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Tool design in electrochemical machining considering
the effect of thermal-fluid properties
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The effect of thermal-fluid properties are considered in the numerical simulation of the tool shape for
a given workpiece shape in electrochemical machining. An embedding method is used for this inverse
problem. A bubbly two-phase, one-dimensional flow model and a one-phase, two-dimensional flow
model are applied to predict the fluid field of the electrolyte, respectively. Results show that the void
fraction is the most important factor in determining the electrolyte conductivity and the shape of the
workpiece. The proper machining conditions and numerical parameters are important to obtain a
good solution. The relative error can be reduced under 0.002.
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List of symbols

A cross-sectional area (m?)

Ce specific heat of electrolyte (Jkg ' K™

E electrical intensity (Vm™)

fr feed rate of the tool (ms™")

f(x) given tool shape

g electrode gap (m)

Je equilibrium gap thickness at inlet (m)

H convective heat transfer coefficient
(Wm™2K™)

h specific enthalpy (Jkg™")

h(x) workpiece shape

J,J electric current density (A cm™)

Ja Jacobian

K.  electrical conductivity of electrolyte (Q ' m™")

k thermal conductivity of electrolyte
(Wm™ K™

m mass flux rate (kgm™2s™")

n unit normal of a surface

P pressure (Pa)

Pr Prandtl number

Re  Reynolds number

R,  gas constant (J kg 'K

r(x) required workpiece shape

s coordinate along gap (m)

T electrolyte temperature (K)

u, v velocity of electrolyte flow (ms™")
Va  velocity of anode dissolution (ms™")

1. Introduction

Electrochemical machining (ECM) is a process used to
shape the anode metal, namely the workpiece, by high-
rate electrochemical dissolution. An electric potential

Ve velocity of cathode (ms™)
W  energy generation rate (W m™2)

Greek symbols

void fraction

conductance constant, see Equation 7 (K™
angle (see Fig. 1)

current efficiency

electrochemical equivalent (gC™")

viscosity coefficient of electrolyte (kgm™'s™")
density (kgm™)

shear stresses (N m™?)

electric potential (V)

applied voltage (V)

> o= R

oo
o

S

ubscripts
condition at entrance of electrolyte
anode
cathode
exit condition
electrolyte
gas phase
initial condition

—0e h O O O R 9T T

Superscripts

0 dimensionless parameter

k iteration counter

m generalization of heterogeneous conduction
mechanism, see Equation 7

is applied across the electrodes. The cathode, namely
the tool, is normally moved towards the anode with
constant velocity. To carry away the dissolved metal
the electrolyte is used to flow between the electrodes.
The rate of machining does not depend on the hardness
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of the metal and there is no wear on the tool, this ma-
chining can thus be used to shape any metal. Recently,
ECM had widely been applied in the aeronautics,
space, and other high precision industries.

Previously, most researchers have attempted to
predict a workpiece shape machined by a given tool.
This is called a direct problem. Analytic techniques
include the cos 0 method [1], the analogue method [2]
and the complex variables method [3]. Various nu-
merical techniques, including the finite difference
method [4, 5] and the finite element method (FEM)
[6], have also been applied. But all the above work is
limited to consideration of the effect of the electric
field only. Either void fraction or temperature of the
electrolyte is taken into account in the majority of the
papers [7-9]. Thorpe and Zerkle [10, 11] proposed a
one-dimensional, two-phase fluid flow model and
showed that most ECM can be treated as a quasi-
steady process. Jain et al. [12] simulated ECM pro-
cesses in which the metal removal rate is affected by
the electric and flow fields. Hourng solved a one-di-
mensional, bubbly two-phase [13] and a two-dimen-
sional, single-phase [14] flow field to predict the
workpiece shape and the variations of electrolyte
properties between electrodes.

However, the determination of the tool shape to
produce a desired workpiece shape is more practical
for the engineering design. Mathematically, it is an
inverse problem, which is generally difficult to solve
under complex boundary geometry. In recent years
several algorithms have been proposed. For example,
Das and Mitra used the boundary element method
[15], Lacey applied the complex variables method
[16], and Hunt developed multigrid techniques [17]
and an embedding method [18]. But the effect of the
thermal-fluid properties on the tool shape was not
considered.

