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ABSTRACT 

Electrochemical machining has found numerous applications in 

recent years. The process offers significant economic advantages over 

conventional machining methods where complex shapes are required in 

high performance metals. However, a general lack of information on 

the design of a machining operation has resulted in an unacceptable 

amount of trial and error development work in many instances. 

This thesis is concerned with the selection of operating 

conditions and the design of tooling for electrochemical machining. 

An introduction to this aspect of the process is followed by a review 

of current literature on the subject. A model is adopted for the 

prediction of the one-dimensional equilibrium gap. The model utilises 

two parameters which require experimental determination. The model 

also predicts an upper bound to the electrolyte velocity in the electrode 

gap which corresponds to a limiting value of the tool feedrate. Various 

other apparent limitations on the metal removal rate are discussed. 

Preliminary experimental work was carried out to test the 

applicability of the theoretical model with particular reference to the 

pressure drop across the electrode gap. The results verify the model 

but the model parameters show dependence on the operating conditions 

of machining. 

The experimental work was extended, using a production 

electrochemical machine, to cover operating conditions used in practice. 

Sodium chloride and sodium nitrate solutions were the electrolytes in 

the machining tests. The anode workpieces were manufactured from 

mild steel and were initially plane and parallel to the cathode. The 



machining characteristics of the two electrolytes with mild steel are 

discussed. Anode profiles are presented at various operating 

conditions with the model parameters required to match the 

experimental test data. Phenomena other than the electrolyte 

conductivity appear to influence the anode profile in tests with sodium 

nitrate electrolyte. 

. The theoretical model is not verified with respect to the upper 

bound to the electrolyte velocity. Tool feedrates and electrolyte flow 

velocities are used which exceed those predicted theoretically. The 

upper bound to the electrolyte velocity is the performance limit of the 

electrolyte pump. 

A separate investigation was required to determine the cause 

of machining failure. Miniature bead thermistors were inserted through 

the cathode into the electrode gap to measure the temperature of the 

electrolyte close to the cathode. Temperatures in this region are found 

to be greater than those measured at outlet. Machining failure is shown 

to be the result of boiling of the electrolyte around the gas bubbles 

evolved at the cathode. The conductivity of the electrolyte becomes 

less due to the formation of steam bubbles and the anode converges 

towards outlet so that sparking or arcing occurs across the gap. 

A correlation is introduced to allow- prediction of this condition. 

The operating characteristics of electrochemical machining are 

discussed in relation to the correlation, and other limitations. An 

optimum outlet pressure exists which allows an increase in feedrate 

particularly at low machining voltages. A procedure for the selection 

of operating conditions is proposed. 
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NOMENCLATURE 

SYMBOL QUANTITY UNITS 

A Density function (Co AS /a- E Aa ') None 
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c Specific heat kT kg-1K-1 
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Epol Polarisation potential volts 
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g Gas 
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1.0 INTRODUCTION 

1.1 General 

The development of electrochemical machining is a result of 

the need for a method of machining high strength metals which are 

difficult and expensive to machine conventionally. The process is 

capable of machining complex forms at high metal removal rates in a 

single tool pass. The machined surface is such that finishing 

processes may not be required. 

Electrochemical machining has been used with particular 

success in the production of turbine blades and drop forge dies and 

has been applied in various metal removal modes such as drilling, 

turning, broaching and trepanning. 

However a limited amount of information is available on the 

selection of operating conditions and the design of tooling. For this 

reason the advantages of the process are not fully realised in many 

applications and extensive development work and high costs are 

associated with the introduction of the process to new manufacturing 

areas. 

1.2 Principles of Electrochemical Machining 

Electrochemical machining is based on the process of electrolysis. 

In principle the application of a potential difference across metal 

electrodes immersed in an electrolyte causes negative ions to move 

towards the anode and positive ions to move towards the cathode. 
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The anode dissolves in the form of ions and electrons go into the 

external circuit, e. g. for an iron anode: 

Fe ,º Fe++ + 2e 

At the cathode water molecules receive electrons from the external 

circuit resulting in the release of hydrogen gas: 

2 H2O +2e-*H2 + 20H 

The metal ions combine with the hydroxyl ions to form a precipitate. 

Other reactions may occur (1) depending on the metal, the type of 

electrolyte and the potential across the cell. 

From Faraday's laws of electrolysis, the weight of metallic 

element removed from the anode is proportional to the current, the 

time and the chemical equivalent weight of the anode metal: 

A 
mz Ft 

il ) 

where m is the mass of metal removed, 

A is the atomic weight of the metal, 

I is the current, 

t is the time, 

z is the metal valency, 

and F is Faraday's constant. 

For alloy metals the reciprocal of the average of the reciprocals 

of A/z of the constituent metals is used. The equation shows the 

inherent advantage of electrochemical machining over conventional 

machining methods in that metal removal rate is independent of the 

mechanical properties of the metal. 
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To achieve metal removal rates acceptable in a production 

process, current densities of from 50 to 300 A cm-2 are required. A 

potential difference of 10-25 V is applied across the anode and 

cathode. The electrolyte is pumped through a small gap between the 

electrodes to remove the products of electrolysis. 

The cathode (tool) is fed towards the anode (workpiece) to 

compensate for dissolution and form the tool shape on the workpiece 

such that complex shapes can be formed by a linear movement. The 

smaller the gap between the electrodes the greater is the current 

density and, hence, metal removal rate. Thus at a constant feedrate 

the process becomes self-regulating and the dissolution rate equals 

the tool feedrate. The gap becomes constant under these conditions 

and is known as the equilibrium gap. 

As the current flows between the electrodes various phenomena 

oppose the current such as the difference in electrode potentials and 

the activation and concentration over voltages at both electrode 

surfaces. Under normal conditions, the voltage drop at the electrodes 

is small. The main voltage loss occurs in the electrolyte and is 

described by Ohm's law. Thus the operating conditions of machining, 

which control the gap width between the electrodes, are the voltage, ` 

the current density, which is proportional to feedrate, and the 

electrolyte resistance. 

The operating conditions are governed by certain limitations 

on the process and are critical in relation to the economics of the 

process and to the accuracy and surface integrity of the work. 
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In addition, the large capital investment required for electrochemical 

machining plant makes necessary an accurate assessment of future 

costs and production rates which are, to some extent, determined by 

the operating conditions of machining. 

1.3 The Selection of Operating Conditions 

For known work material and dimensions the operating conditions 

of electrochemical machining are the tool feedrate, the applied 

potential or voltage, the electrolyte flowrate and the inlet and outlet 

pressure of flow in the tooling fixture. The electrolyte type, 

concentration and temperature should also be specified. 

The choice of operating conditions is related to their effect 

on the equilibrium gap between the electrodes which is determined 

from : 

_ 
VkC 

Ye Vc 

where ye is the equilibrium gap, 

V is the machining voltage, 

k is the electrolyte conductivity, 

Vc is the tool feedrate, 

and C is a constant relating to the workpiece 
material. 

(2 ) 

It is convenient to discuss each of the conditions controlling 

the gap width. 

(a) Tool Feedrate 

Electrochemical machining becomes economic, relative to 
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conventional machining methods, when the workpiece or 

component is required in sufficient quantities such that 

considerable investment in large plant is justified. The absence 

of tool wear also makes the process attractive to large batch 

and mass production. To reduce the resultant high machine time 

cost on each component the tool feedrate, which is proportional 

to current density, should be as rapid as possible within the 

limitations of available power supplies. 

(b) Machining Voltage 

A small part of the machining voltage is required for the 

electrode reactions and the remainder is dissipated as heat in the 

electrolyte. Thus low machining voltages reduce the power loss 

during machining. In addition the degree of damage to the tool if 

sparking occurs is increased at high voltages. 

(c) Electrolyte Conductivity 

The most economic means of increasing the electrode gap 

width is to use an electrolyte with high conductivity. The 

conductivity is determined by the type, concentration and 

temperature of the electrolyte. The type of electrolyte is 

important in relation to the dimensional control and surface 

integrity of the work; this has resulted in a considerable amount 

of research (2,3,4,5) into this aspect of electrochemical 

machining. 
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Acid electrolytes are attractive due to their high conductivities 

but are not own used in production machines due to their corrosive 

activity. In industrial practice solutions of sodium chloride and 

sodium nitrate, or mixtures of both, are normally employed. The 

addition of other salts to these electrolytes is required, in some 

cases, to remove oxide films from the workpiece. The concentration 

of the electrolytes ranges from 50 to 400 g/litre and temperatures 

are normally between 30 and 40°C; higher electrolyte temperatures 

increase the conductivity but cause excessive evaporation losses 

from the working tank and the concentration has to be continually 

corrected if repeatable machining accuracy is required. This 

factor, in conjunction with the saturation concentration of the 

salt, places an upper limit on the electrolyte conductivity. 

From consideration of the tool feedrate, the machining voltage 

and the electrolyte conductivity in relation to equation (2), small 

electrode gaps are a result of economic use of the process. However, 

other factors influence the choice of gap size. A small equilibrium 

gap reduces the size of machining inaccuracies due to process 

fluctuations and allows improved tool reproduction on the workpiece (9). 

In addition, Wilson (6) has shown that an allowance should be left on 

the workpiece prior to machining. The allowance depends on the gap 

width, the tool shape and the tolerance on the workpiece and is normally 

a few gap widths. As casting and forming techniques become more 

accurate, electrochemical machining may be required to remove a 

relatively small allowance on the workpiece and consequently a small 
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gap is necessary. 

The opng condition which restricts the use of small 

equilibrium gaps is the electrolyte flowrate... If the flowrate is not 

sufficient machining failure or sparking will occur which can cause 

damage to the tool. Machining failure can also result in inaccuracies 

in the finished work (10). High delivery pressures are required to 

force sufficient electrolyte flow through small electrode gaps. These 

pressures, which are limited by the capacity of suitable pumps, can 

cause deflection of the tool fixture and ram and consequent loss of 

accuracy in the work. 

One of the main advantages of electrochemical machining is the 

high metal removal rates obtainable in hard and tough metals. Providing 

the electrolyte flowrate is adequate, no upper limit to the metal 

removal rate is apparent. However, no satisfactory method of 

prediction of the minimum flowrate required for given operating 

conditions has been developed. 

An objective of the present work is to examine the causes of 

machining failure or sparking and establish a basis for the optimum 

selection of operating conditions. 

1.4 Tool Design 

The operating conditions of machining should be determined 

prior to the design of the cathode or tool. The degree of control of these 

conditions is the main factor affecting the repeatable accuracy of the 

work. However, the accuracy within specific tolerances is dependent 
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on the design of the cathode or tool. 

Tool design has been described (6) as the key to electro- 

chemical machining and consists of: 

(a) design of fixtures for workpiece and tool location and alignment, 

the situation of power connections and the use of suitable 

materials. The position of electrolyte entry and exit slots in 

complex tools requires careful consideration and experimental 

work may be required. Wilson (6) has developed guidelines in 

this respect although experience in the use of the process is an 

advantage. 

(b) determination of the shape and size of the tool to give the 

required component dimensions. 

As the tool is fed towards the workpiece the shape of the 

workpiece becomes approximately complementary to the shape of the 

tool; the two surfaces differ by the thickness of the gap. For 

accurate reproduction the tool shape must allow for the gap width. 

In generating or two dimensional machining operations, the 

difference between the tool size and the hole or shaft size is termed 

the overcut. Various investigators (9,11,12,13) have developed 

empirical and theoretical equations, in terms of the forward gap, for 

calculating the overcut. The exact overcut required may be obtained 

in machine trials by small adjustment of the machining voltage or 

the electrolyte conductivity. 

In die sinking operations (the machining of three dimensional 

shapes) the gap width varies with the angle which the tool face makes 
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with the feed direction. A 'cos A' method has been developed (7) in 

relation to this but does not apply to regions of the gap with inclination 

to the feed direction approaching 900 or with appreciable curvature. 

In this instance the current distribution can be described by Laplace's 

equation and an analogue or mathematical solution is required to allow 

prediction of the gap width. Tipton (11) has developed computer 

programs for the solution of Laplace's equation, to allow calculation of the 

tool shape required for a given work shape and vice versa. The programs 

can be extended to deal with two dimensional surfaces. 

The methods for the prediction of overcut and tool shape 

assume a constant electrolyte conductivity within the electrode gap 

although the programs developed by Tipton (11) can be readily 

modified to incorporate empirical corrections for conductivity variations. 

However, the voltage drop across the electrodes causes resistance 

heating of the electrolyte which increases the conductivity of the 

electrolyte. Gas bubbles evolved at the electrodes reduce the con- 

ductivity. The combined effect of these factors result in deviations, 

between the tool and work form, which are influenced by the 

machining voltage, current density, electrolyte flowrate and the inlet 

and outlet pressure from the tooling. The flowrate and pressure at a 

point within the gap cannot be assessed without difficulty even for 

simple shaped tools. As a result the approach to tool design at 

present is to make the tool shape close to that required and modify it by 

trial and error until accurate work is obtained. The cost of develop- 

ment work of this nature and the risk and delay involved have prevented 
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the use of electrochemical machining in many potentially economic 

applications. The initial tooling cost is high so that the process is 

not competitive for other than mass or large batch production and 

where alternative methods are very expensive. 

One of the purposes of this work is to develop a simple 

method of prediction of the gap width variation due to conductivity 

effects. In conjunction with the existing methods of tool shape 

calculation this will reduce or eliminate the need for trial and error 

tool development. 

1.5 Scope of Work 

The prediction of the equilibrium electrode gap in electro- 

chemical machining, in relation to non-uniform electrolyte 

conductivity, was investigated initially by Tipton (7). To reduce the 

complexity of the problem the effect of temperature dependent 

electrolyte conductivity was considered. However, Thorpe (14) 

carried out an order of magnitude analysis which showed that the 

effects of gas bubbles and ohmic resistance heating are of the same 

order of magnitude. Hopenfield and Cole (15) derived a system of 

coupled, non-linear, differential equations which describe the equilib- 

rium gap. , 
The one dimensional equations of mass, continuityh, 

energy and charge , subject to certain assumptions and simplifications, 

were solved simultaneously by a numerical method suitable for a 

digital computer. The predicted electrode gaps show reasonable 

qualitative agreement with corresponding experimental data. Thorpe and 
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Zerkle (16) used a similar approach to that of Hopenfield and Cole. 

The describing system of equations was solved to obtain algebraic 

expressions for the gap width variation and the distribution of gas 

bubbles, electrolyte temperature, velocity and pressure within the 

gap. The analysis was further developed (17) for radial flow with 

axially symmetric, curved electrodes. The value of the approach 

taken by Thorpe and Zerkle is that the algebraic expressions allow 

quantitative determination of the main features of the process which 

serve as convenient rules for the tool and production engineers 

concerned with electrochemical machining. The analysis is also 

more general than that formulated by Hopenfield and Cole (15) in 

that it includes the possibility of non-homogeneous flow and 

incorporates a generalised heterogeneous conduction relation. 

1 . 5.1 The Theoretical Model 

The derivation. of the equations developed by Thorpe and 

Zerkle (16) is presented in Appendix I. The equations are: 

a= Ax* 
1+Ax* 

yo= 
yö = 

= 
Vö 

= 

1+Bx* 
(1 + Ax*)n 

1+ Ax* n+l 

1+ Bx* 

(45) 

(46) 

(47) 

To =T=1+ TO x* (48) 
To 



12 

p° =p= 2 
PoVo)2 

ddp°-2 rdVfo0 
dx* yo L dx* 

C T° (49) 
A 

+ 
5M4 o ofo 2] 

(50) 

The quantities in the equations are iri-. non-dimensional form. 

The dependent variables are the pressure p°, the temperature T°, the 

gap thickness y0, the void fraction of gas bubbles ,d, the electrolyte 

velocity V° and the gas density function A; x* is a position variable 

along the electrode gap. Thorpe and Zerkie considered the gas density 

function to be constant at low pressure drops and obtained good agree- 

ment with the experimental results of Hopenfield and Cole. This 

experimental work was carried out with short electrodes at pressure 

drops an order of magnitude smaller than those in industrial practice 

and for a limited number of tests. At high pressure drops across the 

electrode gap the gas density varies appreciably and the equations (45) 

to (50) must be solved simultaneously. In this instance a numerical 

solution to the equations, suitable for a digital computer, is required. 

Thorpe and Zerkle have stated (16) that a computer program has been 

developed for this purpose. The author is very grateful to Thorpe and 

Zerkle for the use of this computer program. The program is listed, 

with input instructions, in Appendix II. 

The model parameters, to be determined experimentally, are 

the frictional multiplier, M, and the void function exponent, n. In 

equation (50) the two components of pressure drop are the acceleration 

of the electrolyte and the frictional pressure loss. Thorpe and Zerkle 
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use the concept of the two phase frictional multiplier, M, to account 

for increase in shear stress at the surfaces of the electrodes due to 

the evolution of gas bubbles at the cathode and the dissolution of 

the anode. Frictional multipliers are commonly employed in the analysis 

of two phase flow systems (19). Martinelli and Nelson (20) have 

developed an empirical method of determining the frictional multiplier 

in steam-water flow. However, no theoretical prediction of friction 

factor in flow with bubble nucleation has been developed. 

The void function exponent, n, is a generalisation of possible 

heterogeneous conduction mechanisms to account for the effect of 

hydrogen gas bubbles on the electrolyte conductivity. For a random 

dispersion of non-conducting spheres in a conducting medium 

Bruggeman (21) derived the relation 

r= ro (1 - d-1.5 

where r is the resistivity of the mixture, 

ro is the resistivity of the conducting medium 

and oC is the volume fraction of spheres. 

De la Rue and Tobias (21) have shown experimentally that up to a 

void fraction of 40% this relation adequately describes the resistivity 

variation due to the uniform dispersion of non-conducting particles 

in an electrolyte. However, optical studies of gas evolution in 

electrochemical machining have shown (22) that the bubbles are 

concentrated in a layer close to the cathode surface. In addition the 

void function exponent takes into account the assumptions of no 
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relative motion between bubbles and electrolyte and that the gas 

bubble layer, S, is equal to the gap width. Thus the void function 

exponent may only be determined experimentally. 

Values are required for the frictional multiplier, M, and the 

void function exponent, n, under conditions similar to those in 

electrochemical machining in industry, to allow prediction of the 

pressure requirements and gap width variation for a machining operation. 

1.5.2 Feedrate Limitation due to Flow Choking 

The equations derived by Thorpe and Zerkle (16,17; 18) were also 

developed to allow determination of limits on the process. This 

provides a basis for the selection of operating conditions. 

The equation for the pressure gradient becomes 

(lppendix I) :- 

C; Tr d-P° +Ax* n [(n 
+ 1) (A + x*)-B11+Bx* dx* (1 )P 

+ 
3Mkn (1 +Ax*)n+2 

4 1+Bx* 

* 2n 
rl 

- 2(n+1) (1+B *)2 
(1 +Tr°x*) p2 x*ý 

(59) 

This equation is a form of that derived by Wallis (19) due to 

the assumption of two phase homogeneous flow. The equation has a 

singularity i. e. machining conditions may be such that the 
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denominator becomes zero: 

2(n+1) 
(1 +AX*) 

2n 
(1 + Tr x*) ;ä 2 x* =1 (60) 

(1 + Bx*) 2 

Thorpe and Zerkle consider that this corresponds to a choking 

condition similar to that occurring in compressible flow through 

convergent nozzles. The situation cannot be tolerated if machining 

failure and sparking across the gap is to be avoided. If the tool 

feedrate is maintained then the flowrate must be reduced. The highest 

temperature and the lowest pressure will occur at outlet from the 

electrode gap so that choking will occur in the exit plane. 

Inspection of equation (60) shows that choking and machining failure, 

will occur at high tool feedrates and small electrode gaps and that 

an upper limit of electrolyte inlet flow velocity exists for given 

machining conditions. Machining breakdown has been observed (23) 

due to an increase in electrolyte flowrate.. Thus the proposed choking 

condition represents a semre limitation on the metal removal rate in 

electrochemical machining. 

1 . 5.3 Alternative Failure Modes in Electrochemical Machining 

Thorpe and Zerkle develop theoretically an upper bound to the 

electrolyte velocity in the electrode gap. However, various other 

limitations on the process affecting the selection of operating conditions 

may be discussed. 

In an early assessment of the factors affecting the choice of 

operating conditions, Tipton (7) suggests that the lower bound to the 

electrolyte flow velocity in a machining operation is that where boiling 
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of the electrolyte occurs within the gap at outlet. For typical 

conditions of machining the choking and boiling bounds, derived from 

equations (60) and (48) respectively, to the electrolyte velocity are 

shown in Fig. 1 . 1. Acceptable values of the tool feedrate lie to the 

left of each curve. Feedrates greater than about 3 mm. min-1 may not 

be used if both limitations are valid. However Baldwin (24) found that, 

at the minimum flowrate required for equilibrium machining, the 

temperature increase was less than 30 K under all test conditions. This 

condition would further restrict the feedrates obtainable for the conditions 

in Fig. 1.1. 

Cavitation may occur in the flow between the electrodes and 

produce a poor surface finish on the workpiece (25). Cavitation is 

the vapourisation of a liquid due to decrease in pressure whereas 

boiling is the vapourisation of a liquid due to heat addition. Cavitation 

ensues if the velocity head of electrolyte flow increases to a point where 

the static pressure of flow falls below the vapourisation pressure of the 

electrolyte at that temperature in the electrode gap. This is most 

likely to arise at a point in the gap where an abrupt change in flow 

direction occurs such as at inlet to the gap or in a complex three- 

dimensional tool. Cavitation in electrochemical machining has been 

investigated by Kawa fune (25), Chikamori (26) and Ito (27). It was 

found that cavitation close to the inlet in forward flow drilling could 

be prevented by reducing the flowrate or by application of a 

sufficiently high outlet pressure. The outlet pressure required for 

a rounded inlet was lower than that for a sharp inlet particularly 

where the inlet diameter of the drill approached the 
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outlet diameter. Cavitation was not observed in reverse flow 

drilling. Wilson (6) has outlined some methods for the prevention of 

cavitation in three dimensional tooling such as smoothly blended 

electrolyte supply ducts and the use of flow restrictors. 

