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Abstract

In this work there has been presented a theoretmadlysis of ECM machining curvilinear surfaces.
Electrochemical machining with the use of a toadctlode (ECM.S) is one of the basic and most widskd
electrochemical technological operations for madafgntools and machine parts.

Physical phenomena occurring in the inter electrodg@ have been described with partial differengguation
system resulting from the balance of mass, momermndhenergy of the electrolyte flowing in the gap.

The equations formulated in the work describingdhevilinear surface shape evolution and the elelgte flow
(mixture of liquid and gas) in the gap, were siffi@dl and then solved in part analytically, in pattmerically.

For complex machining parameters there have beeiomeed calculation illustrated with distributiorharts: volume
fraction, temperature, gap thickness, mean flowaigl, pressure and current density.
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1. Introduction

Electrochemical machining with the use of a to@egiode is today one of the basic operations
of electrochemical machining technology for macheteanents and other mechanical devices.

In the constant process the tool-electrode (TEfopmis most often a translatory motion
towards the machined surface. Electrolyte is sedpio the inter electrode gap with high velocity
causing carrying away erosion products from ititer electrode space. These are mainly
particles of hydrogen and ions of the digestedaméfhus, in such conditions we obtain
multi-phase, in general, three dimensional flow [7]

Hydrodynamic parameters of the flow and the medpnoperties determine the processes of
mass, momentum and energy exchange within the @Wetrode gap. Properly matched they
prevent from occurrence of cavitation, criticaMiand volume fraction [1,6,8,9].

The above mentioned processes have significantenfle on the electrochemical machining
velocity and application properties of the machisadace [3,4,11].

Modeling of ECM involves: determination of the intelectrode gap thickness changes, the
machined surface shape evolution in time, antlilbigion of physico-chemical conditions in the
machining area, such as: static pressure distobuelectrolyte flow velocity, temperature and
volume fraction [3,10].



The purpose of this work is a theoretical analysisECM of curvilinear surfaces on the
example of a forming surface a turbo machine b(&tgl).

Fig. 1. Turbo machine blade

2. Mathematical model of the ECM process
2.1.Equation describing real shape change of the machined surface

The shape change of the machined surface cause@€llymachining can be described by an
equation [3,5]:

Fo+kJ,F =0, 1)
with an initial conditiorF(i,j, 0) = Fo
here: J, =J(i,, jat) - current density distribution on the work @ebVP)-anode,
Kk - coefficient of electrochemical machinability

k(,j)=0 - equation describing the shape of the &&de in the initial
time of machining
F@,j,t)=0 - equation describing the actual anode surface.

Current density is described by Ohm’s law [3,5]:

J = —K(u\A)i, (2)
here: u- electrical potential,
K - electrical conductivity.

The movement velocity of the anode surface poimtscdbed in an open way by the equation
y = Ya(i, t) is expressed by the formula:
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The anode velocity v on the basis of Faraday'sitaegual :
vy =K dan ©)

After introducing dependences (4), (5) and (2)h ¢quation (3) the equation describing the
surface shape change assumes a form:



Yar =KK, (U|A)’i 1+(Ya, ). (6)

In the inter electrode gap the electrical fieldjigsi — stationary, time functions as a parameter,
thus, the potential distribution can be describgdthle following equation:

(k u,), =0 (7)
with boundary conditions:
- on the tool - cathode j=f(i)+Vv,t;
- on the WP - anode y=F(i,t); ulF)=u -E
- on the insulator surfaces u'n|G| =0

Assuming linear distribution of the electrical fighotential along interelectrode gap (IEG) the
current density in the anode, in a locally orthagjazoordinate system (Fig.3) is expressed in the
following way [3]:
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Function describes changes of the electrolytalgctivity in the inter electrode gap and is

determined from the balance of voltage fall aldmg pathh (Fig.2) [3,4]:

1] f dy
D = : 9)
h hb +a(r —To>)(1—ﬁ)%]
where:h - is the smallest distance of a given A poinVéR from TE surface.