The purpose of the present work, is to consider the
inverse problem in ECM without ignoring important
effects. The electric potential field is solved by a finite
element method to reduce the calculation time, and a
body-fitted transformation technique is applied re-
peatedly to generate the mesh system during the
process. A one-dimensional two-phase model and a
two-dimensional single-phase model are then used to
simulate the flow field during electrochemical ma-
chining. The variation of velocity, temperature and
void fraction of the electrolyte are demonstrated and
analysed in detail. The workpiece shape machined by
the predicted tool agrees well with the required
workpiece shape. The relative error can be reduced
under 0.002. Understanding of the machining con-
ditions and the numerical parameters is helpful in the
design of the tool shape.

2. Theoretical model
2.1. Electric field and variation of interelectrode gap

A two-dimensional electrochemical machining con-
figuration is sketched in Fig. 1. In steady situations

¢ Flow
Direction

Flow D
Direction

TOOL
(CATHODE)

WORKPIECE(ANODE)

X

Fig. 1. A typical ECM configuration.

conservation of charge gives V -J = 0, where J is the
electric current density. In the gap between the
workpiece surface and the tool surface, an electric
current flows through the electrolyte with the electric
current density J = —K.V¢, where ¢ is the potential
and K. is the electrolyte electrical conductivity. The
potential distribution between the electrodes is thus
governed by

V- (KVd)=0 (1)
The corresponding boundary conditions, as shown in
Fig. 1, are

(i) along the anode surface AB: ¢ = ¢,
(ii) along the cathode surface DC: ¢ = 0

(iii) along the flow inlet AD: g—ﬁ =0 (2)

(iv) along the flow exit BC: g—i =0

where ¢, is the applied voltage and ‘n’ is the unit
normal of a surface. The variation of electrode gap ¢
is given by

dg

AR A 7 3
o A C 3)
where V¢ is the local cathode feed velocity and Vjy is
the dissolution velocity of the anode in the direction
normal to the tool surface. By Ohm’s law and Fara-
day’s law, Equation 3 can be written as

0g  AiaJ
o p,
where A, is the electrochemical equivalent, A the
current efficiency, p, the anode density and f; the feed
rate of the tool. The equilibrium gap thickness at
inlet, g., can be represented by [10]
_ AaKe ¢y
Pa [

The current density normal to the workpiece, J, is

— frcos 0 4)

(5)

ge

J =

Ko (©)

and the electrolyte conductivity can be represented
[10] by

Ko = Keo(1 = 0)"[1 +9(T = T))] (7)
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where the zero subscript denotes the condition at the
entrance of the electrode gap, y the conductance
constant and T the electrolyte temperature. The ex-
ponent m represents a generalization of heteroge-
neous conduction mechanism and is taken to be 1.75
[10]. The void fraction is defined as

%
«= (8)

where g, represents the dimension occupied by the
gas phase in the gap. For the single-phase two-di-
mensional model the void fraction is zero and the
electrolyte electrical conductivity in Equation 7 re-
duces to

Ke = Keo[l +9(T — To)] )

2.2. Thermal and fluid equations

2.2.1. Bubbly two-phase model (One-dimensional, two-
phase model). In electrochemical machining, the
electrolyte flow in the interelectrode gap is assumed
to be one-dimensional with only one independent
space variable, s, along the gap. Since the amount of
dissolved metal is small, the flow is assumed to con-
tain only two phases, namely, hydrogen gas and the
electrolyte. The electrolyte is assumed to be incom-
pressible while the hydrogen obeys the perfect gas
law. The thermal conductivity and heat capacity of
hydrogen are small compared to that of the electro-
lyte; hence, the transport of the thermal energy is
dominated by the electrolyte rather than the gas
phase. Furthermore, the temperature difference be-
tween electrodes and the electrolyte is not large in the
practical situation. Thus, the heat flux transferred
from electrodes to the electrolyte is negligible. Under
these assumptions, the bubbly-two-phase model [11]
can be applied, and the transport equations describ-
ing the flow can be derived as follows.
The continuity equation for the gas phase is