In an investigation of the current voltage characteristics of 

electrochemical machining, Baxter (28) found a maximum current 

density, or metal removal rate, for each set of test conditions. From 

measurements of the potential distribution across the electrode gap, 

the maximum current density was found to be to a crisis of cathodic 

hydrogen evolution. The current density distribution over the 

electrodes was uniform under equilibrium conditions; as the maximum 

current density was approached, the current density towards outlet 

became less. From consideration of the experimental relationship 

between bubble diameter and pressure, the maximum current density 

was attributed to a limitation on the velocity of hydrogen bubble 

departure from the cathode surface. 

The mechanism proposed by Baxter (28) and the theoretical 

choked flow condition developed by Thorpe and Zerkle (16) are both 

closely related to the evolution of hydrogen gas bubbles at the cathode. 

Landolt et al (22) have carried out a photographic study of hydrogen 

bubbles between the electrodes. It was observed that bubble size 

decreased strongly with increase in electrolyte flow velocity and 

increased with increase in current density. At flow velocities greater 

than 1000 cm. s-1 the bubbles were either smaller than 20,4um (the limit 

of resolution of the optical arrangement) or were dissolved in the 

electrolyte. The bubbles were concentrated in a region close to the 
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cathode. No attempt was made to analyse the complex case of 

multiple bubble dynamics in turbulent flow. At low electrolyte 

flowrates large voltage oscillations, of cathodic origin, and eventual 

sparking occurred. The onset of the fluctuations coincided with the 

appearance of a different type of bubble of large size and odd shape. 

Although sparking could not be photographed, it was proposed that 

machining breakdown was caused by instantaneous complete 

coverage of the cathode by hydrogen bubbles. 

The causes of machining failure, proposed by Baxter and 

Landolt et al, are similar but were not related to a method of 

prediction of a lower bound to the electrolyte velocity. The 

limitations on the process discussed above relate mainly to hydrogen 

bubble evolution at the cathode. However, the selection of operating 

conditions is also affected by the electrochemical processes at the 

anode surface. 

1.5.4 Anodic Processes 

The surface integrity of the workpiece in electrochemical 

machining has been found (29) to depend on the workpiece material, 

the electrolyte and, of particular interest in this context, the current 

density, which is proportional to tool feedrate, and the electrolyte 

flowrate. These factors determine the type of process which may 

occur at the anode surface. The processes are related (30) to regions 

on the idealised current density-anode potential curve (Fig. L2). The 

anode potential is the potential difference between the metal surface 

and the electrolyte. 
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Etching takes place on the Initial part AB of the curve. No 

anodic films are formed and dissolution is under activation control. 

Small variations in the metal dissolution rate result in an etched 

finish which may be quite acceptable. The flat portion of the curve 

BC corresponds to polishing which occurs due to the influence of a 

solid film on the anode surface. Various types of film may be formed 

and are described by Hoar (31). The rate of dissolution is controlled 

by diffusion of ions through the solid film. Gas is evolved at the anode 

in the region CD of the curve; the gas may be oxygen or chlorine. At 

higher anode potentials a smooth but not polished surface is produced. 

Passivation is the strong inhibition of dissolution in the region EF of 

the curve. The process is similar to polishing except that the solid 

film allows little or no diffusion of metal ions. In some instances the 

film may not be electronically conducting. 

The idealised polarisation curve is considerably more complex 

in practice and increase in electrolyte flow velocity raises the curve 

to a higher current density and transition points may be sensitive to 

small flow variations. Various investigators (5,29,30,32) have 

studied polarisation curves to establish suitable electrolytes to 

produce a satisfactory surface finish, with good dimensional, control 

on a given workpiece metal. 

Faust (33) and Turner (34) suggest that the lower bound to the 

electrolyte velocity is related to the polarisation curves and is caused 

by a limiting current density or passivation. In a static electrolyte 

a limiting current density may occur at the anode surface above which 
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dissolution is controlled by the formation of a diffusion layer on the 

surface. The high electrolyte velocities used in electrochemical 

machining reduce the thickness of the diffusion layer. Faust and 

Turner suggest that the film thickness is rate determining but calculations 

of the flow velocity required to prevent a limiting thickness (and a 

limiting current density) are regarded as order of magnitude estimates. 

Landolt et al (35) found that the onset of passivation is determined 

by flowrate and current density. From known mass transfer equations, 

which relate to the diffusion layer, they obtained order of magnitude 

agreement, in a semi -quantitative test, with experimentally observed 

passivation current densities. 

Larsson (29) plotted machining characteristics, for various 

metal -electrolyte combinations, in a form of polarisation curve which 

showed the transition from activation to diffusion control. The form 

of polarisation curve was also used to determine the shaping 

performance or throwing power of electrolytes. It was found that, 

for accurate reproduction of sharp detail, the machining gap should be 

small and machining should be at the highest current density before 

diffusion control sets in. For tools without appreciable curvature or 

sharp detail, advantage should be taken of the faster cutting rates 

which result from the high current densities in the diffusion region. 

In this region the current density for a given flowrate was found to be 

considerably elevated by increasing the electrolyte flowrate. This 

may be an important factor in determining the flow requirements for 

machining. The dependence of current density on flowrate may be 
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determined empirically from the above form of polarisation curve for 

a range of flow velocities. However, hydrodynamic mass transfer 

relations, similar to those used by Landolt et al (35), did not predict 

the onset of diffusion control for a machining cell which was similar 

to those used in practice. Thus the detailed mechanism of the 

diffusion layer and the requirement of a minimum electrolyte flowrate, 

in this respect, is not clear. 

Passivation may cause machining breakdown and sparking in 

electrochemical machining (6,36). Baldwin (24) observed heavy 

pitting of the surface of stainless steel anodes towards outlet under 

machining failure conditions. It was suggested that failure was 

related to anodic phenomena. A minimum flowrate of 6x 10-4 m3 s'1 

per 155 A cm-2 was required for satisfactory machining. However, 

flowrates of this order have been observed (37) at current densities 

an order of magnitude greater. 

1.6 Objects of Work 

The objects of the work are: 

(a) To establish the cause or causes of machining failure. The 

conflicting reports as to the limitations on metal removal rate 

and its importance in practice indicate that a detailed investigation 

Is required. 

(b) To develop a method of prediction of the maximum reliable feed- 

rate at minimum power requirements for known electrolyte pump 
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characteristics and workpiece dimensions. The prediction of 

operating conditions is fundamental to the economics of the 

process and to the design of the cathode or tool. 

(c) The theoretical model formulated by Thorpe and Zerkle (16,17), 

for the prediction of the equilibrium gap width between the 

electrodes, requires verification. The model is dependent on 

two empirical parameters i. e. the frictional multiplier, M, and 

the void function exponent, n. An object of the work is to 

determine values for these parameters for conditions similar to 

those in electrochemical machining in industry. 

(d) To investigate the theoretical choked flow condition, which is 

an upper bound to the electrolyte velocity, as it appears to 

occur at the high feedrates and small electrode gaps most 

favourable to economic and accurate machining. 
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2.0 PRELIMINARY EXPERIMENTAL WORK 

2.1 Introduction 

Experimental work was required to accomplish the stated 

objectives. The experimental facilities were a 10,000 A Anocut 

'Shaped Electrode' machine, installed in the Production Engineering 

Laboratory under a Department of Trade and Industry contract, and a 

small machine frame and power supply bought from Rolls-Royce 

Limited. 

Preliminary experimental work was carried out on the small 

machine to develop experimental methods and instrumentation and to 

establish the approach to the work. 

The algebraic relations, formulated by Thorpe and Zerkle (16), 

apply under condition of low pressure drop and the gas - density 

is assumed constant along the electrode length. The further develop- 

ment of the model accounts for the variation in gas density at 

high pressure drops such as occur in practice. A direct approach to 

this would be the measurement of the volume of gas at locations along 

the gap. Various techniques, described by Wallis (19), were considered 

in this respect but none were found suitable to the conditions 

encountered in electrochemical machining. The gas density function 

can be determined from: 

A= 
CTS 
po 

(49) 

Since the temperature increase is linear (equation (48)) the measurement 

of pressure distribution, which is non-linear (equation (50)), is an alternative 
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method of defining the gas density variation along the electrode 

length. A brief investigation was also carried out on (a) the 

dependence of machined surface finish and metal removal rate on 

electrolyte flowrate and (b) the effect of the main operating 

conditions on the gap width variation along the electrode length. 

This formed the preliminary experimental work. 

The time available on the Anocut machine was necessarily 

limited. The experimental work using this machine was intended to 

extend the preliminary work to operating conditions similar to those in 

practice. In particular values of the model parameters, the frictional 

multiplier, M, and the void function exponent, n, were required for 

these conditions. This machine was provided with a sophisticated 

spark detect system so that an investigation of the process 

limitations, the upper and lower bounds to the electrolyte velocity, 

could also be carried out. It was intended that the investigation 

would provide a basis for the selection of operating conditions. 

The work was concerned with tool design and operating 

conditions for a given anode metal-electrolyte combination. For the 

results to be directly applicable to the combinations used in practice 

an idealised metal and electrolyte were required. However, no such 

combination or even a universal electrolyte has become established. 

Electrochemical machining is the accepted method of 

manufacture of turbine and compressor blades and has numerous other 

applications in the aero-space industry. Thus early research work 

was carried out, and continues, on nimonic alloys (29), titanium 
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alloys (38) and stainless steels (24). 

The electrochemical machining of carbon steels is being 

investigated by research workers (5,39,40,41) in General Motors 

Corporation, U. S. A. in relation to the manufacture of forging dies. 

The success of the process in this application has been reported (42) 

by a Continental car manufacturer. Mao et al (41) found, from 

polarisation and electrochemical machining studies, that similar 

behaviour is obtained on both mild steel (1020) and fully-hardened 

steel (5160 H). The effects of the microstructure of carbon steels 

on machinability have been established by Freer et al (30). For 

these reasons, and cost considerations, mild steel anodes were used 

throughout the experimental work. 

Sodium chloride and sodium nitrate solutions were used in the 

machining tests. These salts are inexpensive and the choice of 

electrolyte in most production applications appears to be restricted 

to them (6). The polarisation characteristics of mild steel with these 

electrolytes have been reported by Chikamori (43). With the sodium 

chloride solution dissolution was under activation control and the 

current efficiency was close to 100%. With sodium nitrate solution 

passivation occurred at low electrode potential, and current density 

and dissolution rate were low. Above an electrode potential of 1.5 V 

dissolution was in the transpassive region and dissolution rate and 

current efficiency increased. However, the current efficiency was 

always lower than that for sodium chloride due to the evolution of 

oxygen at the anode surface. 
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Sodium chlorate electrolyte produces smooth bright surfaces 

with good dimensional control on steel anodes (5). However, this 

electrolyte was not used as it is relatively expensive, a fire hazard 

and decomposes to sodium chloride during machining (44). 

An initially plane and parallel electrode configuration was used 

in the experimental work to facilitate workpiece-tool alignment and 

the measurement of workpiece profile deviations. The theoretical 

model applies to this type of configuration and the electrolyte flow is 

not subject to rapid acceleration or deceleration due to the tool shape. 

This is idealisation of the situation as, in practice, each complex 

shaped tool has individual flow patterns. Thus the use of a complex 

tool geometry would produce results applicable only to that particular 

tool although work of this nature would be a logical extension of the 

present work. 

2.2 The Machining System 

2.2.1 The Basic Machine 

The machine (Fig. 2.1) was a three-station, electrochemical 

drilling machine which had been used previously for production 

work at Rolls Royce Limited. A manual feed was operated by 

a handwheel for fitting and positioning of workpieces. The automatic 

feed was driven by an electric motor through a 1400: 1 reduction 

gear box. A thyrdtron speed control unit allowed an infinitely variable 

selection of feedrates between 0.1 and 8 mm min-1. The machine was 

reconditioned prior to the experimental work and a small table was built 
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into the machine to provide support for the machining cell. 

2.2.2 The Power Supply 

The power supply was a low voltage, d. c. rectifier supplied 

from the three-phase, 440 V mains. The output voltage could be 

preset to a maximum of 32 V for currents up to 250 A or to 16 V for 

currents up to 500 A. The output voltage was stabilised mane Uy aginstload 

current variation. To reduce damage to tooling due to sparking across 

the electrodes and to prevent overload, the machining current could 

be set, with a contact ammeter, to trip at any desired level to suit a 

particular machining operation. 

2.2.3 The Electrolyte System 

The electrolyte flow system is shown in Fig. 2.2. The 

electrolyte was stored in three polypropylene tanks with a total 

capacity of 0.25 m3. A Mono pump (type SH32) was installed which 

was suitable for use with corrosive liquids. The pump was driven by 

a 1.1 kW motor and was capable of delivery pressures up to 

600 kN m-2 and a maximum flowrate of 30 x 10-5 m3 s-1. A by-pass 

valve on the delivery side of the pump allowed variable electrolyte 

flowrate and a needle valve controlled the outlet pressure from the 

machining cell. The electrolyte was recirculated from one tank and a 

filter was installed in the circuit. The temperature of the electrolyte 

in the working tank was controlled by a heat exchanger operated from 

the cold water supply. 
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2.2.4 The Machining Ce11 

The machining cell (Fig. 2.3) located the tool and workpiece and 

confined the electrolyte flow to the gap between the electrodes. The 

flow channel was made from perspex plate which was considered to 

have suitable properties of strength, electrical insulation and 

machinability. The channel had an entrance length of 50 hydraulic 

a Vt CI$ profile 
diameters to provide fully establishedd_. at the inlet to the electrode 

gap. A similar arrangement has been used by Landolt et al (22) and 

in many investigations of fluid flow in pipes and channels. 

The flow channel groove was machined on one plate and the 

two plates bolted together. A slot, 100 mm long in the direction of 

flow and 12.6 mm wide was machined through the plates to give a 

sliding fit to the workpiece and tool. Sealing was effected by '0' 

rings at all interfaces. 

The stainless steel workpiece fixture was attached to the feed 

drive platen. The workpiece was press-fitted in a slot in the fixture 

and clamped with two fitted bolts. Access for the removal of the 

workpiece was made with the manual feed drive and by sliding the 

perspex sealing chamber up the shaft of the workpiece fixture. Prior 

to final assembly shims were positioned such that the tool face was 

parallel to the anode face. 

2.3 Instrumentation 

A0- 32 V voltmeter, built into the power supply, measured the 

output voltage. The voltage at the machining cell could also be 
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measured with a 20 k JL per volt meter. Machining current readings 

were taken directly from the ammeter on the power supply unit. 

Workpiece feed measurement was made from the drive platen 

with a 0.01 mm dial gauge. The gap width before and after machining 

was measured, with the dial gauge, by an electric contact method of 

determining the tool datum. . An impulse tachometer was mounted 

on the feed-drive spindle to permit feedrate setting from a calibration. 

The electrolyte flowrate was measured with a Rotameter (24 X) 

flowmeter, which was supplied with a theoretical calibration for 

liquids of different viscosity and density, and which was also 

calibrated experimentally with the electrolyte used in the tests. Inlet 

and outlet pressures at the machining cell were measured with stainless 

steel tube Bourdon gauges. Thermometers measured the inlet and 

outlet electrolyte temperatures. 

To determine the pressure distribution along the electrolyte 

length, five, 1.5 m differential manometers were installed in series 

adjacent to the machine. The pressure was measured at six equally 

spaced locations along the electrode length. Ideally the tappings, 

which were made in the cathode, had to be as small as practicable but 

this would cause a poor response in the manometers. The most 

suitable diameter of the tappings was found to 0.6 mm. The tappings 

did not affect the machined surface of the anode. Coloured carbon 

tetrachloride of specific gravity 1.63 was used as an indicating liquid 

in the manometers. 

The conductivity and other electrolyte properties were determined 
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from measurement of the density and temperature and from reference 

data presented in Appendix III. 

The workpiece profile deviation was measured with the jig 

shown in Fig. 2.4. The workpiece was moved under the dial gauge 

and readings were taken relative to the gap inlet position. This 

position was taken to be 3 mm from the side due to inlet rounding. 

2.4 Experimental Procedure 

The workpiece was ground, so that the datum faces were parallel, to 

t . 005rrmn. rreaoxed and med. The wcdqabce was fitted into the fixture and 

the gap set with the manual feed and the dial gauge. The electrolyte 

temperature and specific gravity were adjusted to the required.. values . 

The pump was switched on and flow conditions were allowed to stabilise. 

The manometer bleed valves were opened to remove air bubbles from 

the pressure tapping leads. The feed drive motor was started and the 

speed set to the feedrate required. The machining power was switched 

on and the feed drive clutch engaged. The electrolyte flowrate, inlet 

and outlet pressures and temperatures, and the manometer deflections 

were noted continuously throughout the test. After each test, which 

lasted from six to eight minutes, the manometer deflections were noted 

at the same flowrate as that during the test. The workpiece was then 

removed, measured and weighed and the profile deviation recorded. 
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2.5 Experimental Results 

The test series was carried out at machining voltages of 

12 and 24 V. Feedrates were calculated to give a machining gap of 

3.18 mm which was the thickness of the inlet flow channel. The 

electrolyte was a 10% sodium chloride solution at an inlet temperature 

of 2 0°C .A range of flowrates was used at each machining condition 

and at outlet pressures of 170 and 450 kN m-2. 

The total pressure drop across the electrode gap for the tests 

is shown in Fig. 2.5. An increase in pressure drop for flow with 

machining was observed relative to flow without machining. Increase 

in outlet pressure reduced the pressure drop at a given flowrate 

whereas increase in current density produced a small increase in 

pressure drop. This suggests that the increase in pressure drop is 

closely associated with the evolution of hydrogen gas bubbles at the 

cathode surface. Within the accuracy of the measurements the pressure 

distribution within the gap was linear although this may have been due 

to the low current densities and relatively large gap width. 

The ratio of the change in gap width in the direction of flow to 

the gap width at inlet is shown in Fig. 2.6. For an increase in gap 

width the workpiece profile was assumed positive. For the conditions 

of machining all the anode profiles were positive i. e. ohmic resistance 

heating of the electrolyte was predominant over the effect of gas 

bubbles in determining the electrolyte conductivity. This is contrary 

to the results of Hopenfield and Cole (15); their experimental 

conditions differed in that they used short electrodes and lower outlet 
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pressures. 

The metal removal rate for each test is plotted against 

electrolyte flowrate in Fig. 2.7. At each current density the metal 

removal rate was closely predicted from Faraday's laws of electrolysis 

based on a valency of dissolution of two for the mild steel anodes. 

The metal removal rate was virtually unaffected by electrolyte flowrate 

if a minimum flowrate was exceeded which was similar at, both current 

densities. At flowrates below this minimum the metal removal rate 

was substantially reduced. The machined surface finish of the anode 

also deteriorated below the minimum flowrate. 

In general the preliminary experimental work allowed 

experience to be developed in experimental procedures and design 

and enabled the specific objectives of the work, discussed in the 

previous chapter, to be formulated. 

2.6 Modifications to Experimental Methods 

The inlet length in the flow channel in the preliminary 

experimental work allowed the flow at inlet to the electrode gap to be 

fully established. However at small electrode gaps and high flow 

velocities such as occur in practice, the pressure drop along the 

inlet lengthwould be high and outwith the capacity of suitable pumps. 

To carry out tests at small electrode gaps a flow channel was 

designed (Fig. 2.8) without an inlet length so that it could be used 

with the original workpiece fixture, sealing chamber and baseplate. 
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The flow channel was manufactured from two polypropylene 

plates; the side dimensions of the tool and workpiece were machined 

from one plate and the plates bolted together. Two steel plates were 

fitted to the sides of the channel to add rigidity and allow the 

polypropylene to be compressed onto the workpiece and tool and 

prevent side flow past the electrodes. 

An additional manometer was installed, for the measurement 

of inlet pressure loss, with mercury as an indicating liquid. 

Bromoform of specific gravity 2.85 was used as an indicating liquid 

in the existing manometers. The outlet pressure tapping was made 

as close as practicable to the electrode gap at outlet such that the 

static pressure measured was that just at outlet and abrupt 

expansion losses were minimised. 

To record the machining current a50mV., 500 A shunt was 

placed in series with the power supply cables and the voltage drop 

across the shunt was displayed on a Rikadenki, three-pen, chart 

recorder. Miniature bead thermistors (type S. T. C. FS 2) were used 

to record inlet and outlet electrolyte temperatures. The thermistors 

were calibrated against thermometers in a controlled temperature bath. 

The change in resistance of the thermistor beads, with temperature, 

was measured with a Wayne Kerr Universal Bridge and was also 

displayed on the pen-recorder chart. 

The supply of electrolyte at constant temperature to the 

machining cell using a heat exchanger was troublesome. This system 

was replaced by discharging the electrolyte from the machining cell 
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to a separate tank. After the test the metal hydroxide was allowed 

to settle to the bottom of the tank and clean electrolyte was siphoned 

from the top of the tank back to the supply tank. 

2.7 Experimental Results 

Operating conditions were chosen to give a range of flowrates 

up to the maximum pump performance and at machining currents within 

the capacity of the power supply. The machining voltage was 16 V 

and the feedrate was nominally 0.55mn min-1. The electrolyte was a 10% 

sodium chloride solution at an inlet temperature of 20°C. The 

theoretical electrode gap width at inlet, at these conditions, was 

0.70 mm. The test results are presented in Table 1. 

In Fig. 2.9 the experimental anode profile is compared with 

(a) the predicted profile from the algebraic relation, equation (46), 

in which the gas density is assumed constant along the electrode 

length; 

(b) the predicted profile for the further development of the theory for 

which a computer solution is required. For the values of the 

frictional multiplier and void function exponent assumed in 

previous work (15,16) the agreement is poor. 

To match the experimental data the frictional multiplier was increased 

until the computed inlet pressure became close to the experimental value. 