Introducing the dependency (8) to the equation{@&n orthogonal kartezjan system (Fig.1)
the searched for velocity of the anode points mwam is now described by the dependency:
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With the initial conditiory = Y(X)fort =0
In order to describe the work piece shape evolutonthe basis of the equation (10) it is
necessary to specify the temperature rise distobsitand the volume fraction in the electrolyte.

Fig. 2. Scheme of electrochemical machining



2.2. Mixtureflow equations in theinter electrode gap

In order to determine the temperature distributiothe inter electrode gap and the volume
fraction there have been formulated motion eguatiresulting from the mass, momentum and
energy conservation laws for the considered mextur
Equations of the flow continuity, respectively, tbe electrolyte and hydrogen:

PerHP:V;), =0, (11)
Pu o0V, ) = Inky b, (12)
where:
=(1-8)a° - electrolyte density,
= Bp’ - hydrogen density,
v, - velocity of components,
Ky, - electrochemical equivalent of hydrogen,
ny - current efficiency of the hydrogen generation
B - volume fraction.

In the equation (11) the erosion products have negiected assuming that they are negligibly
small [2].
Equations of the momentum for the hydrogen ancelbetrolyte have the form:

pelVin vV )= =P 4Ty (13)
Ty = He(Vioj +vy0) (14)
Pu (vI TV Vi ) Pyt (15)
=ty (Vo 4V30) (16)

here:
Pe - electrolyte pressure,
Pn - gas pressure,
Le- dynamic electrolyte viscosity,
Uy - dynamic hydrogen viscosity.

The equation of energy for the electrolyte hasfonm:

(o) +(o.T ), =aTy + 2 (17)
P
where:

T, - electrolyte temperature,
a= A - thermal diffusivity,

Pc,

2

Q= N - Joule’s heat, | =K[U° ,

K h

Uc - potential difference.



In order to solve the equation system (11)+(17) fallewing simplifying assumptions have
been introduced :

- the electrolyte flow is stationary, two-dimensioaald laminar

- pressurepe= pu =P,

- volume fractionB=(x)

- gap thickness is small in comparison with therietectrode gap lengthh K< L ).

Adding the sides of motion equations of both phaseglecting the flow inertia forces and
terms containingay/oe (,0H l p, << 1), he mixture motion equation system (13)+(17) in a
two-dimensional orthogonal coordinate system is asvollows :

s ov ) ow)=0 (1)
;((phvx)+:y(phvy): 7akah™, (19)
A
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Equations (18, 22) should meet the following bamgdconditions :

- for velocity
v,,v, =0 for y=0,y=h
- for pressure
P=p for x=X%
- for temperature
- on the walls:
T=To for x2x iy=0iy=h
- on the inlet:
T:Ti
where:
X; - the coordinate of IEG inlet,
Xo - the coordinate of IEG outlet,
To - electrode temperatur§,— temperature on the inlet.
Solving the equation system (18)+(21) there havenbeeceived distributions of velocity,
pressure, and volume fraction in the inter eleargdp in the following form:

v, =22y -y, 23)
p=p, ~124, Q, (AX) - Aw), (24)

A =[5, (25)



ﬂ:”HkH Ry KOCD%(U _E) IX, (26)
Hy Q,h p
U, =ty @+ Bm)e ™50 (27)

here:Qy — volume rate.

The equation (22) describing the temperature Bigtion in the gap has been numerically
solved with the use of finite difference methodd avith the use of the above specified formulas.

3. Numerical model of the ECM process
Determination of the machined surface shape ewwsluti(anode) in time is described by
equation (10) describing the real shape evoluticdine machined surface.