0 0 Asm
— (peAeVe) + = (pgdg) = 25
as(l’g g g)+6t(Pg e) Ie

(10)

where A, is the cross-sectional area and m, is the
mass flux of hydrogen gas generated at the interface
and entering the gas control volume. The continuity
equation for the liquid electrolyte phase is

0 0 _ Ag(my —mg)
o (peArVe) + o (peds) = ” (11)

where m, is the dissolved mass flux of the anode. The
momentum equation for the liquid phase is

o 9 & g |0 O (W
o os\ 2 Pt o T as \ 2

(ta + 1) — ma Vs — mg(Vg - W)

PeYs

= _qg —
(12)

where P is the pressure, 1, and t. are the shear
stresses acting on the anode and cathode. The energy
equation is

Ti Tr H(T, — T w ha — h
Vf@_’_@_ ( a f) + +ma( a f) (13)
pegtCr

ds ot
where H is the convective heat transfer coefficient, T,
is the temperature of the anode, s and A, are the
enthalpy of the electrolyte and gas, respectively, and
Cr represents the specific heat capacity of the elec-
trolyte. The energy generation rate, W, originating
from the current through the electrolyte, can be ob-

tained from Joule’s law as
OP\? [0\*
had = 14
(@) +E)] oo

where E is the electrical intensity. Finally, the equa-
tion of state for the gas phase is

P = p,R, Tt

W=E-J=K.

(15)

On applying order-of-magnitude analysis, Thorpe
and Zerkle [11] found that the transient behaviour of
an ECM process is almost governed by the transient
term (9g/0¢) in the kinematic equation, Equation 4.
They also pointed out that the effect of the electrodes
on the electrolyte heating is negligible, that is, the
term H(T, — Tt) + ma(hy — hr) on the right hand side
of the energy equation, namely Equation 13, is zero.
Furthermore, the term m,V;+ mg(Vy — Vi) in the
momentum equation (i.e., Equation 12) contributes
little to the pressure gradient. These terms are thus
also neglected here. The initial and boundary condi-
tions required to solve the kinematic and conserva-
tion equations include the initial electrode gap g;i(s),
the electrolyte velocity at the entrance V,, the exit
pressure P., and the electrolyte temperature at the
entrance Ty. At the entrance, the void fraction is zero
since there is no gas.

2.2.2. One-phase, two-dimensional model. In an ECM
with a complex cathode shape, it is necessary to use a
two-dimensional model to solve the thermal-fluid
field in the interelectrode gap. The flow in the inter-
electrode gap contains the electrolyte, hydrogen gas
and the dissolved metal. Since the amount of hy-
drogen gas and dissolved metal is small, the mo-
mentum and energy transport are determined by the
electrolyte. For the convenience of analysis, the flow
is thus assumed to be incompressible, laminar and
contains only the electrolyte. The continuity and
momentum equations of the single-phase, two-di-
mensional flow can be expressed in rectangular co-
ordinates as

o’ o
ou° ou® oP’ 1 (0% 9*ud
0 0
- _— = — — | — — 1
o Y 00 o0 ' Re (8x02 * 8y°2> (16b)
and
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on° o° or’ 1 ([ 9 ob; 1
uoio UOLO:__0+_ _U2+_U2 (16¢c) E—[bi(all‘,...,awaa,...,afn)
Ox dy NP Re \ox» 9O a;

where the zero superscript denotes the dimensionless
parameter, and Re (the Reynolds number) =
prtoge /1, P° = (P — P.)/pgu3, P. the exit pressure,
and u, the velocity at the entrance.

The incompressible Navier—Stokes equations,
namely Equations 16(a), (b) and (c) are nonlinear and
solved here by the intermediate parameters approach.
The procedure and the necessary boundary condi-
tions in solving the flow field are described in Bush
and Marshall [19] and Hourng [14], respectively.

Since the electrolyte velocity and the correspond-
ing Echert number are small, the energy dissipation
can be neglected. By using the inlet temperature of
the electrolyte as the characteristic temperature, the
dimensionless form of the energy equation is

O*1°
oy’

or° or° 1 /970
(Ul 0 _ ( +

u ax0+”a_y0_PrRe PG )+W° (17)
where Pr (the Prandtl number) = uCy/k, W' = Wy./
(p¢CsToup) and W is the energy generation rate as
mentioned above. The electrolyte properties, such as
thermal conductivity, k, specific heat capacity, Cr,
and viscosity coefficient, u, are assumed to be con-
stants.