The void function exponent was then adjusted by trial and error to give a best 

fit of the computed gap variation with the experimental anode profile. 
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Test 1 
Experimental Data 
Voltage " - 16 V 
Current - 318 A 
Flowrate - 9.5 m3s-lx 10-5 
Inlet Pressure - 490 kN m-2 
Outlet Pressure - 155 kN m-2 
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Increase - 12.8 K 
Electrode Gap at 

Inlet - . 73 mm 

Computed Data 
Current Density - 24A A cm-2 
Electrode Gap at - 

Inlet - . 70 mm 
Flow Velocity at 

Inlet - 11.4 m s-1 
Temperature 

Increase - 12.1 K 
Void Fraction at 

Outlet - . 207 

". Experimental Gap Profile 

--- Constant Gas Density Mode 1 
Computed Anode Profile: 

-- Frictional Multiplier, M=1.0 
Void Function Exponent, N=1.5 
Frictional Multiplier, M=1.4 
Void Function Exponent, N=1.2 

+. 0. 

Profile 
Deviation 

mm 

-. o: 

FIG. 2.9 COMPARISON OF EXPERIMENTAL AND 

Electrode 
Length 

mm 

THEORETICAL ANODE PROFILES 
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_7. 
Some further matching was usually required since M and n are inter- 

dependent. 

ti. 
The matching procedure was also carried out for the tests at 

lower flowrates presented in Figs. 2.10 and 2.11. Reducing the flowrate 

did not markedly alter the anode profile. The experimental pressure 

distribution along the electrode length is also compared with the 

predicted distribution. The non-linearity of the pressure distribution 

particularly towards outlet is a significant factor in relation to the 

observed convergence of the anode profile towards outlet. The assumption 

of a linear pressure distribution as in previous analyses (8) would not 

allow accurate prediction of the anode profile. 

The inlet pressure loss coefficients were obtained from measure- 

ment of the pressure distribution after each test at the same flowrate 

. as that during the test. The measurements were then plotted and extra- 

polated to the gap inlet. The difference between the extrapolated value 

and the pressure upstream of the electrode gap was taken to be the inlet 

pressure loss. This procedure could not be adopted for the pressure 

distribution data for flow with machining due to the observed non-linearity. 

The inlet loss coefficients were considered to be unaffected by the 

evolution of hydrogen bubbles at the cathode. The loss coefficients were 

. between 0.3 and 0.4; a coefficient of 0.5 is normally assumed (46) for an 

abrupt contraction although the area reduction ratio influences this value. 

The relatively low coefficients appear to be the result of inlet rounding 

of the workpiece which can be seen in Pig. 2.4. 

The experimental friction factors for flow without machining were 

within ± 10$ of those predicted from the empirical Blasius, relation 

J°. _ (46). For flow in rectangular ducts local friction factors 
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Test 2 
Experimental Data 
Voltage - 16 V 
Current - 308 A 
Flowrate - 8.8 x 10-5m3s t 

Inlet Pressure - 425 kN m-2 
Outlet Pressure - 140 kN m-2 
Temperature 

Increase - 14 K 
Electrode Gap at 

Inlet - . 69 mm 

. 05 

Profile 
Deviation 

mm 

200 

Pressure 
Drop 

kN m'2 100 

49 
Computed Data 
Current Density - 24.0 A cm-2 
Electrode Gap at 

Inlet - . 71 mm, 
Flow Velocity at 

Inlet - 10.5 m s-1 
Temperature 

Increase - 13.0 K 
Void Fraction at 

Outlet - . 236 

" Experimental Gap Profile 
- Frictional Multiplier, M=1.3 

Void Function Exponent, N=1.0 

o Experimental Pressure Measurements 
Frictional Multiplier, M=1.3, 
Void Function Exponent, N=1.0, 
Inlet Loss Coefficient, KO = . 31 

Electrode 
Length 

mm 

FIG. 2.10 COMPARISON OF THEORETICAL AND EXPERIMENTAL 

ANODE PROFILE AND PRESSURE DISTRIBUTION 

0 50 100 
Electrode Length mm 
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Test 4 
Experimental Data 
Voltage - 16 A 
Current - 316 A 
Flowrate - 5.0 x 10-5m3 s-1 
Inlet Pressure - 300 kN m-2 
Outlet Pressure - 165 kN m-2 
Temperature 

Increase - 24 K 
Electrode Gap at 

Inlet - . 73 mm 

o Experimental Pressure Measurements 
- Frictional Multiplier, M=1.6 

Void Function Exponent, N=1.3 
Inlet Loss Coefficient, KO = . 39 

" Experimental Gap Profile 
Frictional Multiplier, M=1.6 
Void Function Exponent, N=1.3 

. 05 

Profile 
Deviatiörl 

mm 

0 

100 

0 

Pressure 
Drop 50 

kN m-2 

Computed Data 
Current Density - 24.2 A cm-2 
Electrode Gap 

at Inlet - . 70 mm 
Flow Velocity at 

Inlet - 5.9 m s-1 
Temperature 

Increase - 25.1 -K 
Void Fraction at 

Outlet - . 341 

0 
0 

0 

0 50 100 
Electrode Length mm 

Electrode 
Length 

mm 

FIG. 2.11 COMPARISON OF THEORETICAL AND EXPERIMENTAL 

ANODE PROFILE AND PRESSURE DISTRIBUTION 



51 

)attain fully developed values at about 10 hydraulic diameters from inlet 

(47) or 15 mm from inlet for the conditions used in these tests. Since 

the first pressure tapping was situated 28.5 mm from inlet, the high 

'values of the friction factor in this region were taken into account by 

the inlet loss coefficient. 

Insufficient electrolyte flowrate caused a substantial change in 

the machining characteristics (Fig. 2.12). The machining current fell 

from 290 to 270 A and equilibrium machining did not become established. 

The test was terminated after about one minute to prevent sparking across 

the electrode gap. Although the model developed by Thorpe and Zerkle 

(16,17,18) applies only to equilibrium machining, the model was used in 

an attempt to show characteristics peculiar to machining failure. The 

experimental anode profile could not be matched by a single value of the 

void function exponent. A value of 1.0 similar to that required in the 

previous tests gave good agreement over the first 50 mm of the electrode 

length whereas a value of 1.6 gave some agreement towards outlet. The 

electrolyte outlet temperature increased to a maximum of 45°C which was 

well below the boiling point of the electrolyte. Thus the assumption of 

electrolyte boiling in the exit plane as a lower bound to the electrolyte 

velocity, is not verified. The Reynolds Number at inlet in this test was 

about 7000 such that the flow was turbulent. 

The effect of increase in outlet pressure to 320 kN m2 is shown 

in Fig. 2.13. The pressure increase reduced the volume of gas bubbles 

in the gap such that the electrolyte conductivity was more dependent on 

ohmic resistance heating of the electrolyte. The void function exponent was 

similar to those in the tests at lower pressures but the frictional 

eg multiplier was less which may also be due to smaller 

'`tý kßä 
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Test s 
Experimental Data 
Voltage - 16 V 
Current - 290 to 270 A 
Flowrate - 4.0 x 10-5m3s-1 
Inlet Pressure - 260 kN m-2 
Outlet Pressure - 155 kN m-2 
Temperature 

Increase - 25 K 
Electrode Gap at 

Inlet - . 63 mm 

Computed Data 
Current Density - 24,4 A cm-2 
Electrode Gap at 

Inlet - . 70 mm 
Flow Velocity at 

Inlet - 4.8 m s-I 
Temperature 

Increase - 30.2 K 
Void Fraction at 

Outlet - . 399 

Experimental Gap Profile 
Frictional Multiplier, M=1.3 
Void Function Exponent, N=1.0 

--- Frictional Multiplier, M=1.0 

+. 05 

Profile 
Deviation 

mm 

-. 05 

-.. 10 

oý 

Electrode 
Length 

mm 

FIG. 2.12 COMPARISON OF THEORETICAL AND EXPERIMENTAL 

ANODE PROFILES AT MACHINING FAILURE CONDITIONS 



Test 7 
Experimental Data 
Voltage - 16 V 
Current - 315 A. 
Flowrate - 5.4 x 10-5m3s-1 
Inlet Pressure - 390 kN m-2 
Outlet Pressure. - 320 kN m-2 
Temperature 

Increase - 22 K 
Electrode Gap 

at Inlet - . 74 mm 

. 10 

. os 

Profile 
Deviation 

mm 
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Computed Data 
Current Density - 23.5 A cm-2 
Electrode Gap at 

Inlet - . 72 mm 
Flow Velocity at 

Inlet - 6.38 m s'1 
Temperature 

Increase - 24.1 K 
Void Fraction at 

Outlet - . 187 

o Experimental Pressure Measurements 

- Frictional Multiplier, M=1.1 
Void Function Exponent, N=1.15 
Inlet Loss Coefficient, KO = . 36 

50 
Prgssure 

Drop 
kN m-2 

50 100 
Electrode Length mm 

FIG. 2.13 COMPARISON OF THEORETICAL AND EXPERIMENTAL 

ANODE PROFILE AND PRESSURE DISTRIBUTION 

" Experimental Gap Profile 
Frictional Multiplier, M=1.1 
Void Function Exponent, N=1.15 
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bubbles. The pressure distribution in the gap was almost linear and 

the anode profile for this test would be predicted with fair accuracy 

from the algebraic relation, equation (46). 

To assess the effect of increase in current density on the 

anode profile and pressure distribution, the feedrate was increased 

to 0.80 mm min-1 . This resulted in a machining current of 440 A which 

was close to the maximum available from the power supply. However, 

inspection of the machined surface of the anode showed small pips at 

locations corresponding to the pressure tappings. The pips, caused 

by the smaller electrode gap, resulted in errors in the pressure measure- 

ments. To avoid this the electrolyte concentration was increased to 

16% such that the electrode gap was similar to that in the previous 

tests. 

The increase in current density accentuated the non-linearity 

of the anode profile (Fig. 2.14). The frictional multiplier was also 

greater than in the tests at the lower current density. Further reduction 

in flowrate from that in Test 9 produced machining failure characteristics 

similar to those in Test 5. 

2.8 Summary 

The results verified the theoretical model. However, the 

assumption of constant gas density is not consistent with the results 

and a simultaneous solution to equations (45) to (50) is required 

particularly at high current densities and high pressure drops. The 



Test 9 
Experimental Data 
Voltage - 16 V 
Current - 447 A 
Flowrate - 6.0 x 10-5m3s-1 
Inlet Pressure - 485 kN m-2 
Outlet Pressure - 150 kN m-2 
Temperature 

Increase - 27-K 
Electrode Gap at 

Inlet - . 69 mm 

. 10 

. 05 

Profile 
Deviation 

mm 

55 
Computed Data 
Current Density - 34.8 A cm-2 
Electrode Gap at 

Inlet - . 67 mm 
Flow Velocity at 

Inlet - 7.4 m s-1 
Temperature 

Increase - 28.2 K 
Volume Fraction 

at Outlet - . 389 

0 Experimental Pressure Measurements 
Frictional Multiplier, M=1.8 

200 Void Function Exponent, N=1.0 
Inlet Loss Coefficient, KO = . 38 

Pressure 
Drop 

kN m-2 100 

50 
Electrode Length mm 

100 

I 

FIG. 2.14 COMPARISON OF THEORETICAL AND EXPERIMENTAL 

ANODE PROFILES AND PRESSURE DISTRIBUTION 

e Experimental Gap Profile 

---Frictional Multiplier, M=1.8 
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model parameters differ from the previously assumed values (16,17) 

and show some dependence on the operating conditions of machining. 

It was, therefore, considered important that'results should be 

obtained for conditions similar to those in practice. The anode profile 

is strongly influenced by the current density and outlet pressure but 

not by the electrolyte flowrate. 

A minimum electrolyte flowrate is required for equilibrium 

machining. Below the minimum flowrate the current becomes less 

and the electrode gap converges towards the cathode at outlet which 

would eventually cause sparking across the gap. The cause of 

machining failure is not apparent but was not investigated further 

since a fast spark detect system was not available on the small 

machine. 
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3.0 EXPERIMENTAL WORK WITH THE ANOCUT MACHINE 

The Anocut machine, power supply and auxiliary plant was 

manufactured by Alfred Herbert Limited under licence from Anocut 

Engineering Company, U. S. A. A plan of the installation in the 

Production Engineering Laboratory is shown in Fig. 3.1. The plant 

also included a cooling system, electrolyte storage tanks and waste 

tanks. 

3.1.1 The Anocut Machine 

The machine was a general purpose, vertical 'A' frame type 

and supported a feed ram situated above a machine table. The feed 

ram, with 0.45 m stroke, was driven by normal feed and rapid traverse 

motors at feedrates of 0.3 to 8.0 mm min-1 and 600 mm min-1 

respectively. A counterbalance weight minimised backlash in the 

ram drive. The ram platen was a 0.30 m square stainless steel plate 

with a pattern of tapped holes for tool location. The cables from the 

power supply were attached to the ram internally. Microswitches 

limited the ram stroke and allowed setting to a predetermined position. 

The machine table below the ram was an 0.6 m square granite 

block with keyways for alignment of the workpiece fixture. The 

fixture may also be held in position from tapped holes around the 

granite blocks. The cables for connection to the workpiece entered 

through a sealing device in the side of the working enclosure. Vertical 
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sliding covers prevented electrolyte splash outwith the machine. 

Hydrogen and other gases, produced by the machining process, 

were removed from the working enclosure and the electrolyte tank by 

an exhaust fan. The fan motor was interlocked with the power supply 

so that machining could not occur in the event of malfunction of the 

fan motor. The machine frame and all metal parts in the working area 

were at negative potential for corrosion protection. 

3.1.2 The Power Supply 

The power supply was a low voltage, direct current rectifier 

operating from a 550 A, 440 V, 3 phase supply. The output voltage, 

of from 0-24 V, was stabilised, against load current and mains 

voltage variation, within ± 
. 05 V. by silicon controlled rectifiers. 

The maximum direct current capacity was 10,000 A. 

Sparks can occur across the electrodes during machining and 

cause damage to the power supply and to the tool. To reduce or prevent 

damage the power supply had a 'Microbar' device connected across 

the positive and negative conductors leading to the machine. The 

device utilised a crow-bar circuit such that the supply of current to 

the work was cut off by a short circuit across the power cables. The 

short circuit was accomplished by a bank of silicon controlled 

rectifiers which became conductive very rapidly when a spark was 

detected. The sensitivity of the 'Microbar' unit was adjustable and in 

the course of the experimental work a sensitivity of 75% was used. 
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This prevented visible damage to the workpiece and tool. 

The power supply was also provided with a fault-finding 

system which indicated the type of fault on the control console. 

Rising current and falling current trip units may be used to detect 

rapid change in machining current. These are controlled by variable 

resistors on the console such that trip sensitivity was adjustable. 

A red pointer on the ammeter could be set to trip the machining 

current at any required value. The control console also indicated 

contact between the work and tool. The detection of one of these 

faults short-circuited the power supply, stopped the ram drive and 

the nature of the fault was indicated on the console. 

The power supply was interlocked with the electrolyte pump 

and the spark protection system was only energised when normal feed 

was engaged. Various other safety devices protected the power supply 

and safeguarded the operator. 

3.1.3 The Electrolyte System 

The electrolyte was contained in a 2.3 m3 stainless steel tank 

fitted with covers to minimise evaporation losses. Baffles in the 

tank reduced mixing between the electrolyte returning to the 

tank and the clean electrolyte: - The.. electrolyte was drawn- w' 

from the clean side of the tank and supplied to a manifold in the working 

enclosure by a 56 kW centrifugal pump with a nominal capacity of 

15 x 10-4 m3 s'1 at 1400 kN m-2. With the pneumatic valve (shown 

in Fig. 3.1) open, the delivery pressure of electrolyte to the machine 
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was controlled, by a by-pass valve, from the control console. 

During the machining process, heat is generated in the 

electrolyte by the power loss in the electrode gap and by the pump. 

To control the electrolyte temperature, the electrolyte was drawn from 

the tank through a heat exchanger. A thermostat valve regulated the 

flowrate of cooling water to the heat exchanger. The valve was 

adjustable to allow selection of electrolyte temperature. Steam 

heaters immersed in the tank allowed the temperature to be increased 

at the beginning of a shift. 

A drain at the side of the working enclosure returned the 

electrolyte to the tank. A pump drew the electrolyte from this side of 

the tank and delivered it to a centrifuge which removed the metal 

hydroxides from the electrolyte. The sludge from the centrifuge was 

discharged, at pre-set time intervals, to tanks in the basement. 

Filters in the tank and on the delivery side of the pump prevented small 

particles in the electrolyte from entering the workpiece-tool fixture. 

3.2 Operation and Instrumentation of the Anocut Machine 

The operator console provided for the control of the ram drive, 

the electrolyte system and the power supply. 

The ram position was indicated by a pointer on a scale and 

by an 0.01 mm dial gauge adjacent to the working enclosure. The 

feedrate was set prior to machining with a variable speed control and 

was displayed on a meter on the console. 
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The electrolyte pump was operated at the console; the supply 

pressure was regulated by a bar knob which actuated the by-pass 

valve. The electrolyte supply temperature was measured in the inlet 

manifold and displayed close to the working enclosure. 

Machining voltage was measured from voltage sensing leads 

attached to the workpiece and tool. The output voltage from the power 

supply was also measured. The machining current was displayed on 

the console by an ammeter. 

3.2.1 Additional Instrumentation 

To allow feedrate setting with accuracy, the feedrate was 
'fi. espec. + 4o f' a. ""++ ' iºýQi 

-+"' oc +ý1'! swJIs-1s .. Goný. rol kr.. b s4 
caýlibratedý the variable speed drive. The 

electrolyte flowrate was measured with an orifice plate in conjunction 

with mercury and bromoform manometers. The orifice plate was made 

to the specifications in B. S. 1042 and calibrated with a weighing 

tank. Valves at inlet and outlet to the workpiece-tool fixture allowed 

control of flowrate and outlet pressure. 

In the initial tests, the electrolyte inlet and outlet temperatures 

were measured with thermometers. However, thermistors were used for 

most of the work to provide a continuous record of temperatures. The 

thermistors also facilitated the control of electrolyte inlet temperature. 

The machining current was also displayed on the Rikadenki pen 

recorder using a 50 mV, 5000 A shunt in series with the power supply. 

An integrating milli-voltmeter measured the product of machining 

current and time. 
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The specific gravity of the electrolyte was measured with a 

hydrometer. The electrolyte properties could then be determined from 

reference data in Appendix III. 

3.3 The Machining Cell 

The workpiece-tool fixture (Fig. 3.2) was designed and 

manufactured by the Manufacturing Methods Development Department 

of Rolls-Royce (Hillington) Limited. 

The machining cell was machined from Tufnol grade GF/45 

which has high strength and low moisture absorption. This material is 

used extensively for insulation purposes in tooling fixtures in industrial 

electrochemical machining. The cell was made in two halves with the 

side dimensions machined from the halves and with provision for 

electrolyte inlet and outlet. The halves were located with two dowel 

pins. Six bolts, clamped the halves onto the workpiece and tool. The 

cell was a force fit on the tool to minimise sideflow past the electrodes. 

The brass tool was brazed to the shaft and located in a flange 

bolted to the ram platen. A recess was machined in the stainless steel 

baseplate to give lateral location to the workpiece which was clamped 

with two socket cap screws. The base plate was bolted to a machine 

square set onto the granite machine table. 

Provision was made in the cell for the measurement of inlet and 

outlet pressures using Bourdon gauges. The thermistors were set into 

stainless steel tubes with an insulating grade of Araldite. The stainless 
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steel tubes were inserted into parallel fittings in the nylon piping 

at inlet and outlet to the cell such that the thermistors tips were 

exposed to the electrolyte flow. 

3.4 Experimental Procedures 

An initial series of tests was carried out to gain experience 

in the use of the machine and ancillary plant and to establish suitable 

operating conditions. 

The machining cell was assembled on the machine table and 

the tool shaft flange bolted to the ram platen. The baseplate of the 

machining cell was aligned by traversing the ram until the tool fitted 

exactly into the baseplate recess. A surface ground workpiece was 

fitted into the recess and identical slip gauges placed at each end. 

The tool was jogged down until contact with the slips was indicated on 

on the control console. The workpiece was clamped in position. The 

parallelism of the tool and workpiece faces was assessed with 

feeler gauges and shims could be inserted beneath the baseplate. 

To reduce the time taken for machining to attain equilibrium 

conditions, the initial gap was set close to that theoretically required. 

The machining cell was then clamped to the baseplate. 

The electrolyte pump was started and the pneumatic valve opened. 

The inlet pressure was set by controlling the by-pass valve. The 

electrolyte temperature at inlet was monitored from the pen recorder. 

The thermostat valve, regulating the cooling water flow, was not 
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particularly effective. A sudden reduction in flowrate, such as at 

the beginning of a test, could produce quite a large change in the 

electrolyte supply temperature. To prevent this the flowrate, prior to 

a test, was restricted with the outlet pressure valve and the valve 

opened in the initial period of the test. Experience in the use of the 

plant and the relatively short test times allowed temperature control 

within ± 1°C throughout each test. The electrolyte specific gravity 

also required frequent checks as evaporation from the tank increased 

the concentration. Water was added to the tanks to offset evaporation 

losses. The centrifuge was kept in operation throughout the tests to 

maintain a reasonable degree of electrolyte purity. 

The feedmotor was switched on and the feedrate set with the 

drive clutch disengaged. The machining power and ram drive were 

started simultaneously. An assistant timed the test and checked the 

feedrate from the dial gauge. The voltage was set to the required 

value. When the machining current reached equilibrium the inlet And 

outlet pressures and electrolyte flowrate were noted at intervals for a 

further two to four minutes. The inlet and outlet temperatures were 

displayed alternately on the recorder with a switchbox. 

The machining power and ram drive were switched off at the 

same time. The tool downfeed, test time and the reading from the 

integrating millivoltmeter were recorded. The electrolyte pump was 

switched off . 

The machining cell was raised onto the tool shaft. The electrode 

gap at inlet was measured with feeler gauges. The dial gauge was set 
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to zero and the tool moved slowly down onto the workpiece until 

contact was indicated on the control console. The minimum electrode 

gap width was taken to be the distance traversed by the tool. The 

use of optical methods'of gap measurement were impracticable due to 

the limited space available and the severe corrosion conditions in 

the working enclosure. 

