇 satisfy the following relationships [27]: 

 {𝜌 = 𝛽𝜌𝑔 + (1 − 𝛽)𝜌𝑙𝜇 = 𝛽𝜇𝑔 + (1 − 𝛽)𝜇𝑙 (11) 

The flow state of the electrolyte is turbulent, and the electrolyte flow can be considered as an 

incompressible viscous flow, as described by the Navier–Stokes equations [12]: 

 { 𝛻 ∙ 𝑣𝑙 = 0−𝜇∇2𝑣𝑙 + 𝜌(𝑣𝑙 ∙ ∇)𝑣𝑙 + ∇𝑃 = 0 (12) 

where 𝑃 is the pressure of the electrolyte. 

The boundary conditions are given as follows: 𝑃|𝛤1,7 = 𝑃0 

 𝑃|𝛤10 = 𝑃1 (13) 

The electrode–electrolyte interfaces are subject to a no-slip condition: 

 𝑣|𝛤2,3,4,5,6,8,9,11,12 = 0 (14) 

 

3.3 Electric field 

Based on theoretical analysis of the equilibrium state in the ECM process, the electric field 

parameters do not change with time. The distribution of the electric field potential ∅ obeys Laplace’s 

equation: 

 𝜵2∅ = 0 (15) 

The electric field intensity 𝑬 in the electric field is equal to the negative value of the potential 

gradient: 

 𝑬 = − 𝑑∅𝑑𝑛 𝑛 (16) 

The current density 𝒊 in the process of ECM is expressed as follows: 

 𝒊 = 𝜅𝑬 (17) 

The electrolyte conductance is mainly affected by heat and bubbles. The relation between the 

electrolyte conductance 𝜅, temperature 𝑇, and gas void fraction 𝛽 in the simulations is described as 

follows [28]:  

 𝜅(𝑥) = 𝜅0[(1 + 𝜉(𝑇(𝑥) − 𝑇0)][1 − 𝛽(𝑥)]𝑏𝑝 (18) 
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where 𝜅0  is the initial electrolyte conductance, 𝑇0  is the initial temperature, 𝑖  is the current 

density, and 𝜉, 𝑏𝑝 are the temperature coefficient and bubble ratio coefficient, respectively, selected as 

0.021 and 1.5 based on processing experience. 𝑥 is the flow path, and 𝛽 can be obtained as follows: 

 𝛽 = 𝑄𝑔𝑄 = 𝑄𝑔𝑄𝑔+𝑄𝑙 (19) 

where 𝑄𝑔 is the volume flux of gas, 𝑄𝑙  is the volume flux of liquid, and 𝑄 is the total volume 

flux of the gas–liquid phases. 

The boundary conditions are given as follows: 

 𝜑|𝛤2,3,4,5,6 = 𝑈 (20) 

 𝜑|𝛤8,9,11,12 = 0 (21) 

 
𝜕𝜑𝜕𝑛 |𝛤1,7,10 ≈ 0 (22) 

3.4 Reactant transport  

The transport of reactants in the process of ECM is mainly driven by migration, convection, and 

diffusion. Diffusion is the main transport mechanism of reactants via the inter-electrode gap. Convection 

plays a major role in the transport of reactants in electrolyte adjacent to the anode surface. The governing 

equations are based on Fick’s law, and the diffusion and convection forced by fluid flow can be described 

as follows [15]: 

 
𝜕∁𝑗𝜕𝑡 + ∇(∁𝑗𝑣𝑙 − 𝐷𝑗∇∁𝑗 + 𝐷𝑗𝑁𝑗) = 0 (23) 

where ∁𝑗  (mol/m3)  denotes the concentration of diluted species 𝑗 , 𝐷𝑗   is the diffusion 

coefficient, and 𝑁𝑗 denotes the flux of diluted species j. 

During the processing, metal ions are dissolved from the anode and hydrogen is produced near the 

cathode surface. 