In solving the energy equation, the temperature at
inlet, workpiece, and tool are specified, while the exit
temperature is assumed to be fully developed.

2.3. Inverse problem analysis

In the direct problem, even if considering the influ-
ence of the thermal-fluid properties, the workpiece
shape for a given tool shape can readily be predicted
numerically. For this reason, the embedding method
that searches among the set of direct solutions for
various tools is applied here until a match for the
required workpiece shape is found.

As shown in Fig. 1, a;, a»,...,a,, are the coefficients
of a Fourier cosine series of degree m associated with
any given tool shape f(x) and by, b»,...,b,, are the
coefficients associated with the workpiece shape /(x)
resulting from the direct problem with this given f{x).
Finally, ¢y, ¢»,...,c,, are the coefficients of a Fourier
cosine series of degree m associated with the required
workpiece shape r(x). If [A] is equivalent to
(a1, a,..., a,)" with sim ilar expressions applicable
to [B] and [C], then the numerical iteration can be
written as [18]

4] = () + (A4 (18)

and

A1) = ([C] = [B) x [1]™ (19)

where k is the iteration counter and J, is the Jacobian
whose (i, j)th element is represented by

(20)

k k k
fb,-(al,...,aj,...,am)}
where ¢ = 1073 is used in this paper. For each coef-
ficient b; of the Fourier cosine series of degree m the
direct problem must be solved (m + 1) times for

k k k k k
bi(al,...,a], .,ay) and  every b[(al,...,aj—i-
g,...,ak), where j = 1, 2,..., m. Hence, for large m

the procedure could be very costly, and we should
select a proper size for m.

2.4. Curve fitting for the workpiece shape

The workpiece predicted numerically from the direct
problem is a set of discrete points but not a function.
Therefore, the coefficients of the workpiece shape
function /(x) must be obtained by curve fitting. In
this paper we approximate /(x) by the Fourier cosine
series as

h(x) = bigi(x)
i=0
where ¢,(x) = cos(2inx/L), L the length of the elec-
trode in the x-direction. The coefficients of A(x) are
determined by the least-squares method, in which the
square of the difference between the workpiece shape
y and A(x) is

(21

n

= > [hx) = nl?

k=1

ERR (h) (22)

Since ERR(/) is a function of b;, the coefficients b; can
thus be solved by

n
0— aERR 22 (x0)

8
x - 1) = (23)
that is,
> b lz ¢i(xk)¢1(xk)] => o] (24
i=0 k=1 k=1
Equation 24 can be written in a matrix form as
[D][B] = [F] (25)
The elements Dj; and F; are represented by
Dji = [¢i(ex)b; ()] (26)
k=1
Fj = Z[J/k b, (xi)] (27)
k=1

3. Numerical procedure

In ECM, the workpiece shape is irregular and chan-
ges continuously during the machining process. A
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good distribution of nodal points is needed for cal-
culating the electric potential and the fluid field. A
body-fitted coordinate transformation technique is
applied where a Poisson equation is utilized to
transform the irregular physical domain to the rect-
angular computational domain [20]. A smooth grid
distribution is thus generated. The spatial accuracy is
of the order of [(A&)*,(An)?].

In the present paper, the electric potential is solved
by the finite element method (FEM) to reduce
the CPU time. The thermal-fluid field for the one-
dimensional, bubbly two-phase model and the single-
phase two-dimensional model are solved by the
procedures similar to Hourng [13] and [14], respec-
tively. All the numerical calculations were performed
on an IBM320/RS970 workstation, and a typical
CPU time required for a direct problem with grid size
of 201 x 15 was about 558 s. The numerical procedure
is as follows:

(1) Give the required workpiece shape and the
machining conditions.

(i) Generate mesh distribution by the body-fitted
coordinate transformation technique.

(iii) Calculate the distribution of the electric
potential.

(iv) Calculate the thermal-fluid properties, and
then calculate the electrical conductivity.

