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Abstract Simulation of the temperature distribution and
evolution during pulse electrochemical machining can be a
computationally very expensive procedure. In a previous part
of the work [Smets et al. J Appl Electrochem 37(11):1345,
2007] a new approach to calculate the temperature evolution
was introduced: the hybrid method, which combines aver-
aged and pulsed calculations. The averaged calculations are
performed by time averaging the boundary conditions and
the bulk heat sources of the system. The timesteps used
during the averaged calculations are then no longer dictated Py, Heat produced in the bulk, W m
by the pulse characteristics. Using this approach, computa-  Pr, Turbulent Prandtl number
tionally very cheap, yet satisfactory results can be obtained. Heat flux density, W m >
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}Ln Transcendental coefficients

u Dynamic viscosity, kg m™' s~

0 Density, kg m ™

o Electrical conductivity, S m~!

T Time constant, s

v Pulse delay, s

Abbreviations

2D Two dimensional

BC Boundary condition

ECM Electrochemical machining
FEM Finite elements method

FTAS Full time accurate simulation
PECM  Pulse electrochemical machining
QSS Quasi steady state

QSSSC  Quasi steady state shortcut
RANS  Reynolds averaged Navier—Stokes
SS Steady state

1 Introduction

Electrochemical machining (ECM) is a manufacturing
process based on the controlled anodic dissolution of a
metal at large current densities (in the range of 1 A mm™2).
An electrolytic cell is created in which the tool (cathode) is
advanced towards the work-piece (anode). The electrolyte
is pumped through the electrode gap at high speed to carry
away reaction products, heat and gas.

When it comes to the machining of components of
complex geometry and hard material, ECM has obvious
advantages over conventional milling or turning proce-
dures: it can be applied regardless of material hardness,
there is no tool wear and a high quality surface can be
obtained with no residual stresses or damage to the
microstructure [1-3]. Many high quality parts are prepared
by ECM, from shaver heads to turbine blades.

Despite its advantages, some difficulties still trouble
the application of ECM. One important issue is the lack
of quantitative simulation software to predict the tool
shape and machining parameters necessary to produce a
given work-piece profile [3-5]. The most complete model
needs to deal with the effects of the fluid flow, gas evo-
lution, heat generation, the electrochemical processes at
the electrodes, the transport of the species involved and
all this while the electrode shape changes. This work
makes a contribution in incorporating the heat generation
in the model, and calculating the temperature distribu-
tions. The gas evolution and shape change are not yet
incorporated.

Pulse electrochemical machining (PECM) involves the
application of current or voltage pulses. In this work
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only current pulses will be considered. This does not
compromise the generality, since voltage and current are
closely related. Pulsed current may be applied for rea-
sons of accuracy and surface quality [3, 6-8]. The
application of pulsed current can also reduce the thermal
load on the work-piece, while still maintaining the
desired current density during the pulse on-time. The
issue of heating of the electrolyte is of primary impor-
tance for the determination of the limit conditions in
ECM [6, 7, 9-11].

Steady state (SS) temperature distribution calculations
have been performed by Kozak et al. [9], Clark and
McGeough [10] and Loutrel and Cook [11]. Time accurate
calculations of the temperature distribution during PECM
have already been performed by Kozak [7, 8]. In [7, 8] the
pulses are considered to be independent of each other, and
thus no accumulation of heat over multiple periods is
encountered. Cases where there was accumulation of heat
in the system during multiple pulses, have been performed
in former work of the author [12].

To simulate electrochemical processes with current
pulses, one has to perform calculations with boundary
conditions (BC’s) that vary in time. All the variable dis-
tributions have to be calculated in time. The applied pulses
have to be described on a time scale that can be orders of
magnitude smaller than the time scale on which the thermal
effects evolve. This means that one would have to calculate
a lot of timesteps to perform a satisfactory thermal simu-
lation, which would be a computationally very expensive
procedure. The aim of this paper is to find a cheaper
approach which would still provide satisfactory results.