 2H20 + 2𝑒− → H2 ↑ +2OH− (24) 

The boundary conditions are given as follows: 

Hydrogen produced near the cathode surface 𝛤8,9,11,12:  

 𝑁𝐻2 = 𝑖2F (25) 

Outlet: 
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𝜕𝐶𝐻2𝜕𝑛 |𝛤10 = 0 (26) 

Initial concentration: 

 𝐶𝐻2 = 0 (27) 

where F is Faraday’s constant, 96485 C/mol. 
3.5 Thermal model 

Heat is generated by electrode reactions and Joule heating in the electrolyte. The law of internal 

energy balance is given by [29]: 

 𝜌𝑝∁𝑝 𝜕𝑇𝜕𝑡 + 𝜌𝑝∁𝑝𝑣𝑙𝛻𝑇 = 𝛻 ∙ (𝜆𝛻𝑇) + 𝑃𝑏𝑢𝑙𝑘 (28) 

 {  
  𝜔𝑔 = 𝑚𝑔𝑚𝑔+𝑚𝑙 = 𝜌𝑔𝑄𝑔𝜌𝑔𝑄𝑔+𝜌𝑙𝑄𝑙𝐶𝑝 = (1 − 𝜔𝑔)𝐶𝑙 + 𝜔𝑔𝐶𝑔 ≈ 𝐶𝑙𝜌𝑝 = 𝑚𝑔+𝑚𝑙𝑄𝑔+𝑄𝑙 ≈ 𝜌𝑙𝑄𝑙𝑄𝑔+𝑄𝑙 = 𝜌𝑙(1 − 𝛽) (29) 

where 𝜔𝑔 is the mass fraction of hydrogen, 𝑚𝑔 is the gas mass flux, 𝑚𝑙 is the liquid mass flux, ∁𝑝 is the electrolyte specific heat capacity, and 𝜆 is the electrolyte thermal conductivity (0.6 W/m in 

this case). 𝑃𝑏𝑢𝑙𝑘  is the Joule heating generated in the bulk of the electrolyte, which can be obtained by 

Joule’s law as [30]: 

 𝑃𝑏𝑢𝑙𝑘 = 𝑖𝑬 (30) 

Based on the flow field characteristics in ECM, internal forced convection heat transfer was used in 

the simulation. The flow state of the electrolyte is turbulent, Re>2500, then the thermal transfer 

coefficient h between the electrolyte and the electrode surface can be obtained as follows: 

 ℎ = 𝜆𝐷 0.023𝑅𝑒0.8𝑃𝑟0.3 (31) 

 𝑅𝑒 = 𝑣𝑙𝐷𝜈  (32) 

Where D is the hydraulic diameter of the gap (about 1mm), Re is the Reynolds number, Pr is the 

Prandtl number, vl and 𝜈  are the electrolyte flow velocity and kinematic viscosity coefficient 

respectively. 

As metal materials, the electrode and workpiece have different thermal conductivities from that of 

the electrolyte. Therefore, the interfaces between the electrolyte and electrodes can be considered as outer 

boundaries. The boundary conditions are: 
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 𝑇|𝛤1,2,3,4,5,6,7,8,9,11,12 = 𝑇0 (33) 

At the outlet: 

 
𝜕𝑇𝜕𝑛 |𝛤10 = 0 (34) 

4. Simulation results 

Using the multi-physical field models established in the previous section, the distribution of the gas 

void fraction and temperature can be simulated in the two different flow modes. To analyze the simulation 

results, two detection lines (A and B) are considered, both located at the middle of the flow channel (Fig. 

5 ). The data on the detection lines and the distribution cloud of the gas void fraction and the temperature 

are obtained. Based on the changes in these variables obtained by the simulations, the conductance can 

be calculated. 

4.1 Analysis of gas void fraction  

According to the simulation results, the trend in the gas void fraction along the flow direction in the 

two different flow modes is similar. The cloud of the vertical flow is shown in Fig. 6(a). Bubbles are 

generated from the cathode surface, and the gas void fraction near the cathode surface is relatively high. 

The data distribution along the detection lines (A and B) is similar. At the blade root, the gas void fraction 

is 0 in both flow modes. The gas void fraction increases by 31.8% from the blade root to the tip when 

the electrolyte flows horizontally in ECM. By comparison, the gas void fraction of the vertical flow 

increases by 29.4% (Fig. 6(b)).  
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(a) Cloud (vertical flow)                        (b) Data curve 

Fig. 6 Gas void fraction distribution. 

 

Assuming that the mass of the two gas–liquid phases is conserved and there is no mass conversion, 

the mass continuity equation of the gas phase is as follows: 

 
𝑑(𝜌𝑔𝛽𝐴𝒗𝒈)𝑑𝑥 = 𝜂𝑔𝑘𝑔𝑖 (35) 

where 𝐴 is the area of the cross-section of the flow channel. The gas void fraction is inversely 

proportional to the velocity of the bubbles. Thus, the gas void fraction decreases as the bubble velocity 

increases. Compared with the horizontal flow, the velocity of bubbles is higher in the vertical flow, and 

the gas void fraction decreases accordingly. Hence, the gas void fraction at the tip in vertical flow is 2.4% 

lower than that in horizontal flow (Fig. 6(b)). 