For numerical calculations there have been perfdi® and TE digitization for the cases:

- shaping surface in a global system of perpendiatdordinates described in the following way:

X = Xo + i AX,
where:
i=0,1,2,...)
Ax=t

[
L — WP length towards x axis,

- turbo machine blade through approximation of sheface by curves. In this way a set of,TE
WPy curve pairs was received which later were desdrivéh assigned accuracy in a global
coordinate system by points (Fig. 3),

i=1
whereii=0,1,2 ... 1

Fig. 3. Digitization IEG



After digitization of the TE and WP surfaces theanded solution of the equation system
describing the mathematical model of the turbo rrectblade shape is presented by the computer
simulation algorithm of the ECM process (Fig. 4)

Start Stop
4

A k=1
Read CAM files to > KRmax:=0 <
define TE, WP, KRsr :=0
WPk
Read parameters Change shape of WSko := 0.7 * WSko Save results
of machining TE for k curve and
process calculate KRk Yes i
¢ Yes
Set electrode tool
designing KRmax >
parameters KRk > KRmax Vos PRend = True No TOLte
WSko,TOLte i
< A
Y PRend := Aol h
No KRmax := KRk ( KRsr > KRsr_l) or pply :fe¥vEs ape
t:=0 No ( KRmax > Krmax_| )
] 1
» A
A KRsr := KRsr +
ECM KRk k<=K KRsr := KRsr /K
calculations k:=k+1 4\/—>
for surface
(k curves )
Yes
A Where:
— . TE — tool electrode, WP — work piece, WPk — givief WP shape,
ECM calculation X I
to=t+ At unit for the surface WSko — correction factor (0..1>, describing impaeel of calculated
represented by asetof k ~~ Shape deviations on the evolution of electrode slugsign,
curves TOte — tolerance for deviations of designing a &ettrode
K — number of curves of the surface,
k — current curve in the iteration process,
T, t, At — Total machining time, current machining timme step,
KRk, KRmax, KRsr — calculated correction value ¢arve k, maximal
and average correction,
KRmax_|, KRsr_| — levels to accept minima and agereorrection,
PRend — condition to finish designing process.
Fig.4. Numerical algorithm simulation of ECM withet ER shape designing procedure
4. Result study

In the calculations it was accepted that the imfectrode gap would be supplied with a
constant value of the electrolyte flow volume art telectrolyte would be passivating.
calculations were performed until obtaining a stadiry state.

More important machining parameters:
- initial gap - 0.2 mm,

- feed motion velocity TE - 0.0125 mm/s,
- interelectrode voltage - 15V,



- material WP - WNL,
- material TE - OH13NO9.

Received numerical calculation results have bdestibted in charts of pictures in Tab. 1.

Tab.1 Distributions of selected physical quantifies
a) blade upper profile, b) blade lower profile
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Velocity distribution along thickness IEG

In charts of Tab. 1 there have been shown calomatesults of the volume fracture,
temperature inter electrode gap thickness, presdloer density and mean flow velocity

distributions for the upper and lower blade prdafitd a turbo machine (Fig.1) as well as for the
forming surfaces.

From the included charts the following conclusiogenerally correct for both analyzed
curvilinear surfaces can be formulated:

- distribution of filling the inter electrode gapttigas is non-linear,



- the temperature of electrolyte and hydrogen mixtises gradually along the interelectrode
gap in a given machining time,

- local thicknesses of the inter electrode gap fa tipper and lower blade profiles are
changing. It results from the erosion velocityiability, TE profile angle of inclination to
the machining direction and the physical conditieasability in the inter electrode gap

- distributions of pressure, flow density, and meatoeity along the gap result from the gap
thickness changes and differ qualitatively for batinfaces of the blade profiles.

- Distributions of physical quantities and the lend®#G for both blade profiles differ
significantly from each other. Thus mathematicaddeling of the ECM process seams to be
essential for selection of similar conditions tloe blade upper and lower profiles.

It should be emphasized that the solutions have bbtained through analytical and

numerical integration of complex partial differexttequations.

Further simulation and experimental tests will alldfor quantitative verification of

the accepted mathematical model.
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