By averaging the heat production in the system, it is
possible to calculate temperature changes with timesteps
that are not dictated by the time scale of the pulses. It also
provides the possibility of calculating a SS. Plain averaging
is however inadequate in the system under consideration,
because of the very broad spectrum of possible time scales
present (see also [12]). While averaging might be necessary
to handle the largest time scales, the smaller time scale
effects may still be very important to perform accurate
simulations. The hybrid method, and more in particular the
derived quasi steady state shortcut (QSSSC) were intro-
duced [13] as a solution to this problem. The latter consists
of using the averaged SS as a starting state, and applying
pulses afterwards. It was shown that delaying the start of
the pulse in time with a certain value , influences the
speed with which the quasi steady state (QSS) is reached
starting from the SS. Analytical formulae for optimal val-
ues |y of were presented in the work. All the theoretical
findings from [13] are put into practice in this part of the
work for detailed numerical simulations, using the Finite
Element Method.
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2 Mathematical model J2

Py = 5 (6)
This paper concentrates on thermal aspects. The full elec- o
trochemical model used in this work is described in a 1t dissipation in the double layer, where [11]
separate paper [14]. Pa =nJ, (7)

In order to find the local flow field the incompressible
Reynolds averaged Navier—Stokes (RANS) equations are
solved. The turbulent viscosity which enters these equa-
tions, is calculated using the low-Re k- turbulence model.
A detailed description of the equations, the BC’s and the
numerical solution techniques can be found in [15].

The excess supporting electrolyte ensures that the
potential distribution U in the electrolyte is governed by the
Laplace equation

V- (6VU) =0 (1)

with non-linear BC’s due to the electrochemical reactions.
The electrical conductivity o, is a function of the temper-
ature ©® and a function of ionic concentrations, of which
the latter is extensively treated in [14]. The diffusion
coefficients at infinite dilution Dy;, used to calculate the
conductivity [14], are increased 2% per Kelvin [16].

The local current density J can be calculated using

J=—-aVU. (2)

A linearized overpotential is used to model the
polarization on the surface of the electrodes,

J=an+b, (3)

where the equilibrium potential E is deliberately assumed
to be zero, which does not compromise the generality.

The current efficiency on the anode, where the electro-
chemical dissolution of the metal takes place, is assumed to
be 100%, so no current is consumed by the production of
oxygen gas.

In this system (also in [14]), metal ions Fe®*, Fe** and
Cr® at the anode and hydroxide ions OH™ at the cathode
strongly influence the local conductivity ¢. Ion production
at the electrodes is calculated from the local current density.
The ion distributions are calculated using convection—dif-
fusion equations with mass fluxes on the boundaries [14].

The temperature distribution in the system is calculated
using a convection—diffusion equation with heat sources,

00 N . (1o
pC”E +pCpv-VO =V - (kVO) + Pyu. (4)

The thermal conductivity k is composed of the molecular
kmot thermal conductivity and the turbulent thermal
conductivity ky,p [17],

k= kmol + kturb- (5)

Joule heating in the bulk of both the electrolyte and the
electrodes is considered, where

is also taken into account. Py, is imposed as heat flux at
the electrode surfaces that are the boundaries of two
domains: the electrodes and the electrolyte. The bound-
aries of the electrodes, which are not contiguous to the
electrolyte, are considered thermal insulators. This choice
is justified by the fact that essentially all of the heat
generated in the system must be carried away by the
electrolyte [11].

All partial differential equations presented above were
solved in two spatial dimensions (2D) using the residual
distribution method [18]. The scalar N-scheme was
applied to the convective terms in the convection—
diffusion equations. Equal distribution was applied to
the diffusion terms. All numerical schemes provided at
least second order accuracy [19]. An implicit second
order—time accurate—time integration scheme was used
[20, 21].