4.2 Analysis of temperature 

The changes of temperature are similar to those of the gas void fraction (Fig. 7(a)). The initial 

temperature at the blade root is 302.65 K in both flow modes. As heat accumulates along the flow 

direction, the temperature increases by 15.8 K in horizontal flow mode and by 15.2 K in the vertical flow 

(Fig. 7(b)).  
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(a) Cloud (vertical flow)                      (b) Data curve 

Fig. 7 Temperature distribution. 

 

Based on Eqs. (28) and (29), the temperature distribution in ECM is affected by the electrolyte 

velocity and gas void fraction, the temperature is proportional to the gas void fraction. In the cloud, the 

temperature is higher near the cathode surface because of the high gas void fraction. Compared with the 

horizontal flow, the gas void fraction in vertical flow is lower and the temperature decreases accordingly. 

Therefore, the temperature of the electrolyte is 0.6 K lower at the tip in vertical flow than in horizontal 

flow. 

4.3 Calculation and analysis of conductance  

In ECM, the conductance changes along the direction of electrolyte flow with variations in the gas 

void fraction and the temperature. The distribution of the conductance 𝜅 can be calculated by Eq. (18). 

The conductance decreases gradually along the flow direction (Fig. 8). 
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Fig. 8 Distribution of conductance. 

 

The initial value of electrolyte conductance is 14.6 S/m at the root. This decreases by 3.19 S/m in 

vertical flow and by 3.66 S/m in horizontal flow. This difference occurs because, in vertical flow, the 

growth rate of both the gas void fraction and temperature are reduced, and conductance that is more 

uniform is thus achieved. Therefore, the conductance at the blade tip in vertical flow is 0.47 S/m higher 

than that in horizontal flow. When the processing is in a stable state, the relationship between the 

machining gap ∆𝑏  and conductance 𝜅 can be expressed as follows: 

 ∆𝑏(𝑥) = 𝜂𝜔 𝑈𝑅𝜅(𝑥)𝑣𝑐  (36) 

where 𝜂  is the current efficiency, 𝜔  is the volume electrochemical equivalent, 𝑣𝑐  is the feed 

speed of the tool, and 𝑈𝑅 is the voltage. The uniformity of the machining gap along the flow direction 

will be improved in vertical flow, thus enhancing the machining accuracy and surface quality.  

5. Experimental results 

5.1 Experiments 

To verify the accuracy of the simulations, experiments were carried out using a vertical electrolyte 

flow, and the experimental conditions are listed in Table 2. 

Table 2 Experimental conditions 

Condition Value 

0 5 10 15 20 25 30 35 40 45
11.0

11.5

12.0

12.5

13.0

13.5

14.0

14.5

15.0
  

 

 

14.6S/m 

11.41S/m 

10.94S/m 
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Workpiece material Inconel 718 

Cathode material  304 stainless steel 

Electrolyte NaNO3 solution 

Electrolyte temperature 302.65 K 

Feeding velocity 0.5 mm/min 

Feeding distance 9.76 mm 

Voltage 18 V DC 

The experimental system used for blade ECM in this study is shown in Fig. 9(a). It mainly includes 

fixture, two feed shafts, two cathodes and a workpiece. The geometric design method of the cathode is 

the common cosθ method[31]. Neutral NaNO3 solution is used due to its passivating properties to obtain 

high-quality products[32]. The fixture is composed of front and back parts, made of epoxy. The machine 

tool controls the cathodes through the feed shafts, the cathodes are inserted into the fixture along the feed 

channels on both sides, feed to each other at a constant speed. The electrolyte flows in from the inlet on 

both sides of the bottom and flows out from the outlet on the top. Electrolyte fills the inter-electrode gap 

and flows vertically from root to tip, the direction of gravity is opposite to the electrolyte flow direction.  

 

Fig. 9 Experimental system for the ECM of the blade: (a) fixture (b) specimens machined by ECM. 

 

In the experiments, the machining time was 19.5 min, the current changed smoothly, and no 

  

Left feed 

shaft Right feed 

shaft 
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abnormal short-circuit sparks occurred during the machining process. The machined blades obtained 

from five processing experiments were shown in Fig. 9(b). 

5.2 Machining deviation 

The machined blades were measured along the line C on the middle section of the blade body (Fig. 

10(a)) by a coordinate measuring machine. The edge profile of the machined edges was obtained, and a 

comparison of the machined edge profile with the standard profile allowed us to calculate the machining 

deviation of the line C (shown in Fig. 10(b)). 