(v) Calculate the new shape of the workpiece, and
repeat step (ii) to (iv) until the interelectrode
gap reaches equilibrium, that is, the relative
error at each single node is less than 107,

(vi) Calculate the coefficients of the workpiece
shape by curve fitting method.

(vii) Use the embedding method to correct the tool
shape, and repeat step (ii) to (v) until the
corrected term [AA] is less than 107%,

The tool shape obtained is step (vii) is evaluated by
the relative error defined as

RERR = AERR /g, (28)
and
1< 1
AERR =3 “(Ap)” == [rw) —n)”  (29)
k=1 k=1

where r(x;) is the required workpiece shape at any
single node k as stated above, while y; is the work-
piece shape if machined by the calculated tool shape.

Table 1. Working conditions of electrochemical machining

4. Results and discussion
4.1. Analysis of thermal-fluid flow

The machining conditions and the electrolyte prop-
erties used in the present study are listed as Tables 1
and 2, respectively. As shown in Fig. 2, the numerical
predictions by various models are in good qualitative
agreement with the experimental data [21]. In par-
ticular, the result obtained by the one-dimensional
two-phase model is closer to the experimental data
than other results obtained by neglecting the flow
effects and the two-dimensional single-phase model.
Thus the thermal-fluid properties can be properly
simulated by the one-dimensional two-phase model
to obtain a good prediction in electrochemical ma-
chining.

In electrochemical machining, the workpiece shape
is affected by the machining conditions. Normally,
the equilibrium gap thickness becomes larger as the
applied voltage is increased or the feed rate of the
tool towards the workpiece is decreased and, ac-
cordingly, the difference between the workpiece shape
and the tool shape becomes larger. The equilibrium
workpiece shapes in various machining conditions
are shown in Fig. 3. For each case, the applied volt-
age and the tool feed rate are different, but their ratio
(¢a/fr) 1s kept the same. This indicates that the
workpiece shapes are almost identical, as their (¢,/f;)
values are the same, except for the region near the
exit. The workpiece shape near the exit becomes
slightly different from the tool, shape, as the applied
voltage is increased. This may be explained by the
distributions of the electrolyte temperature and the
void fraction as shown in Fig.4. As the applied
voltage is increased, the heat generated by the current
in the electrolyte between the electrodes is large; thus
the electrolyte temperature becomes higher. The void
fraction between the electrodes also becomes larger as
the applied voltage is increased. As indicated in
Equation 7, the electrolyte conductivity decreases as
the electrolyte temperature in reduced or as the void
fraction increases. Since the void fraction is dominant
in this case, the electrolyte conductivity becomes
lower as the applied voltage is increased. Due to the
fact that the workpiece removal rate is proportional
to the electrolyte conductivity, the gap thickness thus
decreases along the flow direction.

Condition Figure number

2 3 5 8,10,11 9
Tool feed rate 107°, f,/ms™! 9.27 5 9.05 9.05
Applied voltage, ¢./V 19.5 10 20 20
Temperature at entrance, 7,/K 297.5 300 313 297.5 297.5
Electrolyte flow flux 107°, Q/m?*s™! 1750 1500 3750 1750 750
Electrochemical equivalent 107, ,/g C™! 9.3161
Metal density, p,/kgm™> 2698
Current efficiency, A/% 92.5
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Table 2. Physical properties of the electrolyte (NaCl + H,0)

Electrolyte conductivity, Keo/Q 'm™ 7
Electrolyte density, pg/kgm™> 1027
Specific heat capacity 10°, Crf/Jkg ' K™ 4.18
Thermal constant, xy/K™! 0.016
Viscosity coefficient 1073, u/kgm™"s™" 0.781
Thermal conductivity, k/Wm™' K™ 0.63

If the curvature of the electrode shape varies sig-
nificantly, the electrolyte flow is two-dimensional, and
the single-phase, two-dimensional model is needed to
simulate the distribution of the thermal-fluid proper-
ties. As shown in Fig. 5, where the tool shape is tri-
angular, a recirculation region occurs downstream of

0.46

o
Py
b

oS
P
N

GAP THICKNESS / mm

0.40

0.38

0.36

1 N ! 1 1
4

X/ mm

Fig. 2. Comparisons of workpiece shape between numerical and

experimental results. Key: (O) experimental data [21]; (- - - - - )

Hopenfeld and Cole; (— — —) neglect flow effects model; (—) one-

dimensional two-phase model; (------) two-dimensional single-phase

model.

the corner. In an actual electrochemical machining
process, the hydrogen gas and the heat generated by
the current will be trapped in this recirculation region
and the local metal removal rate will thus be affected.
Consequently, a two-dimensional flow model should
be used in the simulation.