A black film was observed on the cathode after machining. The 

film was easily removed by rubbing with a damp cloth. The formation 

of such films may be the result of electro-phoresis (6) and can cause 

a potential loss at the cathode surface. 

The weight, dimensions and profile deviation of the workpiece 

were measured. Tests at constant operating conditions gave anode 

profiles which were repeatable within ± 0.025 mm along the electrode 

length. The surface finish, at 10 mm from inlet, the centre and 10 mm 

from outlet, was measured with a Rank Taylor Hobson Talysurf machine. 

3.5 The Selection of Operating Conditions 

An initially plane and parallel electrode configuration -was used 

for the reasons discussed in Chapter 2. The electrode dimensions 

were specified in the design of the machining cell by Rolls-Royce 

(Hillington) Limited and were 76.0 mm in the direction of flow and 

38.0 mm wide. 

Sodium nitrate and sodium chloride solution were the electrolytes 

A concentration of 32% was chosen for the sodium nitrate solution. 

Further increase in concentration gives small increase in conductivity 
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(Appendix III, Fig. A8) and complete dissolution of the salt in the 

tank is difficult. A 14% concentration of sodium chloride was required 

to give a similar conductivity to that of the sodium nitrate solution. 

The electrolyte supply temperature was 40°C. The cooling systems of 

production machines are designed to operate at temperatures in this 

range and evaporation losses are minimised. 

The remaining operating conditions to be specified were the 

tool feedrate, machining voltage, electrolyte flowrate and outlet 

pressure. _A large number of tests would 

be required to assess the effect of varying one operating condition 

while maintaining the others at constant values.. As an alternative, the 

tool feedrate, the most important operating condition, was kept constant 

and two levels of the outlet pressure and machining voltage were 

established. A range of flowrates was required at each combination to 

investigate the upper and lower bounds to the electrolyte velocity. 

From the initial series of tests a base feedrate of 1 mm min-1 allowed 

a range of flowrates to be used at machining voltages of 10 and 20 V. 

At the same feedrate and at the upper voltage level, outlet pressures 

of 170 and 800 kN m'2 were found to be suitable. The feedrate was 

then increased at each voltage level to determine the maximum feedrate. 

These operating conditions cover the range used in practice for die 

sinking or forming operations. 

The results are presented in sections on metal removal rates, 

workpiece profile deviations and limitations on the metal removal rate . 
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3.6 Experimental Results 

3.6.1 Metal Removal Rates 

Metal removal rates were investigated under equilibrium 

machining conditions with sodium chloride and sodium nitrate 

electrolytes. In Fig. 3.3 the metal removal rate is shown against 

current density. The current density was calculated from the product 

of machining current and time, recorded by the integrating millivolt- 

meter, divided by the electrode area and test time. A sample of 

readings from the millivoltmeter was checked by measuring the area 

under the current time chart with a planimeter and good agreement 

was observed. The variation in current density for a given feedrate 

was due mainly to the time taken to reach equilibrium conditions. 

The theoretical metal removal rates predicted from Faradays 

laws for valencies of dissolution of two and three are shown. For 

machining tests with the sodium chloride solution, the metal removal 

rate was in agreement with a valency of two. Current efficiencies, 

based on weight loss measurements, were within ± 3% of 100%. 

Current density or feedrate applied voltage and electrolyte flowrate 

had: no effect on the current efficiency. For tests using the sodium 

nitrate electrolyte metal removal rates showed relatively poor agree- 

ment with a valency of three. Current efficiencies at the higher 

current densities were of the order of 110 to 120% for a valency of 

three, or 73 to 80% for a valency of two. At the lowest current 

density the current efficiencies ranged from 76 to 89% for a valency 

of three or 50 to 59% for a valency of two and became less with 

decrease in flowrate. 
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A greenish-black precipitate formed in the sodium chloride 

solution indicating the presence of ferrous hydroxide (Fe (OH)2) 

whereas a reddish-brown precipitate in the nitrate electrolyte 

indicated ferric hydroxide (Fe (OH)3). A similar result has been 

obtained by Mao (48). 

The appearance of the machined surfaces was quite different 

for the two electrolytes. The sodium chloride electrolyte produced 

surfaces which were smooth but not polished and were the colour 

of conventionally machined mild steel. This type of finish suggests 

activation control. In contrast the test specimens machined using 

sodium nitrate were dark brown and became darker in the direction of 

flow. The edge definition was sharper. These factors indicate the 

formation of a thin, electronically conducting, oxide film on the 

surface (30) and that machining is in the transpassive mode (39). The 

low current efficiencies for the nitrate solution relative to those for 

the chloride solution, for a valency of two, may be the result of some 

iron being dissolved as ferric ions or that part of the current was 

consumed in generating oxygen at the anode surface. The ferrous 

hydroxide. may react with the oxygen to form ferric hydroxide: 

4 Fe (OH)2 +2 H2O + 02 -4 4 Fe (OH)3 

The averaged surface finish measurements for the workpieces 

is shown (Fig. 3.4). Very little variation was evident with current 

density, machining voltage and electrolyte flowrate. The finish of 

the workpieces machined with sodium nitrate solution was slightly 

better than those with sodium chloride solution. 
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3.6.2 Workpiece Profile Deviations 

At equilibrium conditions of machining the tool feedrate is 

equalled by the anode dissolution rate and the electrode gap becomes 

constant. Equilibrium conditions in tests were indicated by a 

constant machining current, electrolyte flowrate and outlet 

temperature. Workpiece profile deviations from that of the tool are 

caused by variation in electrolyte conductivity along the electrode 

length. For the purposes of presentation an increase in gap width 

in the direction of flow is assumed positive and a decrease as 

negative. 

The first test series at constant operating conditions is 

presented in Table 2. The corresponding profile deviations are 

shown in Figs. 3.5 and 3.6. An initial test was required for any 

series of given operating conditions to set the machining voltage and 

tool feedrate. The machining currents were within ± 4% of the 

theoretical value of 1295 A for a feedrate of 1.0 mm min-1. The 

measured inlet gap widths for most of the tests were greater than the 

theoretical value of 0.883 mm. This may be due to the method of 

determining the activation overpotential (Appendix I). However, the 

accuracy of gap measurement was not considered sufficient to justify 

experimentally determined overpotentials. 

The matching procedure for the model parameters was carried 

out to fit the experimental anode profiles. An inlet loss coefficient 

of 0.35 was assumed, consistent with the loss coefficients determined 

experimentally in Chapter 2. In general the gap width increased along 
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Test 1-02 
Computed Data " 
Current Density -44.9 A cm-2 
Electrode Gap at Inlet - . 883 mm 
Flow Velocity at Inlet - 29.2 m s-1 
Temperature Increase - 6.55 K 
Void Fraction 4t Outlet - . 056 

" Experimental Gap Profile 

i Frictional Multiplier, M=2.1, 
Void Function Exponent, N=0.3. 

+. 1o 

+. 05 

Profile 
Deviation 

mm 

Test 1-03 
Computed Data 
Current Density - 44.9 A cm-2 
Electrode Gap at Inlet - . 883 mm 
Flow Velocity at Inlet - 23.97 m s-1 
Temperature Increase - 7.9 K 
Void Fraction at Outlet - . 079 

+ . 05 

Profile 
Deviation 

mm 

Electrode 
Length 

mm 

Electrode 
Length 

mm 

FIG. 3.5 COMPARISON OF THEORETICAL AND 

EXPERIMENTAL ANODE PROFILES 

Experimental Gap Profile 
Frictional Multiplier, M 2.6 
Void Function Exponent, N=0.5 
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Test 1-05 
Computed Data 
Current Density - 44.9 A cm-2 
Electrode Gap at Inlet - . 883 mm 
Flow Velocity at Inlet - 16.7 m-1 
Temperature Increase - 11.9 K 
Void Fraction at Outlet - . 141 

Experimental Gap Profile 
Frictional Multiplier, M=2.5 
Void Function Exponent, N=0.9 

+ . OE 

Profile 
Devia ion 

mm 

Test 1-07 
Computed Data 

Current Density - 44.8 A cm-2 
Electrode Gap at Inlet - . 883 mm 
Flow Velocity at Inlet - 9.54 m s-1 
Temperature Increase - 21 .0K 
Void Fraction at Outlet - . 262 

lectrode 
Length 

mm 

" Experimental Gap Profile 
- Frictional Multiplier, M=2.8, 

Void Function Exponent, N=1.2. 

+. 

Profile 
Deviation 

mm 

w 

Electrode 
Length 

mm 

FIG. 3.6 COMPARISON OF THEORETICAL AND 

EXPERIMENTAL ANODE PROFILES 
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the electrode length. The effect of flowrate variation was small over 

the first 50 mm of the electrodes. The temperature gradient along 

the electrode length is inversely proportional to flow velocity whereas 

the pressure at inlet increases with the square of velocity. Thus 

reducing the flowrate increased the electrolyte temperature at a point 

in the gap but the effect on electrolyte conductivity was balanced by 

the increased volume of gas bubbles. At the lower flowrates the anode 

profile became distinctly non-linear towards outlet. 

The model parameters required to fit the experimental anode 

profiles, showed dependence on the electrolyte flowrate. The 

frictional multiplier increased from 2.1 to 2.8 over the range of flowrates 

and the void function exponent increased from 0.3 to 1.2. 

A series of tests at an outlet pressure of 800 kN m-2 is 

presented in Table 3 with corresponding anode profiles in Figs. 3.7 

and 3.8. The machining current and inlet gap width were independent 

of outlet pressure. However, the volume of gas bubbles was 

significantly less than at the lower pressure such that the effect of 

gas bubbles on the electrolyte conductivity was small. At the lowest 

flowrate, the electrode gap increased by almost half from inlet to 

outlet. The anode profiles were linear and would be predicted 

accurately from the constant gas density model. The model parameters 

were lower than those in Figs. 3.5 and 3.6 and showed less dependence 

on the electrolyte flowrate. 

Tests at a machining voltage of 20 V and a feedrate of 2.0 mm min-1 

are presented in Table 4 and in Fig. 3 . 9. Increase in feedrate or current 
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Test 1-11 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outlet 

- 44.9 A cm-2 
- . 883 mm 
- 22.23 m s-1 
- 8.51 K 
- . 029 

" Experimental Gap Profile 
Frictional Multiplier, M=1.2 
Void Function Exponent, N_ = 0.0 

+ . 10 

Profile 
Deviation 

mm 

Test 1-13 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outlet 

+ . 10 

Profile 
Deviation 

mm 

-44.9Acm-2 
- . 883 mm 
- 16.95 m s-1 
-11.8K 
- . 039 

Electrode 
Length 

mm 

Electrode 
Length 

mm 

79 

FIG. 3.7 COMPARISON OF THEORETICAL AND 

EXPERIMENTAL ANODE PROFILES 

" Experimental Gap Profile 
Frictional Multiplier, M=1.2 
Void Function Exponent; N=0.3 
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Test 1-15 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outle' 

+ . 21 

Profile 
Deviation 

mm 

Test 1-16 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outlet 

+. 50 

+ . 25 

Profile 
Deviation 

mm 

Electrode 
Length 

mm 

.4 

Electrode 
Length 

mm 

FIG. 3.8 COMPARISON OF THEORETICAL AND 

-44.9Acm-2 
- . 883 mm 
-7.42ms-1 
-26.4K 

t- . 087 

-44.9Acm-2 
- . 883 mm 
- 5.34 m s-1 
- 37.8 K 
- . 121 

EXPERIMENTAL ANODE PROFILES 

" Experimental Gap Profile 
Frictional Multiplier, M=1.8 
Void Function Exponent, N=0.3 

® Experimental Gap Profile 
Frictional Multiplier, M=2.1 
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Test 1-18 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outleý 

- 89.7 A cm-2 
- . 439 mm 
- 24.9 m s-1 
- 33.7 K 

t- . 297 

" Experimental Gap Profile 
Frictional Multiplier, M=2.4, 
Void Function Exponent, N 0.5 

+. 

Profile 
Deviation 

mm 

Test 1-24 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outle 

+ . 1( 

Profile 
Deviation 

mm 

Electrode 
Length 

mm 

Electrode 
Length 

mm 

FIG. 3.9 COMPARISON OF THEORETICAL AND 

- 89.7 A CM-2 
- . 439 mm 
- 16.1 m s-1 
- 47.4 K 
- . 438 

EX? ERIMENTAL ANODE PROFILES 

Experimental Gap Profile 
Frictional Multiplier, M=2.9, 
Void Function Exponent, N=1.0 
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density at a given electrolyte flowrate results in an increase in ohmic 

resistance heating of the electrolyte and a greater mass of hydrogen 

bubbles evolved at the cathode. Thus the relative magnitude of these 

effects was increased. The increase in feedrate also reduced the inlet 

gap width such that a greater pressure was required for a given flow- 

rate. The overall effect of increase in feedrate was to cause 

substantial variation in the gap width, along the electrode length, 

relative to the inlet gap width. The model parameters (Fig. 3.9) were 

similar to those at the lower feedrate (Fig. 3.5 and 3.6). 

Results for tests at a machining voltage of 10 V and a feedrate 

of 1.0 mm min-1 are shown in Table 5 and Fig. 3.10. The lower 

voltage reduced the gap width but also resulted in less resistance 

heating of the electrolyte. Thus the anode profiles in Fig. 3.10 

showed less variation along the electrode gap than at the higher 

voltage. The model parameters are of the same order as those at the 

higher feedrate and machining voltage. The operating conditions 

which significantly affect the model parameters are the electrolyte 

flow velocity and the outlet pressure. 

A test series, with sodium nitrate solution as the electrolyte, 

is presented in Table 6. As a result of the difference in experimental 

current efficiencies the comparison of sodium chloride and sodium 

nitrate solutions at similar current densities and electrode gap widths 

was not practicable. The inclusion of the current efficiency term in 

the calculation of machining current gave agreement within 8% of the 

observed machining currents but the calculated currents were, in 
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Test 1-27 
Computed Data 
Current Density 
Electrode Gap at inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outlet 

- 44.9 A cm-2 
-. 393mm 
- 22.7 m s-1 
- 9.9 K 
- . 234 

" Experimental Gap Profile 
Frictional Multiplier, M=2.5, 
Void Function Exponent, N=0.4 

+ . 05 

Profile 
Deviation 

mm 

Test 1-24 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outlet 

+. 05 

Profile 
Deviation 

mm 

lectrode 
Length 

mm 

Electrode 
Length 

mm 

FIG. 3.10 COMPARISON OF THEORETICAL AND 

-44.9Acm-2 
-,. 393 mm 
- 11.9 m s-1 

18.9 K 
- . 377 

85 

EXPERIMENTAL ANODE PROFILES 

" Experimental Gap Profile 
Frictional Multiplier, M=3.2, 
Void Function Exponent, N=0.8 
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Test 2-13 
Computed Data 
Current Density - 60.6 A cm- 

. 
Electrode Gap at Inlet - . 654 mm 
Flow Velocity at Inlet - 29.3 m s-1 
Temperature Increase - 11 .9K 
Void Fraction at Outlet - . 123 

e Experimental Gap Profile 
Frictional Multiplier, M=1.4 
Void Function Exponent, N=0.0 

+. 2 

+. 1( 

Profile 
Deviation 

mm 

Test 2-15 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow Velocity at Inlet 
Temperature Increase 
Void Fraction at Outlet 

+. 10 

Profile 
Deviation 

mm 

-56.8Acm-2 
- . 696 mm 
- 22.2 m s-1 
- 14.6 K 
- . 161 

Electrode 
Length 

mm 

Electrode 
Length 

mm 

87 

FIG. 3.11 COMPARISON OF THEORETICAL AND 

EXPERIMENTAL ANODE PROFILES 

" Experimental Gap Profile 
Frictional Multiplier, M=1.8 
Void Function Exponent, N=0.0 
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Test 2-16 
Computed Data 
Current Density 
Electrode Gap at Inlet 
Flow' Velocity at Inlet 
Temperature Increase 
Void Fraction at Outlet 

+. 10 

Profile 
Deviation 

mm 

Test 2-17 
Computed Data 
Current Density - 59.8 A cm-2 
Electrode Gap at Inlet - . 662 nim 
Flow Velocity at Inlet - 14.2 m s-1 
Temperature Increase - 24.9 K 
Void Fraction at Outlet - . 290 

" Experimental Gap Profile 
Frictional Multiplier, M=1 .7 
Void Function Exponent, N=0.6 

+. 10 

Profile 
Deviation 

mm 

Electrode 
Length 

mm 

Electrode 
Length 

mm 

FIG. 3.12 COMPARISON OF THEORETICAL AND 

-56.8Acm-2 
- . 696 mm 
- 16.2 m s-1 
- 19.2 K 
- . 223 

EXPERIMENTAL ANODE PROFILES 

" Experimental Gap Profile 
Frictional Multiplier, M=2.1 
Void Function Exponent, N=0.4 
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general, lower. However, the experimental currents were subject to 

errors in feedrate setting and in the shunt. Thus the introduction of 

the current efficiency for the determination of electrode gap and 

current, as suggested by Tipton (11), was in reasonable agreement 

with the results. 

The anode profiles for the tests with sodium nitrate solution 

are shown in rigs. 3.11. The increase in gap width along the 

electrode length was greater than that predicted theoretically assuming 

a void function exponent of zero i. e. gas bubbles had no effect on 

the electrolyte conductivity. Further tests, at the conditions used 

in Test 2-13, gave a repeatability of ± 
. 025 mm for the anode profile 

deviation. The profiles in Fig. 3.12 showed some agreement with 

theory but the values of the void function exponent were lower than 

those for the tests with sodium chloride solution at similar flow 

velocities. The results suggest that, with sodium nitrate solution, 

factors other than the electrolyte conductivity affect the anode profile 

deviation. 

3.6.3 Limitations on the Metal Removal Rate 

Metal removal rates greater than those in Fig. 3.3 could not 

be obtained. For example machining at a feedrate of 2.5 mm min-1, 

corresponding to a current density of 101 A. cm-Z, at a voltage 

of 20V with the sodium chloride electrolyte resulted in the 

breakdown of equilibrium conditions and a spark across the electrode 

gap. The electrolyte flowrate was not sufficient to maintain 

machining and this represents the limitation on metal removal rate. 
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An investigation of machining failure and sparking was possible since 

the Microbar device prevented damage to the tool and workpiece. 

Tests were carried out at constant conditions of voltage, 

feedrate and outlet pressure (Table 2). The flowrate was reduced in 

successive tests until a spark occurred in Test 1.09. The characteristics 

of machining failure were : similar to those at 20 V and 2.5 mm min-1. 

No upper bound to the electrolyte flow velocity, due to the choked flow 

condition, was observed. 

The machining current-time and outlet temperature-time 

characteristics of machining failure for Test 1-09 are shown in 

Fig. 3.13. (The output voltage from the power supply was stabilised 

against load current variation. ) The initial machining current is low 

due to a high preset gap; the slight drop in current is caused by back- 

lash in the ram drive. Under normal conditions the machining current 

would attain an equilibrium value of about 1300 A and the flowrate and 

outlet temperature would also become constant. At machining failure 

small fluctuations in machining current were evident and the current 

fell slowly. Simultaneously, the electrolyte outlet temperature rose 

to a maximum of 92°C and the flowrate became less. The test was 

terminated by a spark detected by the Microbar unit which cut-out 

the power supply and ram drive and indicated a spark on the control 

console. 

The machined surface finish and appearance of the workpiece 

(Fig. 3.14 ý ridt) was, sh ` to th" obtained tunde' equilibrium conditions 

and the current efficiency was close to 100%. The anode profile 
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converged sharply at outlet towards the cathode as observed in 

Fig. 2.12. Machining breakdown was a dynamic condition; as the 

electrode gap towards outlet became smaller the electrolyte flow was 

restricted which resulted in an increase in outlet temperature. The 

fall in machining current and the convergence of the gap indicated 

that the current density or electrolyte conductivity towards outlet was 

less than over the remainder of the surface. 

The electrolyte temperature increase, for the tests in Tables 2 

and 3, is shown against flowrate in Fig. 3.15. Good agreement with 

ohmic resistance heating, equation (48), is observed. At an outlet 

pressure of 800 kN m"2 lower flowrates and pressure differentials 

were sufficient to maintain equilibrium machining conditions. In Test 1-17 

the high temperature and pressure of the electrolyte, at outlet from the 

machining cell, burst the nylon piping and tests were discontinued 

although lower flowrates may have been possible. 

For tests at a feedrate of 2 mm min-1 (Table 4) the characteristics 

of machining failure were similar to those in Test 1-09 but occurred 

more rapidly. The machining current rose to a peak below the 

theoretical equilibrium value and fell and a spark terminated the test. 

During the fall in current the cell vibrated and steam was evident in 

the working enclosure. However, under equilibrium conditions the 

highest temperature recorded was 89°C (Test 1-24) which is well below 

the boiling point of 120°C for the electrolyte. In Table 5, for tests at 

a machining voltage of 10 V, lower flowrates than at 20 V were 

sufficient to maintain equilibrium machining. 
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The characteristics of machining breakdown with the sodium 

nitrate solution are shown in Fig. 3.16. The machining current rose 

to a peak, above the equilibrium current for tests at this feedrate, and 

fell and a spark was indicated on the control console. The machined 

surfaces, for tests in which a spark occurred, are shown in Fig. 3.14. 

At the higher current densities the surface finish of the inlet region 

was similar, apart from some polished streaks just at inlet, to that 

obtained under normal conditions. The distinctive shiny strip, which 

was silver-gold in colour, was followed by a brown, rough surface 

extending to outlet. The electrode gap converged towards the cathode 

in this region similar to that in tests with sodium chloride solution 

at machining failure. At a feedrate of 0.5 mm min-1 in Fig. 3.14 a 

light coloured area indicated the position of the spark. 