  

(a)                                        (b) 

Fig. 10 (a) Schematic diagram of measurement, (b) deviation distribution. 

 

It can be seen that the edge profile of the blade manufactured by ECM exhibits a positive deviation 

that gradually increases along the flow direction. The machining deviation changes from 3.4 μm (blade 

root) to 75.6 μm (blade tip) on the line C. The difference in the deviation at the root and tip is 72.2 μm. 

According to the simulation results, the gas void fraction and the temperature change along the flow 

direction in such a way that the conductivity of the electrolyte decreases. Hence, by Faraday’s law, the 

current density and the material removal rate decrease along the flow direction. Thus, the variation 

observed in the experiments is consistent with the simulation results. 

5.3 Surface quality 
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The surface quality is quantified by the surface roughness Ra of the machined surface. We selected 

two rectangular areas (1, 2) and ten lines (D1~5, E1~5) near the root and tip of the blade, as shown in Fig. 

11. The Keyence 3D profile measuring instrument and scanning electron microscopy (SEM, HITACHI 

Regulus 8220) were used to observe the surface topography, and a Taylor–Hobson profiler was used to 

obtain the line roughness along the lines. 

 

  

Fig. 11 Observation areas and sampling lines on the machined blade. 

 

The surface topography and surface roughness measurement results are shown in Fig. 12 and 13. 

The black dots in the area 1 and area 2 are electrochemical pitting generated by the non-uniform corrosion 

of the materials, as shown in Fig. 12, similar conclusions were also reported by Wang J et. al[33]. It can 

be observed that the smoothness is better in the area 1, near the root of the machined blade.  
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Fig. 12 Surface topography of the (a) area 1 and (b) area 2.  

 

The surface roughness Ra along the lines D1~5 and E1~5 were shown in Fig. 13 (a) and (b) respectively. 

The surface roughness Ra near the root and tip varied from 0.193 µm to 0.248 µm and 0.282 µm to 0.348 

µm, respectively. The average surface roughness of the machined blade near the root is Ra=0.222µm, 

which is Ra=0.315µm near the tip, as shown in Fig. 14. The average surface roughness increases along 

the flow direction, and the difference over the flow path is about 0.1 μm. 
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Fig. 13 Surface roughness of the lines (a) D1~5 and (b) E1~5 

 

Fig. 14 Average surface roughness of the machined blade 

 

In ECM, the current density affects the surface quality. The high potential gradient in the solution 

preferentially dissolves the metal at sites with higher values of the surface roughness, resulting in a 
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smooth surface. According to the simulation results, the gas void fraction increases along the flow 

direction. As the surface quality decreases as the current density decreases, the surface quality of the root 

is better than that of the tip, which is consistent with the experimental results. 

Based on the analysis of the experimental results of the machining deviation and surface quality, the 

validity and correctness of the simulations were verified. The experimental results show that the 

machining quality can be improved by reducing the gas void fraction, the machining deviation ranged 

from 3.4 μm to 75.6 μm and surface roughness values of Ra < 0.35µm can be obtained by using a vertical 

electrolyte flow. 

6. Conclusion 

1) The bubble dynamics analysis were conducted considering the influence of gravity, and a 

vertical flow mode for blade ECM has been proposed. The vertical flow mode can effectively increase 

the bubble velocity and reduce the gas void fraction. 

2) A multi-physical field theoretical model was established to simulate the equilibrium state of 

blade ECM in the two flow modes. Compared with the horizontal flow, the vertical flow reduced the gas 

void fraction and the temperature at the outlet by 2.4% and 0.59 K, respectively, leading to an 

improvement of 0.47 S/m in conductance, which was useful for enhancing the machining quality. 

3) Vertical flow experiments were carried out, after measuring the machined blade, the variation 

of the machining deviation and the surface quality along the flow path were obtained. The deviation 

gradually increased along the flow direction, changed from 3.4 μm to 75.6 μm, and the difference in the 

magnitude of the deviation was 72.2 μm. The average surface roughness changed from Ra=0.222μm to 

Ra=0.315μm, the surface quality was very well. The simulations and the experimental results were 

consistent, the validity and correctness of the simulations were verified. 

Although the machining quality is improved and the flow state is better in vertical flow, due to the 

continuous generation of a large number of bubbles, there are certain changes in machining accuracy and 

surface quality along the flow path. To improve the consistency of machining accuracy along the flow 

path in vertical flow, further research on the pulsed machining will be carried out. 
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