4.2. Tool design by the inverse method

In the tool design of electrochemical machining by
the inverse method, a convergent and rational shape
of the tool can be obtained if suitable machining
parameters are chosen. For a workpiece shape of the

Y / mm

X/ mm

Fig. 3. Workpiece shapes in equilibrium for different applied
voltages and cathode feed rates, ratios are the same, (¢./f;)
1000 Vmm™'s. Tool shape is 2.5 + 2.5cos (nx/5). Key: (- - - -)
cathode shape; ( ) neglect flow shape; (------ ) ¢ =20V, f;
2x1072mms™ (- — ) ¢ =10V, f; = 1x102mms™}; (—)
5V, fi = 5x10 mms™.
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Fig. 4. Variation of void fraction and temperature along stream path for different applied voltages and cathode feed rates, but ratios are

(

the same. Void fraction:

fi=5x10" mms™".

) . =20V, fi =2x202mms}; (-----
o =5x10mms™". Temperature: (~-A-) ¢,=20V, fr =2 x 102mms™"; (- -A- ) ¢.=10V, f, = I1x102mms™"; (-<A-) ¢, =5V,

) ¢ =10V, .f;':1X1072mm571; ( ) =35V,
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Y /mm

X/ mm

Fig. 5. Streamlines in interelectrode region for the tool shape with
a corner.

form r(x) = « + f§ cos(2nx/L) the workpiece will be-
come sharper as f§ increases. Figure 6 shows a sharp
workpiece with f = 5. If the tool feed rate toward the
workpiece is large or the applied voltage is small,
such that the ratio (¢,/f;) is small, then the tool shape
obtained by the inverse method is a proper shape.
The corresponding equilibrium gap thickness is small,
and the difference in shape between the workpiece
and tool is small. However, as the ratio (¢,/f;) in-
creases to 2236.34 Vmm™' s such that the equilibrium
gap thickness increases to 0.5 mm, a needlepoint tool
is needed to produce the desired workpiece. Fur-
thermore, no tool exists to produce the given work-
piece if the feed rate is even smaller or the applied
voltage is larger. Similar results are obtained for
workpiece with f =2 as shown in Fig.7, in which
various tools can be used under different machining
conditions to produce the given workpiece. There-
fore, a high tool feed rate or a low applied voltage is
preferred in designing a rational tool to produce a
workpiece, especially a sharp workpiece.

Y /mm

Fig. 6. Desired workpiece shape (f = 5) and tool shapes predicted
by different values of ¢,/f;: (— — —) 3354.51, (------) 2236.34 and
(------ ) 1118.17Vmm™'s; (——) desired workpiece.

Y /mm

X/ mm

Fig. 7. Desired workpiece shape (f = 2) and tool shapes predicted
by different values of ¢,/f: (—A—) 6709.02, (-++---) 5590.85, (— —-)
4472.68, (——) 335451, (---) 223634 and (----- )
1118.17 Vmm™'s; (——) desired workpiece.

After a tool shape is obtained by the inverse
method with/without consideration of the thermal-
fluid effect, the workpiece produced by the designed
tool must be recalculated to compare with the desired
workpiece. All these workpieces are calculated with
consideration of the thermal-fluid effect in order to be
consistent with the actual machining situation. The
calculated tool shapes with/without consideration of
the flow effect and the resulting workpiece shapes
shown in Fig. 8 in which the desired workpiece is of
the form r(x) =2 + 1.5cos(nx/5). The workpiece
shape calculated from the tool shape with consider-
ation of the flow effect agrees well with the desired
workpiece shape. The relative errors are listed in
Table 3. The relative error of the workpiece for the
case considering the flow effect in the tool design
comes partially from the curve fitting process where a
symmetrical cosine function is used to fit a non-
symmetric workpiece shape. The nonsymmetrical
workpiece shape is due to the fact that the fluid and
thermal properties are not symmetrical in the inlet
and exit regions; the metal removal rate is also thus
not the same in these regions. Therefore, the relative
error increases for the case with low electrolyte flux,
in which the thermal-fluid effect is greater. The
workpiece calculated by the tool without consider-
ation of flow effects agrees with the desired workpiece
shape only in the front region. This is because the
thermal-fluid effect becomes stronger as the electro-
lyte flows further downstream.