In tests with the sodium nitrate solution, in which machining 

failure occurred, there was a marked reduction in machining current 

efficiency (Table 7) based on a valency of two for the dissolution of 

steel. In tests 2-30 and 2-31 the machining current was set to trip 

at about 400 A. greater than the equilibrium current in tests 2-22 to 

2-25. When the current rose above equilibrium, corresponding to the 

onset of machining failure, the test was terminated. The current 

efficiency of tests 2-30 and 2-31 compared with those for tests at 

equilibrium conditions. The appearance of the machined surfaces was 

also similar. The lower current efficiency in tests 2-27 and 2-28 may 

be due to low current densities towards outlet. Konig and Degenhardt 

(49) observed low current efficiencies and passivation at low current 
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densities in tests with the same metal-electrolyte combination. The 

reduced current efficiency and surface marking may be the result of 

machining failure and not the cause. 
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4.0 FURTHER INVESTIGATION OF PROCESS LIMITATIONS 

4.1 The Lower Bound to the Electrolyte Velocity 

The previous experimental work was not conclusive in 

relation to the lower bound to the electrolyte velocity. Further work 

was required to determine the cause of machining failure. The 

dependence of the lower bound to the electrolyte velocity on outlet 

pressure related machining failure with the volume of hydrogen bubbles 

close to the cathode. The temperature of the electrolyte within the gap 

also appeared -to be of significance. Thus experimental work was 

initiated in an attempt to measure the temperature of the electrolyte 

close to the cathode surface. 

4.1 .1 Experimental Technique 

A conventional method of temperature measurement with 

thermocouples was considered due to their compact size. However, 

thermocouples in electrolytes are subject to errors due to an 

electrochemical e .m. f. at the junction (50). Miniature bead thermistors 

are an alternative method of temperature measurement suitable for 

recording purposes. Thermistor beads are made of thermally sensitive 

semi-conductor materials usually enclosed in a glass envelope and 

have negative logarithmic change in resistance with temperature. 

S. T. C. type FS 2 thermistors were selected, these being the smallest 

available from commercial sources. 

The machine, power supply, flow system and machining cell, 
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described in 2.2.1,2.2.2,2.2.3 and 2.6 were used. The machining 

cell was modified to allow placement of the thermistors in the cathode 

(Fig. 4.1). The thermistors beads were approximately 1 mm in diameter 

and were inserted through the baseplate and cathode protruding 0.8 mm 

from the cathode surface. To achieve this the cathode was clamped 

to a surface table with the cathode face separated from the table by 

0.8 mm shims. A layer of plasticene was squeezed between the 

respective faces and the thermistors pressed through the cathode into 

the plasticene to make contact with the surface table. An insulating 

grade of Araldite was poured around each thermistor and allowed to 

set, The plasticene prevented the Araldite from seeping onto the 

thermistor tips. 

The thermistors were calibrated by immersing the cathode 

assembly in a pyrex beaker placed on a hot plate-stirrer unit. Steady 

temperatures, over the anticipated working range of the thermistors, 

were measured with thermometers. The conductance of each thermistor 

was measured with a Wayne Kerr Universal Bridge. The water in the 

beaker was replaced with a light oil to calibrate the thermistors at 

temperatures from 100 to 150°C. 

To investigate the thermistor response the cathode assembly 

was dipped into water at various temperatures. For each step change 

in temperature there was a sharp rise to about 75% of the difference 

followed by a delay of less than ten seconds to attain the observed 

temperature of the water. This compared well with the thermistor 

response prior to calibration. The proximity of the thermistor tips to 
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FIG. 4.1 (b) MACHINING CELL ARRANGEMENT 
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the cathode appeared to have very little effect on the measurements. 

The cathode assembly was fitted to the flow channel. The 

thermistor leads were connected to a multiple switch-box with one 

lead to a Wayne Kerr Universal Bridge and the output from the Bridge 

displayed on the pen recorder. A scan of all the thermistors could be 

made in about three minutes. 

Test operating conditions were a machining voltage of 32 V and 

a feedrate of 0.35 mm min-1 to give a machining current of about 

22 0 A. A 10% solution of sodium chloride, at an inlet temperature of 

20°C, was used. The electrolyte from the machining cell was 

discharged to a separate tank to maintain a constant inlet temperature 

in each test. The calculated machining gap for these conditions was 

2.35 mm which gave adequate clearance to the thermistor tips. 

The initial gap was set by placing a slip, ground to the 

required size, on the cathode and bringing the workpiece face down 

to contact the slip. The position was noted from the dial gauge, 

the slip removed and the workpiece reset. 

Electrolyte, at various tank temperatures, was pumped 

through the machidMcell. The thermistor readings from the pen- 

recorder were checked from the calibrations at the appropriate 

temperatures and good agreement was observed. 

To prevent electrolyte by-passing the electrodes, the 

polypropylene flow channel was compressed onto the electrodes with 

the fitted bolts. This appeared to be successful as no side flow 

effects were evident on the machined workpiece. 
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The experimental series consisted of tests at the operating 

conditions specified but with a small reduction in flowrate in 

successive tests to the machining failure conditions. Care was 

exercised to prevent sparks and damage to the thermistors. 

4.1.2 Experimental Results 

The increase in electrolyte temperature, measured at inlet and 

outlet points, is shown against electrolyte flowrate in Fig. 4.2. 

The theoretical temperature increase (equation 48) is also shown. The 

temperatures, measured by the thermistor 6 mm from outlet within the 

electrode gap, are greater than those measured downstream of the 

electrodes. At the lower flowrates the temperatures within the gap 

increase to a maximum which corresponds with the boiling point of 

the electrolyte at the outlet pressure of 170 kN m-2. 

The chart recording for a test in which boiling occurred is 

shown in Fig. 4.3. The appropriate thermistor calibrations are shown 

in Appendix 4. At a flowrate of 3.8 x 10-5 m3 s-1 the temperature 

recorded within the gap is 116°C compared with the boiling point of 

119°C (Fig. A. 6). 
ýThe 

electrolyte temperature at outlet from the gap 

is 60.5°C. Reducing the flowrate to 3.5 x 10-5 m3 s-1 increased the 

outlet temperature to 64°C with no effect on the temperature measured 

within the gap. The fluctuations in machining current were evident 

at flowrates lower than 5.0 x 10-5 m3 s-1. 

The greater temperatures within the gap are due to the 

hydrogen bubbles, evolved at the cathode, which reduce the area 
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available for the passage of current. The high current flux in the 

electrolyte around the bubbles generates greater temperatures than 

in the bulk electrolyte flow. The thermistors in the gap measure the 

averaged temperature of the bubble-electrolyte layer. The abrupt 

enlargement of the channel, at outlet from the electrode gap, induces 

turbulence which mixes the electrolyte and a uniform temperature is 

recorded downstream of the electrodes. The temperatures measured 

at this point, 7 hydraulic diameters downstream of the gap, showed 

good agreement with the temperatures at the discharge point to the 

electrolyte tank. 

In Fig. 4.4 the temperature increase, measured by the six 

thermistors within the gap, is plotted against electrode length. Apart 

from a sharp rise from inlet the temperature increase is linear. At the 

lowest flowrate boiling is observed to spread along the electrode gap 

towards inlet. 

The variation in machining gap width along the electrode 

length, for various electrolyte flowrates, is shown in Fig. 4.5. An 

increase in gap width is assumed positive and a decrease as 

negative. The inlet gap width is assumed constant although the 

initial gap setting was reduced by up, to 0.2 mm at the lower flowrates 

to maintain a similar equilibrium current in all tests. At the lowest 

flowrate, corresponding to boiling within the gap, the anode surface 

converges sharply towards the cathode. If the test were continued 

this would cause a spark across the gap as experienced in the tests 

using the Anocut machine. The convergence of the anode profile, at 

machining failure conditions, is caused by steam bubbles which increase 
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the resistance of the electrolyte. 

In Fig. 4.6 the temperature increase from outlet is shown 

against electrolyte flowrate for three outlet pressures. At each 

pressure the temperatures measured 6 mm from outlet, within the gap, 

reach a maximum which corresponds with the boiling point of the 

electrolyte at that pressure. Below the electrolyte boiling point, the 

temperatures vary significantly with outlet pressure. Increase in 

pressure reduces the volume of the bubbles so that the current density 

in the electrolyte around the bubbles is less and lower temperatures 

are recorded. 

A further test series was carried out at a machining voltage 

of 16 V which is more typical of electrochemical machining in practice. 

The current density was maintained at 16 A cm-2 and electrolyte 

concentration was increased to give a machining gap width of 1.60 mm. 

This was considered to be the smallest safe gap for tests. In Fig. 4.7 

boiling occurred within the gap, as noted previously, but at a lower 

flowrate than at 32 V since less power is dissipated in the electrolyte. 

The highest temperatures measured downsteam of the electrodes are 

about 30% lower than at the higher voltage. 

Some differences in the mode of machining failure, with 

sodium chloride and sodium nitrate electrolytes, were observed in 

Chapter 3. Further tests were carried out with a 17% sodium nitrate 

solution such that the conductivity was similar to that of the 10% sodium 

chloride solution. The feedrate was based on an apparent valency of 

three for the steel anodes and machining currents were similar to 
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those in tests with the sodium chloride solution. The colour of the 

precipitate in the electrolyte was reddish-brown typical of ferric 

hydroxide. However a valency of dissolution of two is more probable 

as indicated by the previous work with this electrolyte. Electrolyte 

flowrate has a marked effect on current efficiency (Fig. 4.8). Current 

efficiencies were calculated from weight loss measurements assuming 

a valency of two. At the lower values of efficiency a light grey 

powdery film formed on the anode surface indicating passivation. 

The machining current increased during. the test as the anode approached 

the cathode and equilibrium conditions did not become established. 

In an attempt to prevent passivation the electrolyte temperature and 

concentration were increased to values similar to those used in tests 

with the Anocut machine but passivation again occurred in the same 

flowrate range. 

In Fig. 4.9 the temperature increase from inlet is shown against 

electrolyte flowrate for the nitrate and chloride solutions. Temperatures 

measured downstream of the electrodes show fair agreement. However, 

the temperatures measured within the gap with the nitrate solution are 

lower than those for the chloride solution. This indicates that less gas is 

evolved at the cathode with the nitrate solution. A similar result has 

been observed photographically by Landolt et al (22). This clearly 

demonstrates that the higher temperatures, within the gap close to the 

cathode, than those at outlet are due to the presence of gas bubbles 

and not to any other effect. 

The workpiece profile deviations for the tests with the nitrate 

solution are shown in Fig. 4 . 10. At the highest flowrate the electrode 
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gap increases slightly along the electrode length. As the flowrate, 

and current efficiency, become less the anode surface slopes towards 

the cathode. For conditions of almost complete passivation the gap 

is constant along the electrode length. Comparison with the anode 

profiles in Fig. 4.5 shows that anodic phenomena have a considerable 

effect on the profiles for tests with sodium nitrate solution. 

In the test at 9.8 x 10-5 in3 s-1 in Fig. 4.10, which 

corresponds to the onset of passivation, the current efficiency appears 

to become less along the electrode length. Konig and Degenhardt (49) 

have found that the efficiency of machining steel with nitrate 

electrolyte decreases slowly with increase in electrolyte temperature. 

However, the marked change in efficiency along the electrode length 

indicates that electrode length in addition to current density and flow- 

rate, determines the onset of passivation. 

For the special case of machining steel, at current densities 

much lower than those in practice and using sodium nitrate 

solution, the lower bound to the electrolyte velocity is where passivation 

of the anode surface occurs. For the tests using sodium nitrate 

solution, at high current densities, and for sodium chloride solution 

the lower bound to the electrolyte velocity appears tobe due to boiling of the 

electrolyte in the bubble layer. 



118 

4.2 The Upper Bound to the Electrolyte Velocity 

The object of this section of the experimental work was to 

determine the existence of the choked flow condition predicted 

theoretically. Choking represents an upper bound to the electrolyte 

velocity in the gap and cannot be tolerated if machining failure 

and sparking is to be avoided. The choked flow limitation, shown 

in Fig. 1.1 for typical machining conditions, indicates that choking 

places a severe restriction on the feedrate in electrochemical 

machining. 

This condition was not encountered in the previous 

experimental work due to the relatively long electrode lengths and 
r 

limited pump capability which limited the electblyte flow velocity. 

Thus choking is most likely to occur where the flow path length is 

short and the electrode gap is small. From a practical point of view 

these conditions are applicable in machining operations such as 

drilling, broaching and blanking where high feedrates are essential 

if the process is to be competitive with alternative machining methods. 

4.2.1 Design of Experiments 

The use of the above machining modes in the experimental 

work was considered but it was concluded that the electrolyte 

flowrate and pressure would be subject to many variable effects such 

as the depth of the tool in the work, the overcut and the tool shape 

which would cause difficulty in the analysis of results. Plane 

parallel electrodes were used since the electrolyte flow at inlet is 
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uniform and the velocity can be easily established. 

The experiments were designed on the maximum capabilities 

of available equipment. The small electrochemical drilling machine 

described in Chapter 2 had a maximum feedrate of 8 mm min-1 so that 

current densities of up to 360 A cm-2 could be obtained. The power 

supply operated within limits of 250 A at 32 V and 500 A at 16 V. 

Since a wide range of voltages was required the maximum current 

available was taken to be 250 A such that the electrode area was re- 

stricted to 0.7 cm2. 

The most suitable electrolyte pump was a 'D' type, . 75 kW, 

Mono pump available at another station of the small machine. 

Previous work (51) indicated that this pump was capable of a flowrate 

of 3x 10-5 m3 s-1 at a delivery pressure of 30001 
. kN m-2. To realise 

high flow velocities the electrode width had to be small and 3 mm was 

considered suitable and no mechanical failure of the electrodes was 

observed. In the main working range this gave electrode gap width 

to inter-electrode gap ratios of 10 to 60. The electrode length was, 

therefore, limited to about 20 mm to remain within the current available. 

However, calculations showed that, operating at maximum feedrate 

and pump capability, the electrolyte would boil at outlet. An electrode 

length of 10 mm was found to be more suitable. Since the electrolyte 

velocity is high the effect of electrode length on pressure loss 

(proportional to length and the square of velocity) is small in the 

range available. 
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4.2.2 The Machining System 

The electrochemical machine and power supply are described 

in Chapter 2. 

The machining cell is shown in Fig. 4.11. Since the object 

of the work was to determine the choked flow velocity it was 

essential that there was no side flow past the electrodes. The cell 

design allowed the tool and workpiece aperture to be adjusted by 

varying the torque on the clamping bolts and the polypropylene housing 

was compressed onto the electrodes. This proved to be effective as 

small razor sharp rags at the sides of the workpiece after machining 

indicated the absence of side flow. Since the feed drive was 

through a 1400: 1 reduction gearbox the force required to drive the 

workpiece into the cell was not sufficient to overload the feed motor. 

To prevent electolyte spray in the event of an accident a 

perspex sealing chamber was situated above the flow channel and 

was self-locating on the workpiece fixture shaft. The tool was made 

removeable in the event of spark damage and was located in a slot in 

the base-plate and clamped with a lock-nut. The workpieces were 

accurately positioned on the drive shaft with vertically in line, fitted 

bolts. To align the workpiece with the tool aperture the base-plate 

shaft was made a clearance fit on the machine table location and 

clamped with the workpiece in contact with the tool. 

The electrolyte flow system was built for previous experimental 

work. The electrolyte temperature in the working tank was controlled 

by a2 kW, fused silica sheath heating element and an electric contact 
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thermometer situated in the 0.1 m3 capacity tank. A 10% solution of 

sodium chloride was used at a temperature of 300C. 

The suction line of the pump drew from the top of the tank to 

minimise recirculation of metal precipitate. A filter unit on the delivery 

side prevented small particles from entering the machining cell. A 

by-pass valve in the flow circuit allowed variable electrolyte flowrate 

and outlet pressure was controlled by a needle valve. Stainless steel 

piping was used in the circuit due to the high pressures developed by 

the pump. 

The electrolyte flowrate was measured with a Rhodes flowmeter 

suitable for flowrates up to 40 x 10-5 m3 s-1 . This was a rotating 

vane flowmeter and operated from a transistorised frequency to 

Indicating meter convertor with input from a reed switch transmitter. 

The output was displayed on the Rikdenki pen-recorder. The flowmeter 

was calibrated before use with a weighing tank. At flowrates less than 

5x 10-5 m3 s-1 the meter was inaccurate and the flowrate was 

measured by discharging the electrolyte from the machining cell into 

a measuring jar for a known time interval during each test. 

Machining current, voltage, feedrate and electrolyte inlet and 

outlet temperatures and pressures were measured by the methods used 

in the previous work. Gap measurement was attempted using the 

electric contact method but was not reliable and the theoretical values 

were assumed. The anode profiles were measured with a Nikon optical 

projector with a 50x magnification. The rags on the sides of the 

workpieces were removed prior to measurement of the profile. 
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4.2.3 Experimental Results 

Tests were carried out with the by-pass valve closed so that 

the pump delivered at maximum capability. ' A test series consisted 

of a set voltage and increasing the feedrate in successive tests by 

1.0 mm min-1 until machining failure occurred. 

The first test series is shown in Table 8. At a voltage of 32 V 

the feedrate was increased from 1 to 8 mm min-1 (the maximum available) 

without machining failure. At each increment in feedrate the inlet 

pressure increased with consequent reduction in flowrate. 

To obtain smaller electrode gaps and higher electrolyte 

velocities the machining voltage was reduced to 16 V (Table 9). The 

maximum feedrate obtainable was 6 mm min-1. At a feedrate of 7 mm 

min-1 sparking across the electrode gap terminated the test. The 

characteristics of machining failure, observed in Chapter 3, occurred 

instantaneously since the time required for the workpiece to traverse 

the electrode gap was small. The heat generated by sparking melted 

the tool and workpiece and they were replaced. 

For choking to represent a limitation on electrolyte flow 

velocity at inlet then if the feedrate is maintained the flow velocity 

should be reduced. Further tests at 7 mm min-1, with the by-pass 

valve opened slightly, to reduce the electrolyte flowrate, were carried 

out but machining failure and sparking were again observed. 

In Fig. 4.12 the electrolyte flow velocities for the tests in 

Table 9 are plotted against feedrate... The theoretical limits on feedrate 

and flow velocity are shown, acceptable values lie to the left of the 
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Operating Conditions . Machining Voltage - 32 V 
Outlet Pressure - 170 kN m-2 
Inlet Temperature - 30°C 
Electrode Area - . 304 cm2 

Feedrate Machining Flowrate Temper- Inlet Electrode 
Test (mm min-1) Current (A) (m3s-1 ature Pressure Gap at 

x 10-5) 'Increase ßý (kN m-2) Inlet (mm) 

Cl, 1 14.7 9.1 4.0 1240 . 92 
C2 2 31.4 7.3 7.0 2270 . 46 
C3 3 39.2 5.8 10.0 2800 . 31 
C4 4 54.0 3.8 15.5 3070 . 23 
C5 5 68.5 3.3 17.2 3440 . 185 
C6 6 81.5 3.1 23.3 3800 . 154 
C7 "7 95.0 2.5 31.0 4000 . 132 
C8 8 107 2.1 38.4 4400 

TABLE 8 

Operating Conditions ; Machining Voltage 
Outlet. Pressure 
Inlet Temperature 
Electrode Area 

- 16 V 
- 170 kN m-2 
- 300C 

- . 304 cm2 

Feedrate Machining Flowrate Temper- Inlet Electrode 
Test (mm min-1) Current (A) (m3s-1 ature Pressure Gap at 

x 10-5) Increase 0<) (kN m-2) Inlet (mm) 

C12 2 29.2 2.9 7.5 3440 . 22 
C13 3 42.1 2.3 14.0 3920 . 158 
C14 4 55.0 1.7 16.0 4480 . 117 
C15 5 73.8 1.5 24.2 4540 . 094 
C16 6 83.2 1.1 26.1 4960 . 079 
C17 7 Machining Failure Conditions 

TABLE 9 
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curves. The lower limit is taken to be electrolyte boiling in the exit 

plane. The upper limits on velocity are calculated from the choked 

flow equation (52) for void function exponents of 1.5 and 0. The 

experimental flow velocities are considerably greater than the 

choked flow limits. 

Further tests were performed at 8V (Table 10). Machining 

failure and sparking tenninated the test at 5 mm min-1. At a feedrate 

of 4 mm min-1 the pump is operating close to shut-off. Further increase 

in feedrate and the flowrate becomes less and is not sufficient to 

prevent boiling within the bubble-electrolyte layer. This also 

applies to Test 17 in Table 9. At the maximum safe feedrates in 

Tables 9 and 10 there is no indication of the electrolyte outlet 

temperature approaching the boiling point of the electrolyte. 

The characteristics of the anode profile at high feedrates and 

flow velocities are shown in Table 11. The degree of scatter in the 

anode profiles indicates that the workpiece alignment procedure was 

not accurate. Moreover visual examination of the workpieces showed 

undulations on the machined surface which also affected the profile 

measurements. For this reason no attempt was made to match the 

profile with the theoretical model. The assumption of a void exponent 

of zero in Fig. 4.12 represents the upper limit of choked flow velocities 

and the frictional multiplier does not affect these values. 

The tests in Table 11 also show that, for short flow path lengths, 

the lower bound to the electrolyte velocity is where boiling occurs 

within the gap and the outlet temperature is well below boiling point. 
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Operating Conditions ; Machining Voltage -8V 
Ottlet Pressure - 170 kN m-2 
Inlet Temperature - 30°C 
Electrode Area - . 304 cm2 

t T 
Feedrate Machining Flowrate 

3 -1 ( 
Temper- 

t 
Inlet 

P 
Electrode 

t G es 1 (mm min-) Current (A) m s 
x 10-5) 

ure a 
Increase (C) 

ressure 
(kN m-2) 

ap a 
Inlet (mm) 

C20 2 28.0 3.7 8.5 2480 . 102 
C21 3 42.5 1.2 11 .0 4820 . 065 
C22 4 57.0 0.5 16.8 5200 . 048 
C23 5 Machining Failure Conditions 

TABLE 10 

Operating Conditions : Machining Voltage - 32 V 
Feedrate -6 mm mm-1 
Outlet Pressure - 170 kN m-2 
Inlet Temperature - 30°C 
Electrode Area - . 304 cm2 

Machining Flowrate Temperature Inlet Pressure Electrode 
Test Current (A) (m3s-1 x 10-5) Increase (K) (kN m-2) p 

Inlet (mm) 

C6 82.5 3.1 23.3 3800 . 167 
C25 82.0 2.9 24.0 3020 . 167 
C26 83.0 2.3 30.0 2070 . 167 
C27 84.0 2.1 34.2 1700 . 167 
C28 83.0 1.7 41.5 1350 . 167 
C29 Machining Failure Conditions 

Distance along anode surface from inlet (mm) 

Test 0 2.5 5.0 7.5 10.0 

C6 0 +. 14 +. 125 +. 095 +. 105 
C25 Kohle 0 +. 03 +. 075 -. 035 -. 020 
C2 6 DevAat- 0 +. 185 +. 050 +. 030 +. 010 
C27 ionnm 0 +. 028 +. 011 -. 065 -. 095 
C28 0 +. 060 +. 010 -. 035 +. 015 

TABLE 11 
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To summarise, the upper limit to the electrolyte velocity is 

determined by the performance characteristics of the pump and the 

theoretical choked flow condition does not occur for the conditions of 

machining used. 
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5.0 DISCUSSION 

5.1 The Theoretical Model 

The theoretical model developed by Thorpe and Zerkle (16,17,18) 

for the prediction of the equilibrium electrode gap, shows good agree- 

ment with experimental anode profiles if empirical model parameters 

are used. The model parameters, the frictional multiplier and the 

void function exponent, are dependent on the electrolyte flow velocity 

and the outlet pressure but show little variation with current density 

and machining voltage. 

The frictional multipliers, required to match the experimental 

pressure loss in tests, range from 1.2 to 3.2 which indicates an 

increase in shear stre ss at the surfaces of the electrodes due to gas 

bubble nucleation. The frictional multipliers become less with increase 

in flow velocity and outlet pressure. Landolt et al (22) found, from 

photographic observations, that bubble size decreased with 

approximately the square of the flow velocity. A small increase in 

bubble size with current density was observed. The frictional 

multiplier may be related to the size of bubbles evolving on the cathode 

surface. Nikuradse (52) found that the friction factor for turbulent 

flow in pipes increased with increase in surface roughness. Surface 

roughness was described in terms of the ratio of the diameter of sand 

grains on the pipe wall to the pipe diameter. In electrochemical 

machining the gas bubbles, nucleating on the surfaces of the electrodes 

may act as small roughness protrusions. Nikuradse (52) also found 

that the friction factor in rough pipes was complexly related to the 
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Reynolds Number of the flow . but a similar relationship was not 

observed in this work within the relatively limited range of flowrates 

used. As an alternative to formulating empirical correlations, such as 

are available for steam-water flow, frictional multipliers are 

reported in Chapter 3 for operating conditions similar to those used in 

practice for die-sinking and forming operations. 

The void function exponent, n, is a generalisation of 

heterogeneous conduction mechanisms to account for the effect of gas 

bubbles on the electrolyte conductivity. De la Rue and Tobias (21) 

found that n=1.5 described experimental data for non-conducting 

particles in a static electrolyte. The void fu ction exponent in the 

theoretical model also accounts for the assumptions of no relative 

motion between bubbles and electrolyte and that of homogeneous 

bubbly flow between the electrodes. In general the slip ratio in 

two-phase systems is dependent on the void fraction and density of 

the gas bubbles, and the flowrate and has to be determined 

experimentally. Photographic observations (22) have shown that the 

bubbles are concentrated in a layer close to the cathode so that the flow 

is not homogeneous. However, the assumptions are required to allow 

solution of the equations. 

The void function exponents required to match the experimental 

anode profiles in Chapter 3 are lower than 1.5 and decrease with 

increase in outlet pressure and increase in flow velocity. The marked 

difference from' the value of 1.5, used by Thorpe and Zerkle (16,17,18) 

and by Hopenfield and Cole (15), indicates that the above assumptions 
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are in error and that the bubbles may also be partially dissolved in 

the electrolyte. This has been shown in low current density 

experiments (53). The solubility of a gas in a liquid is a function 

of temperature, pressure and time (54). The solubility of hydrogen in 

sodium chloride solution decreases slowly with increase in 

temperature . and is directly proportional to pressure. An alternative 

explanation is that the residence time of the hydrogen within the gap 

is so short that the atomic hydrogen is not all combined to form 

molecular hydrogen. However, Landolt (22) found that very small 

bubbles, less than 20, tm, were formed at a current density of 

100 A cm-2 and at flow velocities above 10 m s-1 which are of the 

order of the conditions used in Chapter 3. 

The influence of the hydrogen bubbles on the anode profile 

only becomes apparent towards outlet and at low flowrates where the 

local pressure is low. It is important to note that, in Chapter 3, 

the anode profiles obtained at an outlet pressure of 800 kN m-2 would 

be accurately predicted by the constant gas density model and by 

neglecting the effect of gas bubbles on the electrolyte conductivity. 

In the experimental work with the sodium nitrate electrolyte 

the gas bubbles appear to have very little effect on the electrolyte 

conductivity. The anode profiles also differ in shape from those in 

tests using sodium chloride electrolyte. Landolt (22) observed less 

gas evolved at the cathode with sodium nitrate electrolyte relative to 

that with sodium chloride electrolyte. Mao (48) found that no 
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hydrogen was evolved at the cathode but that the nitrate was reduced 

to ammonia and hydroxylamine. However, the change in gap width 

for the tests at high flowrates is greater than that predicted assuming 

the gas bubbles have no effect on the electrolyte conductivity. 

Freer (30) has shown that a resistive film is formed on mild steel anodes 

machined using sodium nitrate electrolyte. The present work indicates 

that the resistance of the film becomes less along the electrode 

length or that some factor influences the anode profile other than 

electrolyte conductivity. 

5.2 The Lower Bound to the Electrolyte Velocity 

The experimental work with the thermistors set into the 

cathode (Section 4.1) demonstrates that the lower bound to the 

electrolyte velocity or flowrate is where boiling occurs within the 

bubble-electrolyte layer close to the cathode. The electrolyte boils 

due to the reduction in area available, by the bubbles, for the passage 

of machining current such that high temperatures are generated in the 

electrolyte around the bubbles. The temperatures measured down- 

stream of the electrodes represent the 'mixed cup' temperature of the 

electrolyte and are considerably lower than those in the bubble 

electrolyte layer particularly at low machining voltages. The resistance 

of the electrolyte increases due to the formation of steam bubbles and 

the anode converges towards the cathode at outlet so that sparking 

or arcing occurs across the gap. Machining current fluctuations are 

observed at flowrates corresponding to boiling within the gap. This 
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may be caused by steam bubbles moving into the cooler bulk electrolyte 

flow, collapsing due to condensation, and causing a sudden change 

in the resistance of the electrolyte. 

The results may be considered in relation to those obtained 

in other investigations as it is important that the cause of machining 

failure is clearly defined to provide a basis for the selection of 

operating conditions. Landolt et al (22), using a constant current 

method, report cell voltage oscillations at low electrolyte flowrates. 

The oscillations coincided with the appearance of large bubbles of 

different size and shape to that of the hydrogen bubbles. In the 

context of the results reported - here these bubbles may be steam 

bubbles. Landolt (22) also observed bubbles sticking to the cathode 

and proposed that sparking is the result of complete instantaneous 

coverage of the cathode with bubbles although this could not be 

photographed. 

Bubbles may be assumed to detach from a surface when 

buoyancy and inertia forces on the bubbles become larger than the 

normal component of surface tension (55). To determine experimentally 

if, the hydrogen bubbles were remaining on the cathode surface, tests 

were carried out, (as described in Section 4. D, with a surfactant added 

to the electrolyte. A concentration of 0.2% of the surfactant, 

Lissapol-n, was added to reduce the surface tension by almost 50%. 

This was determined experimentally by the Du Nuoy method using a 

Cambridge Tensiometer. Initial tests using this electrolyte produced 

results which were not repeatable. However, impurities have a marked 
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effect on surface tension (18) and further work was carried out with a 

freshly prepared, clean electrolyte. For this case, the results were 

repeatable and were similar to those in Fig. 4.2. Thus it is concluded 

that machining failure is not the result of bubbles adhering to the 

cathode surface. 

Kellogg (56) investigated the formation of gas bubble layers on 

wire electrodes at low current densities. The formation of the layer 

coincided with a drastic increase in the surface temperature of the 

electrodes. This is analogous to critical burnout which limits the heat 

transfer rate in boiler tubes. However care was taken, at the assembly 

stage, to prevent the thermistors measuring the cathode surface 

temperature and no drastic temperature increase was observed. 
w640% rnaehinºrºy copper with phosphoric 4dd 41,2ctrolytg 

Baxter (28) observedAthat, at the maximum or limiting current 

density, the resistance of the electrolyte close to the cathode increased, 

the current density became less towards outlet and that the limiting 
I 

current density was directly proportional to (outlet pressure)3.. These 

results are consistent with boiling of the electrolyte within the bubble 

layer. 

In the experimental work in Section 4.1 the machining current 

was maintained at a constant level by close control of the electrolyte 

flowrate and outlet pressure. In the tests at machining failure 

conditions on the Anocut machine the coverging gap at outlet restricts 

the electrolyte flowrate so that the outlet temperature increases. 

Boiling within the bubble layer spreads from outlet towards inlet. The 

electrode gap cannot change at the same rate as the electrolyte 
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conductivity and the machining current becomes less. Increase in 

outlet pressure increases the boiling point of the electrolyte and 

reduces the volume of gas bubbles in the gap so that lower flowrates 

are possible (Fig. 3.15). 

Machining failure, in tests using sodium nitrate electrolyte, 

is similar in most respects to that with the sodium chloride 

electrolyte. The reduced current efficiency in those tests (Table 7) 

is due to the low current density in the outlet region as a result of 

boiling in the bubble layer. Low current efficiencies and passivation 

are observed at a current density of 16 A cm-2 in Fig. 4.8. The 

distinctive shiny strip on the machined surface (Fig. 3.14) may be due 

to values of the current density and anode potential corresponding to 

the polishing region of the polarisation curve. 

Landolt (22) and Mao (48) have noted that less gas is evolved 

at the cathode with nitrate solution relative to that with chloride 

solution. As a result it would be expected that machining failure 

would occur at lower flowrates with the nitrate solution and this was, 

indeed, observed by Landolt. However, this is not substantiated in the 

present work and the lowest flowrate in Table 6 is greater than 

corresponding values, under all test conditions, with the sodium 

chloride solution. A tendency to machining failure and sparking with 

nitrate electrolyte has also been noted by Flett (10). The only apparent 

explanation of this result is the age or the purity of the electrolyte used 

in the tests. The initial test series using the Anocut machine was 

carried out with a sodium chloride solution which had been used for 
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some time in other work whereas a fresh solution of sodium nitrate was 

prepared for the second test series. An improvement in electrolyte 

performance with age is well known although the cause is not 

established. 

The lower bound to the electrolyte velocity with the sodium 

nitrate solution at low current densities (Fig. 4.8) is the result of 

passivation of the anode surface. Passivation at low current densities 

has an important effect on the accuracy of the process as it prevents 

metal removal at areas remote from the tool cutting face. Landolt, 

Muller and Tobias (35) obtained order of magnitude agreement between 

experimental and predicted passivation current densities from known 

hydrodynamic equations for mass transfer. The equations are not 

in agreement with experimental data for a machining cell similar to 

those used in practice (29). For this reason no attempt was made to 

relate these equations with the results reported in this work. In 

addition an order of magnitude estimate of the lower bound to the 

electrolyte flowrate is of limited value in relation to the selection of 

operating conditions. 

5.3 The Theoretical Choked Flow Condition 

Under certain operating conditions the theoretical model 

predicts a choked flow condition similar to that occurring in 

compressible and two-phase flows. The theoretical choked flow 

condition in electrochemical machining corresponds to an upper bound 

to the electrolyte velocity and a limiting value of the tool feedrate. 
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However, the theoretical model is not verified in this respect. In the 

tests specifically designed to investigate the choked flow condition, 

flow velocities are obtained which are much greater than those 

corresponding to choking (Fig. 4.12). The upper limit of choked flow 

velocities were calculated on the assumption of a void exponent 

function of zero which appears probable due to the low values 

obtained at high flow velocities in Chapter 3. The current densities 

and flow velocities, used in Section 4.2, are much greater than those 

likely to be encountered in practice. 

Choking appears to be a consequence of the assumption of 

homogeneous bubbly flow, in the theoretical analysis, which is 

required for a solution to the equations. In a stratified or separated 

flow, which appears to be the case in the electrode gap (22), choking 

can only occur when the velocity of either the bubble layer or the 

bulk electrolyte flow attains the velocity of sound of the pure phase 

(19) . Typical values of the velocity of sound of hydrogen and water 

are of the order of 1000 m s'1 and are far outwith the capabilities of 

pumps used in electrochemical machining. Thus it is considered that 

operating conditions of machining should not be based on the maximum 

tool feedrate predicted from the choked flow condition. 

The frictional multipliers and void function exponents could not 

be determined for the tests in section 4.2 due to inaccuracy in the 

workpiece alignment arrangement and the undulations on the machined 

surfaces which became apparent at machining gap widths of less than 

0.1 mm. However, in machining operations with short flow path 
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lengths and high flow velocities the frictional pressure loss is small 

relative to the velocity head loss at inlet so that suitable values of 

the frictional multiplier are not essential to the selection of operating 

conditions. 

5.4 Correlation of Results 

A method of prediction of the lower bound to the electrolyte 

velocity is required to provide a basis for the selection of operating 

conditions. The lower bound is where boiling occurs within the bubble- 

electrolyte layer close to the cathode. To attempt to describe this 

situation mathematically would require a separated flow model in which 

of W. &SS 
the equations of continuity, motion, energy and charge are derived for 

the bulk electrolyte flow, the gas bubble phase and the electrolyte 

surrounding the bubbles. Such analyst3s are very complex (58) and 

the number of variables generally exceeds the number of equations such 

that simplifying assumptions and additional model parameters are 

required. 

The value of the model developed by Thorpe and Zerkle (16,17,18) 

is that the describing system of coupled, non-linear differential 

equations was solved to obtain simple algebraic expressions for the 

variation in gap width, void fraction, electrolyte velocity and 

temperature which serve as convenient rules for the tool and 

production engineer concerned with electrochemical machining. As an 

alternative to formulating a more complex model, which may not 
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reduce to simple equations, a semi-theoretical correlation is 

introduced. 

The energy equation derived by Thorpe and Zerkle (16,17) is: 

dT 
f of dx Cf (1 - d) y 

(2 8) 

Substituting for yVf from equation (26) (Appendix I) 

dT Tr 

dx* \lx*+1 (36) 

This is an explicit equation having the solution: 

T= To + in (1 +P x*) (38) 

The co-ordinate x* is of order 10-3 or less and 12 is less than unity. 

Thus equation (38) reduces to: 

T= To + Tr x* (48) 

. 
'. T -To= 

V0X Pa Vc (61) 
£ýaCf PoVoYo 

The current density, q$ = 
Pa Vc (9) 
CAa 

. 
'. T- T°_ V56 x (62) 

Cf PoVoyo 

This is the equation for the temperature increase, from inlet to outlet, 

of the bulk electrolyte flow. The temperature of the electrolyte around 

the bubbles is greater due to the reduction in area available for the 

passage of current. If the bu es are assumed to be spherical and in 

contact with each other then t most open packing of spheres is 

where each layer lies immedia ly above the other on a square base. 

This arrangement has a void of approximately 50% (59) where void is 
A 



140 

the ratio of open space volume to the combined open space volume and 

sphere volume in the packing. The effective area available for the 

passage of current is d2 - 
0/4 d2 where d is the diameter of the 

bubbles. The resistance of the bubble-electrolyte layer is then: 

(63) Rl a 
kf d2 (1 -R/4) 

Similarly the resistance of the electrolyte layer close to the anode 

is: 
Yf 

Rf 
k f; A 

(64) 

Since the volume of bubbles and electrolyte in the bubble-electrolyte 

layer is assumed equal, the ratio of the thickness of this layer to the 

electrolyte layer is: 

yl 20( 
Yf 1-2 oC 

Applying Ohm's law across the electrode gap: 

- V1 
Rf R1 

v R1 

Vf Rf 

Substituting equations 63 and 64 then: 

V1 Y1 
lp Vf Yf (1 - /4) 

From equation 65 

V1 2o( 

Vf (1 - 20()(1 -1P/4) 

Thus the potential drop in the bubble-electrolyte layer is 

va of .2 c( 

(1 - 20C) (1 

V Also -Ql +V 

(65) 

(66) 

(67) 

(6s) 

(69) 

(70) 
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Substituting for Vf from equation 69 

V- vl + vl (1 - 2a) (1 - */4) 

2« 

j vl [i + 
(1 - 2a )(1 - ) 

(71) 2°C 

a 
.. V1 V (72) 

Lý + 
(1 - 2) (1 1PL4 )] 

2a 

On the basis of the assumption of cubic packing of the hydrogen bubbles 

then the mass of electrolyte within the bubble-electrolyte layer is 

Q0 Vo yo of and the maximum current density in this layer is 

I/A (1 - 
1/4)" The equation for the temperature increase within the 

layer is 

Tl - TO= Vi Ix 
(73) 

Cf PO Vo yoo« A(1 -0/4) 

Substituting from equation 72 

Ti - To VI x 

+ 
i1 - 2a)(1 "14)1Cf po Vo y oc A (1 - 11/4) 

2a 
4 

1 

CfPo yo Vo a( . 215 
C1 

+ 
(1 - 2o() . 2151 (74) 

2a 

The equation predicts temperatures (at outlet within the bubble-layer) 

much greater than those compatible with experimental results; for instance 

for a volume fraction of gas at outlet of 0.3 the predicted temperature 

increase is 13.6 times greater than the temperature increase of the bulk 

electrolyte flow (equation 62). The equation may be modifiedty assuming 

the minimum current density on the plane of bubble contact: 
Vlx 

an -- To 
Cfpo yo öd [(1_2c(). 215 (75) 

2a .1 

Equation 75 is calculated for tests close to the point of machining failure 

(Table 12) but shows poor agreement with the boiling point of the electrolyte 
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at the corresponding outlet pressure. In addition the inclusion of the 

void fraction in the denominator of the equation implies that increase in 

pressure increases the temperature within the bubble-electrolyte layer 

which is the converse of the result obtained experimentally (Fig. 4.6). 

However, with the exception of the tests culminating with Test 1-16 

(Table 12) which were discontinued due to the temperature and pressure 

limitations of the nylon piping and Tests 2-17 and 2-24 with the sodium 

nitrate electrolyte, the average value of the void fraction of gas bubbles 

at outlet is . 391. The variation in values of the void fraction may be due 

to the difficulty in the experimental work in determining the flowrate just 

above that at which machining failure occurred. The Production Engineering 

Research Association (9) found that the criterion of void fraction at 
outlet 

equal to 0.4 correlated with observed maximum safe feedrates for 

drilling operations although only three results were presented. Landolt 

et al (22) found, from photographic estimates of the void fraction, that 

voltage fluctuations preceeding a spark, occurred at a void fraction of 

approximately 0.2. The expression for void fraction (equation 45) does not 

allow for the effects of bubble dissolution in the electrolyte which may be 

significant as discussed previously. 

The void fraction at outlet is determined from the simple 

relationship: 
Ax* aa1+ Ax* 

(45) 

and is independent of the model parameters. The observed correlation of 

void fraction, at outlet, close to 0.4 with experimental data for flowrates 

just above the machining failure condition in the tests with relatively 

long electrodes, the extreme conditions of machining in Section 4.2 

fand for drilling electrodes (9) provides a suitable means of 

. 
determining the lower bound to the electrolyte flowrate. The results 

; indicate that boiling occurs within the bubble-electrolyte layer when 

the void fraction at outlet approaches this value. 
Ya 
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5.5 The Operating Characteristics of Electrochemical Machining 

The operating conditions of electrochemical machining are the tool 

feedrate, the applied voltage, the electrolyte flowrates and the inlet and 

outlet pressure flow in the tooling fixture. The workpiece material and 

required dimensions are known. The type of electrolyte to be used is affected 

by the workpiece material and is discussed at length in other work (6,8). 

In practice solutions of sodium chloride and sodium nitrate, or mixtures of 

both, are often used. The limits on electrolyte concentration and inlet 

temperature, which control the conductivity, are discussed in Section 1.3. 

The tool feedrate is the most important operating condition on 

economic considerations. If the feedrate is limited by the maximum current 

from available power supplies then the minimum machining voltage should be 

established. This limit is unlikely to be due to the present trend towards 

machines built for specific applications which also emphasises the need for a 

method of prediction of operating conditions. 

The inlet pressure and flowrate are limited by the performance 

capability of the electrolyte pump since choking does not occur in 

electrochemical machining at.: conditions used at present. An additional 

lower limit on electrolyte flowrate, to that discussed previously, is 

where the temperature of the electrolyte flow, at outlet from the 

tooling fixture, exceeds the boiling point at atmospheric pressure. 

If the outlet temperature is greater than this limit, the electrolyte 

will boil as it is reduced to atmospheric pressure in the control 

valve or flow restrictor. This can cause unstable flow or a critical 

flow condition in the valve such that the flowrate cannot be 

increased by further increase of the pressure differential. The 

discharge of saturated water from short nozzles and orifices has been 

1 .1 'investigated by Fauske (60). 

bA 

A maximum flowrate occurs which depends 
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on the velocity, pressure differential and nozzle length. This was not 

investigated in relation to electrochemical machining since 

temperatures greater than the electrolyte boiling point at atmospheric 

pressure can also result in thermal expansion of the tool and instability 

of the insulating materials used in the tool fixture. Boiling electrolyte 

is also a hazard to the machine operator in the event of an accidental 

pipe burst. 

Within the above limitations, the operating characteristics of 

electrochemical machining are shown in Fig. 5.1 for the tests in 

Tables 2 and 4. The inlet pressure-flowrate curve was obtained from 

the computer program output data. Average values of the model 

parameters for the tests in Tables 2,4 and 5 at an outlet pressure of 

170 kN m-2 are assumed. Increase in feedrate from 1.0 to 2.0 mm min-1 

reduces the gap width and a greater pressure is required to force a given 

electrolyte flowrate through the gap. Thus the flowrate-pressure 

curve moves towards the limit on flowrate. The point of intersection of 

the pump performance curve and the limit on void fraction at outlet 

determines the maximum feedrate. Operation close to the left of the 

pump performance curve also reduces the power required to drive the 

pump. For the pump in the Anocut installation the maximum load of 

56 kW is greater than the power consumed in most of the tests in 

Fig. 5.1. 