As the desired workpiece shape is a cosine function
with half period, as shown in Fig.9, the calculated
workpiece shape by tool, with consideration of the
flow effect, is coincident with the desired workpiece
shape, even when the electrolyte flow is very small
(750 mm?s™"). This shows that the error from the
curve-fitting process is lower for a workpiece of
nonsymmetrical shape. However, the workpiece
shape calculated form the tool without consideration
of the flow effect is very different form the desired
workpiece shape.
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Fig. 8. Predicted tool shapes with/without the flow effect and the corresponding workpiece shapes. Desired workpiece shape is
r(x) = 2 + 1.5cos (nx/5). Key: (- ) tool shape neglecting flow effect (tooll); (- - - - - ) tool shape considering flow effect (tool2); (------ )
workpiece shape obtained from tooll; (— — —) workpiece shape obtained form tool2; (——) desired workpiece shape.
Table 3. Relative errors of the workpiece for various machining In the inverse method, the degree m in the Fourier
conditions series taken for the curve fitting of the tool and
workpiece is important, especially for a given work-
Figure With|without considering m Relative error piece with a sharp shape. Figure 10 shows the tools
the thermal-fluid effect in /%

designed and the resulting workpieces with m = 3

the tool design X i
and m = 5, respectively. The calculated workpiece

Fig. 8 yes 3 0.4619 with m = 5 is slightly closer to the desired workpiece
E}gg no ; 8‘?8‘5‘2 than the calculated workpiece with m = 3. As the
F;i 9 rylzs ; o437 desired workpiece is sharp, as shown in Fig. 11, a
Fig: 10 yes 3 0.8874 large m is necessary to give. a gopd rgsult. However,
Fig. 10 ves 5 0.7803 the corresponding calculation time increases as m
Fig. 11 yes 2 1.9983 increases. Therefore, a proper value of m is important
Fig. 11 yes 3 0.8837 to reduce the relative error, as well as the computa-
Fig. 11 yes 5 0.2270
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Fig. 9. Predicted tool shapes with/without the flow effect and the corresponding workpiece shapes. Desired workpiece shape is
r(x) = 2 — 3.0cos (nx/10). Key: as given in Fig. 8.
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Fig. 11. Predicted tool shapes and corresponding workpiece
shapes for various degrees of m in Fourier series. Desired work-
piece shape is r(x) = 2—-5.0 cos (nx/10). Key: (- - A - -) tool shape
(m = 2); (--A-+) tool shape (m = 3); (-A-) tool shape (m = 5);
(----- ) workpiece shape (m = 2); (----- ) workpiece shape (m = 3);
(——) workpiece shape (m = 5) (------) desired workpiece shape.

tion time. In the present case, the relative error can be
reduced to about 0.002 if m is taken to be 5.

5. Conclusions

A numerical method is used to predict a tool shape
for a required workpiece shape in electrochemical
machining. Results show that the relative error of the
corresponding workpiece in the present calculations
can be reduced to about 0.002 when proper machin-
ing conditions and numerical parameters are chosen.
The effect of the thermal-fluid properties should be
considered in the inverse problem, and the void

D
@
o

fraction is the most important factor in determining
the electrolyte conductivity. A one-dimensional two-
phase model is suitable to simulate the thermal-fluid
field if the curvature of the electrodes does not vary
sharply. In contrast, a two-dimensional model should
be used if the electrodes are sharp.

As the desired workpiece shape becomes sharper,
proper machining conditions such as high tool feed
rate, low applied voltage and adequate electrolyte
flow are preferred to design a tool of appropriate
shape. Furthermore, the degree m in the Fourier se-
ries taken for the curve fitting of the tool must also be
increased to reduce the relative error.
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