Reducing the machining voltage from 20 to 10 V (Fig. 5.2) 

approximately halves the electrode gap. The maximum feedrate is 

reduced from 2.25 to 1.25 mm min-1. The limit on void fraction at 
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outlet is unchanged for a given feedrate and flowrate but the boiling 

limit moves to the left since less heat is dissipated in the electrolyte 

within the gap. 

Increase in outlet pressure to 800 kN m-2 (Fig. 5.3) has two 

important effects: 

(a) Electrolyte boiling at atmospheric pressure becomes the restraint 

on flowrate since the void fraction at outlet is inversely 

proportional to pressure. 

(b) The inlet pressure-flowrate curve, based on average values of 

the model parameters for the tests in Table 3, moves towards 

the limiting curve. Although the increase in outlet pressure reduces 

the pressure differential for a given flowrate, the available 

differential is reduced by 630 kN m-2. An inlet pressure-flowrate 

curve could be plotted, to the right of the boiling limit, for a 

feedrate of 2.5 mm min-1 which is only a marginal increase in 

feedrate from 2.25 mm min-1 at the lower. outlet pressure. 

The operating characteristics of machining using sodium nitrate 

electrolyte, at the same conductivity as that of the sodium chloride 

electrolyte, are shown in Fig. 5.4. The greater density of the sodium 

nitrate electrolyte raises the pump performance curve. As a result of 

the lower current efficiency of machining with this electrolyte the gap 

widths are smaller and the currents are greater than those with sodium 

chloride at the same feedrate and voltage. The results also show 

poor agreement with the correlation of void fraction at outlet equal to 

0.4. However, as discussed previously, this may be due to the use 
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of a fresh electrolyte in the experimental tests. 

Figs. 5.1 and 5.3 indicate that an optimum outlet pressure 

exists which can be obtained from the limits on equations (45) and 

(48). The void fraction of gas at outlet from the gap is 

Ae x* 
o(e 1+ Aex* 

(45) 

For cCe = 0.4 

Aex* _ . 667 (76) 

The temperature increase from inlet to exit is 

Te -To = Tr x* 

V x* 
AaCf 

(48) 

For Te equal to the electrolyte boiling point at atmospheric pressure 

then: 

Tb -To = AaCf x* (77) 

Substituting equation (76) in (77): 

Tb -To =Cf 
Äe 7 (78) 

where Ae =pgoAa (35) 
g 

The density of the gas at outlet is determined from: 

Pg = 
Pe (29) 

Rg Te 

Substituting equations (29) and (35) in equation (79) then: 

(Tb' To) Cf Po AQ RQ Tb (79) Pe V . 667 

Thus the optimum outlet pressure is inversely proportional to the 

voltage drop in the gap and shows small variation with electrolyte 
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properties. The optimum outlet pressure moves the correlation of 

void fraction at outlet equal to 0.4 onto the boiling limit curve 

(Fig. 5.5). The inlet pressure-flowrate curve for a feedrate of 

2.0 mm min-1 could be plotted to the right of the limiting curve which 

is a substantial increase from 1,25 mm min-1 in Fig. 5.2. 

However turbulent electrolyte flow in the gap is a requirement 

for the effective removal of dissolved metal. Freer et al (30) have 

shown that Reynolds Number is important in relation to the polarisation 

characteristics of a metal and that striations on the anode surface can 

be avoided by using high flow velocities to remove weak anodic films. 

In addition the concentration overvoltage at the electrode surface is 

minimised. The criterion for turbulence along the gap is: 

Reo > 4000 (a o) 

The Reynolds Number is directly proportional to flowrate for a given 

workpiece-tool configuration. Equation 80 corresponds to a minimum 

flowrate of about 0.6 x 10-4 m3 s-1 in Fig. 5.5*. Thus operating 

conditions may be selected such that the limiting curve intersects 

the pump performance curve at a flowrate of this order allowing 

further increase in tool feedrate. 

56A Procedure for the Prediction of Operating Conditions 

The high capital cost of large electrochemical machines is such 

that the machine hour rate is much greater than that for conventional 

machine tools (61). To reduce the machining cost going onto each part 

or component the selection of operating conditions should be directed 
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towards attaining the maximum reliable feedrate consistent with 

repeatable work within the required tolerances. 

Consideration should first be given to the gap size between 

the electrodes. A small gap reduces the size of machining inaccuracies, 

due to process fluctuations, such as electrolyte conductivity, and 

allows improved tool reproduction on the workpiece. The undulations 

on the machined surfaces, in the tests in Section 4.2, at gap widths 

less than about 0.1 mm may indicate that this is a suitable lower 

limit. A larger gap will usually be required for diesinking and forming 

operations. The mesh size of the filters in the electrolyte system and 

the stability of the ram drive and tooling fixture should also be considered 

in this respect. 

The selection of operating conditions can be affected by the 

polarisation characteristics of the metal-electrolyte combination. For 

accurate reproduction of sharp detail machining should be at the highest 

current density before the transition from activation to diffusion control. 

The transition current density is obtained from a plot of machining 

characteristics in a form of polarisation curve such as that developed 

by Larsson (29). At the higher current densities in the diffusion region 

the dependence of current density on flowrate may be obtained 

empirically from this type of plot. The mode of dissolution control is 

also important if good surface finish and selective metal removal are 

required on the workpiece (5,29,35,39). 

The theoretical model was developed for an initially plane and 

parallel electrode configuration. Thus the model is directly applicable 
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to cross flow tools with approximately constant width such as those 

used to machine turbine blades. The model has also been developed 

for rectilinear and radial electrolyte flow with curved electrodes (17). 

In a complex shaped tool with internal supply ducts, a complete 

theoretical description is extremely complicated. A simpler 

approach is to evaluate the pressure-flowrate curve for a rectangular 

section of the tool extending from the supply duct to the tool perimeter 

for the longest electrolyte flow path length. 

The minimum electrolyte flowrate can be calculated on the 

basis of Reynolds Number just greater than 4000. The tool feedrate, 

machining voltage and outlet pressure have to be obtained by an 

iterative procedure using a plot similar to that in Fig. 5. . Machining 

voltages of from 10 to 14 V are often used in die-sinking operations 

and, from equation (79), correspond to outlet pressures of 600 and 

440 kN m-2 respectively. These values are suitable starting points. 

Application of an outlet pressure also suppresses any tendency towards 

cavitation in the gap. Approximate values of the frictional multiplier 

and void function exponent at a given pressure have to be obtained by 

interpolation of the experimental data in Figs. 5.1 to 5.3. At high 

outlet pressures the acceleration term in the pressure drop equation (50) 

becomes small such that integration of this equation is unnecessary. 

The maximum tool feedrate is obtained from the point of intersection of 

the limiting curve, from equations (76) and (77), with the pump 

performance curve. It may be necessary to further restrict the 

temperature increase to give a more uniform gap along the electrode 
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length. Some margin of error , to the right of the limiting curve, should 

be allowed for as the electrolyte flow may not be uniformly distributed 

within the gap. 

With the operating conditions of machining specified the tool 

shape for a given workpiece shape can be calculated. At high outlet 

pressures and flow velocities the void exponent function, na 0 such that 

the gap variation along the electrode length can be predicted from the 

algebraic relation, equation (46). Corrections due to conducitivity 

variation can then be incorporated in design procedures and computer 

programs for curved electrodes such as those described by Wilson (6) 

and Tipton (11). 
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6.0 CONCLUSIONS 

A model, developed by Thorpe and Zerkle (16,17,18), is used 

for the prediction of the one-dimensional equilibrium electrode gap 

in electrochemical machining. The model has been found to show 

good agreement with experimental results for sodium chloride electdyte 

but empirical parameters are required. The parameters, the frictional 

multiplier, M, and the void function exponent, n, are dependent on 

the electrolyte flow velocity and outlet pressure and show little 

variation with machining voltage and current density. The frictional 

multiplier ranges from 1.2 to 3.2 which indicates an increase in shear 

stress at the electrode surfaces due to the evolution of gas bubbles. 

The void function exponent, n, is significantly lower than previously 

assumed values; at high electrolyte flow velocities and outlet pressure 

n -a 0 such that the effect of gas bubbles on the electrolyte conductivity 

is negligible and the equilibrium gap may be predicted by a simple 

algebraic relationship. 

At operating conditions most favourable to economic and accurate 

machining the model predicts an upper bound to the electrolyte velocity 

which corresponds to a limiting value of the tool feedrate. However, the 

model is not verified in this respect and experimental conditions are 

obtained which exceed those predicted theoretically. The upper bound to 

the electrolyte velocity is the hydraulic characteristic of the electrolyte 

pump. 

The cause of machining failure has been found to be boiling within the bubble- 

electrolyte layer close to the cathode. The electrolyte boils due to the 

reduction in area available, by the bubbles, for the passage of machining 
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current such that high temperatures are generated in the electrolyte. 

The temperatures measured downstream of the electrode gap are 

considerably lower than those measured close to the cathode. The 

formation of steam bubbles increases the resistivity of the electrolyte 

and the anode converges towards the cathode at outlet so that sparking 

and machining failure occur. Increase in outlet pressure increases the 

electrolyte boiling point and reduces the volume of gas bubbles so that 

a lower flowrate is sufficient to maintain equilibrium machining. The 

experimental results are consistent with machining failure tests at 

operating conditions similar to those in practice for both sodium 

chloride and sodium nitrate electrolytes. 

A semi-theoretical model is introduced to allow prediction of 

the boiling condition but fails to agree with experimental results of 

tests close to machining failure. However, the criterion of void 

fraction of gas bubbles, at outlet, equal to 0.4 correlates quite well 

with these tests at high feedrates. Additional limitations on the 

process are that the electrolyte temperature within the gap is less than 

the boiling point at atmospheric pressure and that the flow is 

turbulent at inlet to the gap. The limitations allow prediction of 

operating conditions-for given workpiece-tool configuration and 

electrolyte pump performance capability. 
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SUGGESTIONS FOR FURTHER WORK 

1. An extension of the present work would be an investigation of 

the equilibrium gap width variation for complex tool geometries 

such as those used to machine turbine blades. 

2. In some applications the electrolyte is supplied through slots in 

the tool face. Further work is required to establish the position, 

shape and size of such slots to give uniform electrolyte flow over 

the tool face. 

3. Much of the electrochemical machining literature is in a form not 

readily understood by the personnel using the process in industry. 

A handbook or standard is necessary to describe operating and 

design procedures and to provide sample calculations and 

computer programs such as that developed by Tipton (11). 
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APPENDIX I 

Theoretical Model 

The theoretical model was developed by Thorpe and Zerkle 

(16,17,18) for the determination of the equilibrium electrode gap in 

electrochemical machining. 

Consider the electrode configuration shown in Fig. Al . The 

gap is of local thickness y and of length L with y«L. The cathode 

or tool moves towards the anode or workpiece with local velocity V. 

At a point opposite the cathode the workpiece is dissolved with local 

velocity Va. The current density, 0, is a function of position x and 

time t. The hydrogen gas is evolved at the cathode surface with 

local mass flux rfig and moves with the electrolyte with average 

velocity Vg in some equivalent area proportional to the dimension yg. 

The gas is distributed in the form of bubbles within an electrolyte 

layer close to the cathode; this layer is known as the bubble layer of 

thickness b. The consideration of gas and liquid as separate phases 

simplifies the derivation of the transport equations for mass, 

momentum and energy which do not depend on the gas distribution. 

The electrolyte flows with velocity Vf in an area proportional 

to the dimension yf. The anode dissolves with local mass flux rfla. 

The area occupied by the metal hydroxide precipitate is considered 

negligible. Bayer et al (5 7) have found that the precipitate has no 

significant effect on electrolyte conductivity. Thus electrolyte and 

precipitate may be treated as a liquid phase with velocity Vf and 

area proportional to yf. Then 
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FIG. Al PHYSICAL MODEL 
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Y= YU +Yf (1) 

The void fraction of hydrogen and the slip ratio are defined by 

oc = Yg/Y (2) 

a= Vg/V f (3) 

The slip ratio, Cr , depends on the void fraction, the ratio of gas 

density to liquid density and the electrolyte flowrate and, in the 

absence of theoretical relations and experimental data, is assumed to 

be unity. 

Fundamental Kinematic Equation of Electrochemical Machining 

The fundamental equation is 

ä= 
Va - Vc (4 ) 

where t is time. Va is related to the anode density pa and the mass 

flux rate ma by 

ma = -P a Va (5) 

The mass flux rate is in turn related to the current density from 

Faraday's law: 

ma =Aa0 (6) 

where %a is the electrochemical equivalent weight of the anode metal 

in units mass per Faraday. The mass flux rate may also be determined 

for alloy metals (29). However, the current efficiency may be defined 

(11): 

£_ actual amount of metal removed 
theoretical amount of metal removed 

. ". =Pa Vc (7) 
0Aa 
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The current efficiency is dependent on the metal-electrolyte combination 

and other factors and may be determined experimentally from weight 

loss measurements. Substituting equation (7) into (4): 

y. 
_ 

EAa 
- VC C8) 6tPa 

Under equilibrium conditions of machining the local feedrate, Vc, 

equals the workpiece dissolution rate, Va. Thus current density, 

aVc 
Aa 

(9) 

The current density becomes constant under these conditions and is 

independent of position along the gap. 

Derivation of Electrical Equations 

When an electrode is immersed in an electrolyte, atoms leave 

its surface to become ions and ions are deposited as atoms in a 

continuous, balanced exchange. A potential called the electrode 

potential then exists between a point just inside the surface of the 

electrode to a point just inside the electrolyte. Different electrode 

materials exhibit different electrode potentials. For the iron work- 

pieces used in the experimental work the electrode or reversible 

potential is 0.44 V. Since hydrogen is evolved at the stainless steel 

cathode the electrode potential is taken to be zero (62). 

As the current flows between the electrodes, phenomena occur 

at the electrode surfaces which oppose the flow of current. They are 

termed the anode and cathode over-voltages and include activation 

polarisation, concentration polarisation and ohmic over-voltage (6 ). 
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The additional energy for the discharge of ions is the activation 

over-voltage and is determined from Tafel's equation: 

12a=a +b log 1 

where a=2.3 
äF RT log Jo 

z 

and b=2.303 
FRT where oc is the transfer coefficient 

The activation over-voltage increases slowly with current density. 

For the conditions used in this work the sum of the activation over- 

voltages at each electrode is about 1.5 volts. 

The concentration over-voltage is a measure of the energy fired for 

migration of ions through a concentration layer close to the electrodes. 

In the highly turbulent flow at the electrodes the concentration over- 

voltage is assumed negligible. 

The ohmic over-voltage may be caused by solid films on the 

anode and cathode surfaces. Such films did form on the cathode in this 

work, but were easily removed. An oxide film formed on the anode 

surface in tests using sodium nitrate solution. However in the absence 

of information regarding the resistance of oxide films, which vary 

widely with different metal-electrolyte combinations, the anode ohmic 

over-voltage is assumed to be negligible. 

Apart from the voltage losses at the surfaces of the electrodes, 

the resistance of the electrolyte in the gap may be represented by a 

simple form of Ohm's law. Let the sum of the overvoltages at the 

surfaces of the electrodes be represented by Epol. Similarly the reversible 

electrode potential is Erev. The applied potential or voltage across the 

electrodes is E and the voltage V, for overcoming the ohmic resistance 
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of the electrolyte is 

V=E -AE (10) 

where AE= Epol + Erev (11) 

From Ohm's law 

V=0R where R= res i stance x area (12 ) 

where the electrode gap resistance is given by 

R= ry (13) 

where r is the specific resistance of the electrolyte. The area resistance 

product, R, of the electrode gap is a function of the resistance 

properties of the pure liquid electrolyte, the void fraction oC and the 

temperature of the phases. 

The cross-section occupied by hydrogen at position x along 

the gap is proportional to yg (Fig. Al). The void is distributed within 

a bubble layer of thickness S. Thus the void fraction within the 

bubble layer can be defined by 

cC' = yg/b (14) 

The total transverse resistance, per unit cross-sectional area 

perpendicular to y, is 

R= rtpS + rf (y -b) (15) 

where rtp is the two-phase resistivity in the bubble layer and rf is 

the liquid electrolyte resistivity. The two-phase resistivity in the 

bubble layer is a function of d' 

rtp = rf f ioC') (i s) 

It is assumed that the bubbles are randomly distributed in the 

bubble layer. For a random dispersion of non-conducting spheres in 

a conducting medium then : 
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f OL 1) = (i - a1) -1.5 (17) 

De la Rue and Tobias (21), have shown experimentally that up to a 

void fraction of 40% this relation adequately describes the resistivity 

variation due to the uniform dispersion of non-conducting particles of 

different shapes and sizes in a static electrolyte.. However, the 

bubbles may be concentrated close to the cathode surface (22) and it 

is convenient to introduce a generalised void function exponent, n, 

which has to be determined experimentally. Equation (17) becomes 

f(a') _ (1 - 0(l)fl (18) 

Combining equations (14) and (2) : 

ýC (19) of =3 

Equation (15) can then be written as 

R= rfC(Y - ä) + S(1 -5 d)-ný (20) 

The specific conductance, k f, of the electrolyte increases with 

temperature and a linear relation with temperature may be assumed for 

most electrolytes: 

kf = rf = k0 [1+ 'g (T - Td (2i) 

where ko and To are conductivity and temperature respectively, at 

the gap entrance, and'is the conductivity coefficient. 

Combining equations (12), (20) and (21) 

(Y-b)+b (1 -5 0()-n _V (22) 

To relate equation (22) to the gap width it is assumed that y=b 
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similar to the approach used by Hopenfield and Cole (15). The effects 

of this assumption are taken into account by the experimentally 

determined void function exponent, n. Equation (22) becomes 

y=0 [1 + 8(T-T0)] (1 _a, )n (23) o 

This equation shows the dependence of gap width on electrolyte 

temperature and void fraction of hydrogen bubbles. The gap width 

at inlet to the electrodes is obtained by combining equations (9) and 

(23). 

Yo _ 
Vko¬ Aa 

Pauc 
(24) 

Transport Equations 

The transport equations of continuity, motion, energy and state 

may be derived (16) from consideration of an elemental control 

volume at some position, x, along the electrode gap. 

(a) Continuity of Mass 

For the gas phase 

d 
dx 

(PgoC 6y Vf) = 'kg 

For the liquid phase 

(25) 

a 
dx 

[ Pf (1 -c( )Y uf] _ (E Ida -%1g) (26) 

(b) Motion 
2 

gýdx (a22f2) +Pf (1 -c: ) (2-) 

dP 
_ 

ýý+ 
o' ýJ] 

Vf (27) dx 
y 
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This is a familiar form of the equation of motion (19). The terms 

on the left side represent acceleration of the gas and liquid 

phases; the terms on the right side represent static pressure 

gradient, friction losses and transverse momentum flux. 

(c) Energy 

The energy transport of the gas phase is assumed negligible 

due to the low heat capacity of the gas relative to that of the 

electrolyte. The power dissipated as heat in the electrolyte 

is considered to be entirely removed by electrolyte flow. Thus 

Pf Vf cf (1 -d) y dX =V (28) 

Viscous heat dissipation in the electrolyte has been shown 

(15) to be negligible. 

(d) State 

A relation between pressure, temperature and density of the 

gas phase is obtained from the equation of state for an ideal gas: 

P 
log _ Rg T 

(29) 

The electrolyte density, (2f, is assumed constant with temperature 

" and pressure : 

Pf = Po (30) 

where subscript o denotes the inlet value. 

Solution of Equations 

Integrating equations (25) and (26) andeliminating y Vf, an 

algebraic equation is obtained for the void fraction. 
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a =* (31) 
* 1+(A+1? )x 

where 
0 

x* _c; x° =L (32) 

PoYo V° 

PaLVc (33) 

1? _ Cl £Aa-A (34) 
ila 

A =P oikg (35) 

Y Aa Pg 

A is a function of gas density, P 
g, which, in turn, is a function of 

position x*. 

Substituting y Vf from equation (26) into equation (28) then 

dx* xr+1 (36) 

where Tr is a reference temperature 

Tr =V (37) CfEAa 

Equation (36) is an explicit relation having the solution 

T=To + iTýr In (1 +l' x*) 

Substituting equation (38) into (21) 

(38) 

rf = kf = ko [1+ In (1 +IQ x*)1 (39) 

where B=ö Tr. 

By substituting equations (31) and (39) into (23), the ratio of 

the local gap width to that at inlet may be obtained. 

1n++ 
(Y-x* 1+ In (1 +11 x*)] - 

[l 1 
(40) 

17 Yo + A) x* 
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The ratio of the electrolyte flow velocity, Vf, to that at inlet may be 

determined from equations (26), (31) and (40). 

Vf 
_ 

(1 +Glt+A) x*] 
n+1 

VO (1 + x*)n 
Cl 

+ 11 In (1 + Vj x* 
(41) 

)] 

The dimensionless form of the pressure gradient is obtained 

from the equation of motion (27). 

d pD =-2 -Y-Q dx* 
Ul + x* Ea (1 - y? )+ 13) 

dx* l -ý 

- (1 - 1ý) x* 
dVfo 

+ `$ M ko V°f2 (42) 

*4 dx 

where M is the two-phase frictional multiplier defined by M= fo 

and Ko is the pressure loss coefficient at inlet, KO = 
fo L 
Yo 

The equation of state (29) for the gas phase becomes 

O 

p° = 
Q. C1+ Tr In (1 + 1rt x*)] (43) 

where Tr° = Tx 
To 

and C=2 
Ag Pg To (44) 

Q F-Aa Vo2 

Approximate Equations 

The equations may be simplified by approximations. The 

co-ordinate 

X* =X 
Pa Vc 

is of order of magnitude 10-2 or less 
Po YO VV 

since the velocity of the cathode is small relative to the velocity of 

electrolyte flow. Thus 'Y? x* is negligible compared to unity since 
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1. The equations become 

c'k = 
Ax* (45) i.. + Ax* 

Y° 
1+ Bx* 

(46) 
Yo (1 + Ax*)n 

Vo_ f 
Vf 

= 
(1 + Ax*) n+l 

* 
(47) 

V1+ Bx 
0 

TO = 
T=1+ Tr x* (48) 
To 

pp p 0V0 
2/2 A To (49) 

'dd° 2 jýd Vfo M Ko o Z1 
dx* yo L dx* +4 of (5 0) 

At high pressure drops across the electrode gap, the gas density 

function, A, varies appreciably and the equations must be solved 

simultaneously. 
0 

The differential df 
may be expressed as: dx* 

d Vf° 
= 

aVfo 
+ aVf dT ayý° dpo 

dx* ö x* b T° dx* +ö 
p° * dx* 

X51 

Within the operating conditions typical of electrochemical machining 

the variation in density, and hence velocity, of the electrolyte with 

temperature is negligible: - 

b Vfo dT 
=0 a To ' dx* 

Thus equation (5 0) becomes : - 

dp° 
__ 

-2 
10W Vf 

21 
(52) 

+J dx* Y°p +o dx* 4 
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d po +? 
ö* dE° 

dx* y° d pO dx* 

2 rrVof 
+ 

J'M. K°V2 
Yo Lt x* 4 

(53) 

d2 
=-2 

RVof S M. K. Vfo 2 

dx* yo Lö x* 
+4 

(54) 

1+2 byof 

ya Po 

Differentiating equation (47) by quotient rule: 

aV°f 
_ 

(1 + Bx*) (n+1) (1 +Ax*)n (A+ Tr0 
. x*) - (1+Ax)n+1B 

a x* (1 + Bx*)2 (55) 
Also: - 

a%Pf 
=n+1 

un hu 
where u=1+ Ax* a p° 

From equation (49) 

A= po 
. TO 

... u= 1+p . T°. x* 

. äu CTOx* 
0 . apo =- 

p02 

aV f_- (n + 1) (1 + �*)n CTS x* (56) .' (1 + Bx*) pa 2 

Substituting equations (55) and (56) in (54). 
0 

d=2 [(1 + Bx*) (n +1) (1 +Ax* )n (A +ö. x*) - (1 +Ax* )n+1. B 
dx* x* yo p 

(1 + B. x*)2 

+P 
MKo 1. +Ax* 2+ 2] 

4 (1 +Bx*)2 
J 

(1 -? 
(n + 1) (1 +Ax*)n CT° x* (57) 

Yo (1 + Bx*) p°Z 
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Substituting for yo from equation (46) 

dp° 2 1+Ax* n r(1 
+Bx*)(n+l)(1 +Ax*)n(A+ 

Cpx*) - (1+Ax*)n+1B 

dx* 1+ Bx* (1 + B. x*)2 

+ 
QmK0 (1 +Ax*)2n+2 

4 (1 + Bx*)2 

(1 -2 (1 +Ax* )n (n+1) (1+Ax* )n CT° x* ) 
" (58) 

(1 +Bx*) (1 +Bx*) Q° 2 

_ -2 1+Ax* 2n (n +1) (A+CTöo x 
-B 1+Ax*) 

(1 +Bx*)2 
p (1+Bx*) 

+M 
Ko 1 +Ax* n+2 

4 (1 + Bx* ) 

2n 6 (1 + Ax* 
- (1 -2 (n+1) (1 + Bx*)2 

C 
PC) 

) (59) 

It is important to note that equation (59) has a singularity 

i. e. as x* increases from a value of zero at inlet, eventually the 

denominator will become zero. Thorpe and Zerkle (16,17,18) consider 

that this situation represents a choking condition similar to that 

occurring in compressible flow and two-phase flow. In electrochemical 

machining this situation should be avoided to prevent machining failure. 

If the feedrate, Vc, is maintained then the inlet flow velocity must 

be reduced. 
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APPENDIX II 

Computer Program 

The author is extremely grateful to Professor J. F. Thorpe of 

the University of Cincinnati for the use of a computer program 

developed to allow a numerical solution to equation (59). The method 

of solution is Milne's predictor-corrector. 

The symbols and units for the program input data are: 

E Applied Voltage, E Volts 

VC Feedrate, VC in. min-1 

PRE Outlet Pressure, Pe lb. in-2a. 

QO Electrolyte Flowrate, Qo U. S. gal. min 1 

CEA Electrochemical Equivalent of Anode, Aa g r-1 

DENA Density of Anode, Pa lb. ft-3 

EL Electrode length, L in. 

w Electrode Width, w in. 

TO Electrolyte Inlet Temperature, To of 

VIS Electrolyte Kinematic Viscosity, 17 ft2 hr-1 

DENO Electrolyte Density, Po lb. ft-3 

ECO Electrolyte Conductivity at Inlet, ko . -1 cm-1 

GAM Electrolyte Conductivity Coefficient, of -1 

Cr Electrolyte Specific Heat, Cf UTUlb`1 °F'1 

EREV Reversible Potential, Erev volts 

EPOT Activation Potential, Epol volt s 

EFF Current Efficiency, E none 
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EM Frictional Multiplier, M none 

EN Void Function Exponent, n none 

CLC Contraction Loss Coefficient at Inlet, Ko none 

The program is in FORTRAN language. The input data cards 

are : 

READ (5,5) E, VC, PRE, QO 

READ (5,5) CEA, DENA, EL, W 

READ (5,5) TO, VIS, DENO, ECO, GAM, CF 

READ (5,5) EREV, EPOL, EFF 

READ (5,5) EM, EN, CLC 

5 FORMAT (4F10.4,2F10.5) 

The output data consists of the input data and the output 

parameters which are: 

Supply Pressure, Po lb. in2a 

Electrolyte Inlet Velocity, Vo ft. sec-1 

Reynolds Number, Re none 

Electrolyte Outlet Temperature, Te °F 

Current Density, amp in-2 

Friction factor, f none 

Mach number at outlet, Mae none 

The output variables are printed out at locations along the gap. 

In the present form of the program 11 equally spaced locations are 

used for the output variables which are: 
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Position, X/L 
none 

Pressure, P lb. in2 a 

Void Fraction, cC none 

Gap Thickness, y in 

Electrolyte Velocity, Vf ft. sec-1 

Equations (45), (46), (47) and (48) were evaluated, at the 

outlet from the gap and the calculations gave agreement with the 

corresponding computed output variables. 

al 



c 
c 
c 
c 
c 

C 

r 
V 

PROGRAM LISTING 

I'IPUT DATA OR TEST 01 

DI"Ell"SIO? P(105)"DPDX(i 5) 
READ (5.2) I 
DO FO') J=1, I 

2 FOk%'AT (12) 
READ(5,5, E', D=700) E. VC, PRE, QO 
R_AJ(5.5, E-'. D=700) CEA, DEN A. EL. W 
PEhC(5,5. END=7O0) TO, VIS. DENO, ECO. GAR1, CF 
REA')(5,5. E%9=70O) EOEV, EPOL. EFF 
READ(5,5, END=700) E"M, t , CLC 

XSTEPS=100. 
IDELX=14 
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1 FOR'! AT(1H1) 

5 FORtAAT(4F10.4.2F10.5) 
10 FOR7"'AT(5X.:. F12.4.2F12.5) 
12 FORM+AT(53H E VC PRF 00' 
14 FORMAT(5X. 43H VOLT IPM PSIA GPM) 
10 FORMAT(53h( CEA DENA El w 
18 FOR"! AT(5X. 48H G/FARADAY LBM/FT**3 INCH INCH) 
20 FOR""AT(77HG TO vIS DErln ECG 

1 GAM CF) 
22 FOR"AT(5X. 72H F FT**2/HR LBM/FT**3 1/OHM-Ct"9 

1 1/F 5TU/LB. '4-F) 
24 FOR"+AT(41HO EREV EPOL EFF) 
26 FOR"AT(5X. 36H VOLT VOLT -) 
25 FOR'"AT(41H0 Eßt EN CLC) 
30 FOR9AT(5X. 36H - - _) 
32 FORMAT(//15X. 19H SUPPLY PRE SSURE = . F6.1.5H PSIA/) 
34 FORMAT(15X. 30H ELECTROLYTE INLET VELOCITY = . F6.1.4H FPS/) 
36 FORMAT(15X, 19H REYNOLDS NUMBER = "F8.0/) 
38 FORMAT(15X, 20H EXIT TEMPERATURE _ , F6.1,2H F/) 
40 FOR"AT(15X, 19H CURRENT DENSITY = "F6.1.10H AMP/IN**2/) 
42 FORUAT(15X, 27H FRICTION FACTOR (EM*FO) = "F6.4/) 
44 FORtAT(15X. 20H EXIT MACH NUMBER = , F5.2///) 
46 FORMAT(60HO X/L P ALPHA 

1 VF) 
48 FOR;. AT(60H - PSIA 

1 FPS/) 
50 FORI4AT(F12.2. F12,. 1, F12.3, F12.4, F12.1) 
52 FORMAT(12X, 27H *****ItJPUT PARAMETERS*****//) 
54 FORMAT(12X, 28H *****OUTPUT PARAMETERS*****/) 
56 FORMAT(12X, 27H *****OUTPUT VARIABLES*****/) 
60 FORMAT(//10X, 37H INLET PRESSURE GREATER THAN 500 PSIA) 

L 
c WRITE INPUT PARAMETERS 

WRITE (6,52) 
WRITE (6.12) 
WRITE (6,14) 

Y 

INCH 



55 WRITE (6,10) E, VC, PRE, CO 
56 WRITE (6.16) 
57 WRITE (6,18) 
58 WRITE (6,10) CEA, DENA, EL, W 
59 WRITE (6.20) 
60 WRITE (6,22) 
61 WRITE (60: 0) TO, VIS. DENO. ECO. GAM, CF 
62 WRITE (6,24) 
63 WRITE (6.26) 
64 WRITE (6.10) EREV. EPOL, EFF 
65 WRITE (6.28) 
66 WRITE f6,30) 
67 WRITE (6,10) EM. EN, CLC 
68 WRITE (6.1) 
69 C 
70 C CALCULATE AUXILIARY QUANTITIES 
71 CEG=1.003 

"72 RG=766.4 
73 SR=1. 
74 V=E-EREV-EPOL 
75 TR=41490. *V/(EFF*CEA*CF) 
76 TRO=TR/(T0+460. ) 
77 R=GAtt*TR 
78 ETA2=(SR+CEG+EFF*CEA: /(EFF*CEA) 
79 Y0=. 006014*EFF*CEA*V*ECO/(DENA*VC) 
so V0=U0/(3.117*V0*w) 
31 C=64.4*(CEG*RG*(T0+460. ))/(SR*EFF*CEA*V0**2) 
82 7ETA=720. *DE? d0*YO*VO/(DENA*EL*VC) 
83 ELDL=1.! ZETA 
84 RE=600. *V0*Y0/VIS 
85 TE=T0+TR*ELDL 
86 PHI=2.54*V*ECO/YO 
e7 F0=1. /(. 86559*ALOG(RE/(1.964*ALOG(RE)-3.8215)))**2 
88 IF (RE. LT. 3000. ) FO=64. /RE 
F9 EMFC=EM*F0 ' 
90 EKO FO*EL/Y0 
91 D=ZETA*EM*EKO/4. 
92 C 
93 LS=XSTEPS+1.1 
94 PES=PRE 
95 P(LS)=9274. *PES/(DENG*VO**2) 
96 A=C+(1. +TRO+ELOL)/P(LS) 
97 G=1. +A*ELDL 
qP F=1. -R*ELDL 
99 Vv"1=i. -2. *CEty+1. )*G**(2. *EN)iF**2*A*ELDL/P(LS) 

100 KOJE=1 
101 IF (VD1. GT. t. ) K0NE=2 
1C2 N=ELOL/XSTEPS 
1 03 PO=50. 
104 
105 K3=0 
1 U6 K4=0 
107 410 P(1)=9274. *Po/(nENO*Vo**2) 
108 X=U. 

185 



186 
0 

109 NN=NN+1 
11C C 
111 DO 120 L=1,4 
112 LD=L 
113 IF (L. EQ. l) GO TO 115 
114 X=X+H 
115 P(L)=P(L-1)+H*PDE 
116 IF (P(L). LE. O. ) GO TO 180 
117 115 A=C*(1. +TRO*X)/P(L) 
1*13 G=1. +A*X 
119 F=1. +B*X 
120 VD1=1. -2. *(EN+1. )*G**(2. *EN)/F**2*A*X/P(L) 
121 IF (VD1. LE. 3. ) GO TO 180 
122 VN1=-2. *G**(2. *EN+1. )/F**2*((EN+1. )/G*(A+C*TRO/P(L)*X)-B/F+ 
123 1D*G**(EN+1. )/F+ETA2) 
124 DPDX(L)=VN1/VD1 
125 ? 2=P(L)+H*DPOX(L) 

-'-1 26 IF (P2. LE. O. ) GO TO 180 

127 X1=X+H 
128 A=C*(1. +TRO*X1)/P2 
129 G=1. +A*X1 
130 F=1. +E3*X1 
131 VD2=1. -2. *(EN+1. )*G**(2. *EN)/F**2*A*X1/P2 
132 IF (VD2. LE. f. ) GO TO 180 
133 VN2=-2. *G**(2. *EN+1. )/F**2*((EN+1. )/G*(A+C*TRO/P2*X1)-B/F+ 
134 1D*G**(EN+1. )/F+ETA2) 

135 120 PDE=. 5*(DPDX(L)+VN2/VD2) 
136 C 
137 C PROCEED WITH INTEGRATION 
138 DO 125 L=5, LS 
139 LD=L 
140 P(L)=P(L-4)+4. *ii/3. *(2. *DPDX(L-3)-DPDX(L-2)+2. *DPDX(L-1)) 
1t1 IF (P(L). LE. O. ) GO TO 180 

142 EL1=L-1 
143 X=EL1*}{ 
144 A=C*(1. +TRO*X)/P(L) 
145 G=1. +A*X 
146 F=1"+B*X 
147 VD1=1. -2. *(EN+1. )*G**(2. *EN)/F**2*A*X/P(L) 
148 IF (VD1. LE. 0. ) GO TO 180 
149 VN1=-2. *G**(2. *EN+1. )/F**2*((EN+1. )/G*(A+C*TRO/P(L)*X)-B/F+ 
'50 1G*; (EN+1. )/F+ETA2lo 
151 OPDX(L)=VN1/VD1 
152 P(L)=P(L-2)+H/3. *(0PDX(L-"2)+4: *DPDX(L-'! )+PPDX(L)) 
153 IF (P(L). LE. O. ) GO TO 180 
154 125 CONTINUE 
155 C 
456 180 IF (NN. GT. 25) GO TO 330 
157 GO TO (300,310,6O0). ONE 
158 C 
15'9 300 IF (LD. LT. LS. OR. VDI. LE.. O) GO TO 302 
16` IF (VD1. LT.. 01) GO TO 330 
.ý C1 P03=PO 

162 K3=1 
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K34=K3*K4 
IF (K34+. EO. 1) GO TO 304 
P0=P03.30 
IF (PO. t. T. PES: PO=PES 
GO TO 110 

302 P04=P0 
K4=1 
K34=K3*K4 
IF (K34. EO. 1) GO TO 304 
P0=P04+50. 
IF (PO. GT. 901. ) GO TO 500 
GO TO 110 

304 P034=(P03+P04)/2. 
IF (AVS(PO-PO34). LE.. 0j) Go TO 7-30 
Po=P034 
GO TO 110 

FIND INLET PRESSURE 
310 IF (LD. LT. LS) GO TO 314 

PE=P(99)*DE"N0*VO**2/9274. 
IF (PE. LT. (PES-. 1)) GO TO 314 
IF (PE. GT. (PE5+. 1)) GO TO 312 
GO TO 330 

312 P03=P0 
K3=1 
K34=K3*K4 
IF (K34. IcQ. 1) GO TO 316 
pG=P03-3D. 
IF (PO. LT. PES) PO=PES 
GO TO 110 

314 P04=P0 
r4=1 
K34=K3*K4 
IF (K34. EQ. 1) GO TO 316 
P0=P04+50. 
IF (PO. GT. 501. ) GO TO 500 
GO TO 110 

316 p034=(PD3+PO4)/2. 
IF (AE3S(PO"-p034). LE.. 01) GO TO 330 
PO=P034 
GO TO 110 

WRITE OUTPUT PARAMETERS 
330 PRD PO+DENC*V9**2* (1 , +C LC) /9274. 

E A=S0PT(1 . -VD1 ) 
If XKUNE. EQ. 1) E"^A=1. QU 
WRITE (6,54) 
WRITE (6,32) PRO 
WRITE (6,34) Vo 
WRITE (6,36) RE 
WRITE (6,38) TE 
WRITE (6,40) PHI 
WPITE (6,42) EMFO 
WRITE (6.44) EVA 

7 
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217 WRITE (6.56) 
218 WRITE (6,46) 
219 WRITE (6,48) 
220 C 
221 C WRITE OUTPUT VARIABLES 
222 LAST=LS 
22 3 IF (KONE. E0,1) LAST=LS-1 
224 DO 400 L=1, LAST, IDEL. X 
225 EL1'=L-1 
226 X=EL1*'s+ 
227 A=C* (1 . +TRO*X) /' (L) 
228 G=1. *A*X 
229 F=1. *B*X 
230 XOL=EL1/XSTEPS 
231 PR=P(L)*DENO*VO**2/9274. 
232 AL=A*X/G 
233 YY=F/(G**EN) 
234 VV =G**(EN+1. )/F 
235 Y=YY*YO 
236 VF=VV*VO 
237 400 W. RITE (6.50) XOL, PR. AL, Y, VF 
2-38 C 
239 IF (KONE. EC. 2) GO TO 600 
240 K2=1 
241 NR=0 
242 P(LS)=9274-. *PES/(RENO*VO**2) 

! 243 340 NR=NR+1 
244 IF (NR. GT. 25) Go TO 3-50 
245 It=C*(1. +TRO*ELDL'/P(LS) 
246 G=1. +A*ELDL 

3 247 F=1. +B*ELDL 
248 VDI=1. -2. *(EN+1. )*G**(2. *EN)/F**2*A*ELDL/P: LS) 
249 IF (AS5(VD1). LT.. 01) GO TO 350 
250 IF (K2. E0.2) GO TO 342 
251 IF (V01 . GT.. 0) GO TO 342 
252 PLS1=P(LS) 
253 P(LS)=P(LS)+. 1*P(1) 

'. r 254 GO TO 340 
255 342 IF (VD1. GT.. O) PLS2=P(LS) 
256 IF (VD1. LT.. O) PLS1=P(LS) 
257 P(LS)=(PLS1+PLS2)/2. - 
258 K2=2 
259 GO TO 340 

ý. ' 260 350 XOL=1. 
261 PR=P(LS)*DENG*Vo**2/9274. 

rt 262 AL=A*ELDL/G 
263 YY=F/(G**EN) 
264 VV =G**(Eu+I. )/F 
265 Y=YY*YO 
266 VF=VV*VO 
267 WRITE (6.50) XOL, PR, AL, Y"VF 
268 GO TO 600 

269 C 
270 500 WRITE (6.60) 

271 600 CONTINUE 
272 GOTO 800 

" 273 700 WRITE (6.701) 
27 7 1 FOR MAT (' INSUFFICIENT DATA') 

4 27 70 0 R STP 

276 END 



*****INPUT PARAMETERS***** 

rE VC PRE 00 
VOLT ; PM PSIA GPM 

16.0000 0.0220 22,7000 
. 

1.5100 

CEA DENA EL W 
G/F.. ADAM LB? 1/FT**3 INCH. INCH 

28.0000 487.0000 . '?. ý900 0.4700 

TO VIS DENO -ECO GAM 
F rT**2/HR LBM/FT**3 1 /OHM-. GM 1/F 

6.8.0000 0.0370 66.8000" 0.1260 0.01250 

EREV " EPOL EFF 
VOLT VOLT - 

0.4400 1.4800 1.0000 

EM EN CLC 

1.4000 1.2000 0.3600 

*****OUTPUT PARAMETERS***** 

SUPPLY PRESSURE = 70.8 PSIA 

ELECTROLYTE INLET VELOCITY = 37.2 FPS 

REYrl0LDS NUMBER = 16670. 

EXIT TEMPERATURE = 89.9 F 

CURRENT DENSITY = 157.9 AMP/IN**2 

FRICTION FACTOR (EM*F0) 0.0379. 

EXIT MACH NUMBER =. 0.73 

*****OUTPUT VARIABLES***** 

XIL P ALPHA Y VF 
PSIA - INCH FPS 

0.00 57.3 0.000 0.0276 37.2 
0.10 54.7 0.010 0.0281 37.0 
0.20 52.1 0.022 0.0284 37.0 
0.30 49.5 0.034 0.0286 37.0 
0.40 46.8 0.047 0.0290 37.2 
0.50 44.0 0.062 0.0292 37.5 
0.60 41.0 0.079 0.0293 38.1 
0.70 37.8 0.098 0.0292 39.0 
0.80 34.2 0.121 0.0290 40.3 
0.90 29.8 0.152 0.0284 42.6 
1.00 22.8 0.207 0.0268 48.3 
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APPENDIX III 

Electrolyte Properties 

Sodium chloride and sodium nitrate solutions were used as the 

electrolytes in the experimental work. The properties of an electrolyte 

can be determined from the temperature and the density which are 

easily measured with a thermometer and a hydrometer, respectively. 

It is convenient in this work to define concentration percentage as 100 x 

mass of salt/mass of solution. The concentration can be obtained 

from the electrolyte temperature and density. The data for the density, 

conductivity, viscosity, specific heat and boiling point of the 

electrolytes was obtained from references (63,64 
, 65 ) and is 

presented in Figs. A2 to A10. 

The calibrations for the thermistors, at outlet from thegap in the 

work in Chapter 3, at outlet from the gap and at 6 mm from outlet within 

the electrode in the work in Chapter 4, Section 1, are also presented. 
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