3 Time averaging
3.1 Averaging the current

A current pulse is characterized by the duty cycle o, the
period T, and the value of the current during the on-time of
the pulse /,,, see Fig. la. The duty cycle « is the ratio of
the pulse on-time to the total period T of the pulse. The
total current / is applied to the system, resulting in a local
current density distribution J such that

I(r) = /AJ(?, 1)dA (8)

with A a surface through which the current 7 flows. All the
current / is considered to be faradaic. Averaging the total
current gives,

Iy = ol )

Using Eqgs. 8 and 9, give for the local current densities

/Jav(?)dA =0 / Jon(F)dA. (10)
A A

The shape of the current density profiles is dependent of
the magnitude of the applied current. However, very
often the shapes of the current density profiles tend to
each other (e.g. edge effects), and one can say that in
approximation

@ Springer



554

J Appl Electrochem (2008) 38:551-560

Fig. 1 Applied current pulses,

. . I/7A

with period 7, duty cycle o and oT
amplitude /,,. (a) Immediate i 2
on-time; (b) Delaying the pulses Lon T
in time with

I/A

Tonlooo

Jay () = oJon (F) (11)

3.2 Averaging the heat production

The heat production also needs to be averaged. If the
average current is applied, then the average heat will not be
produced, because of the non-linear relationships. The heat
sources in the equations are to be adapted in such a way
that the average heat production is obtained.

3.2.1 Heat production in the double layers

Neglecting endo- or exothermal effects, the heat production
in the double layer is

Pa(7,t) = n(7, 1)J(7,1). (12)
The averaged heat production in the double layer during a
period T is

Payai(F) = ooy (F)Jon (7). (13)

For a linearized overpotential (Eq. 3), and considering
Egs. 11, 13 yield

Poa® ~ ("2~} (14)

ao

Equation 14 provides the local averaged heat production
P,y in the double layer, as a function of the local aver-
aged current density Jy.

If a more complex polarization behaviour is considered,
for example a Butler—Volmer polarization, analogous, yet
more complex, equations for P,, 4 are obtained.

3.2.2 Heat production in the bulk

In both the electrolyte and the electrodes there is heat
generation (Joule effect). For the dissipated heat

Pbulk(77 I) = —j(?, t) . vU(ﬁ I). (15)

Equations 2 and 15 yield

@ Springer

t/s t/s
— NN
Pbulk(r,t) :O'(VU(F,Z)) (16)
Averaging this heat production over a period T gives
- = 2
Pav,bulk(r) = OCO_(VUon(r)) . (17)

If Eq. 11 is valid, using Eq. 2, gives for the bulk
VU, (F) = aV Uy (7), and

Pav,bulk<7) = g (ﬁUav(7))2- (]8)

Equation 18 provides the local averaged heat production
P,y puik in the bulk, as a function of the local averaged
potential distribution U,,.

4 Theoretical basis

The main findings of former work [12] and [13], which are
of importance here, are briefly noted for use in the fol-
lowing sections.

First the relative temperature is defined as

0=0- 0., (19)

with @ the electrolyte temperature.
In the electrode the O(x, t) temperature evolution can be
decomposed into the average temperature 0(x, t), the ripple

0(x,t) (with an average of zero) and the decaying com-
pOIlCIlt Hdecay(x’ t),

0(x, 1) = 0(x,1) + 0(x, 1) 4 Ouecay (x, 7). (20)

The undesirable Ogecay(X, ) can be reduced by delaying the
pulses with a time interval . The optimal value = v is
analytically obtained on a simplified model,

B el/m — 1
(/j :T]h‘l(am). (21)

The largest time constant t; for the conduction in the
electrode is

(22)

where 4, is the first root of the transcendental equation
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. ;L Table 1 Physical parameters of the electrodes and electrolyte
cotl, = —, (23)
Bi Electrolyte Electrodes
where o 16485 S m™! 1% 10°S m™!
. hH pC, 417 x 10°Tm™ K™ 3.55 x 10° T m™> K™
Bi ~ Tk (24) 0.5984 W m™' K™ 81 Wm ' K!

The hybrid method consists of combining the averaged
boundary conditions and pulses in one calculation. Starting
from ¢ = 0, the averaged heat sources are applied, and after
time ¢ = r*, pulses are applied (possibly delayed by ).
The temperature evolution is then

Onybria (%, 1) = 0(x, 1) + 0(x,  — 1) + Ogecay (x,1 — 1),
(25)

where é(x7 t — 1) and Ogecay(x, t — 1*) start from the time
t = r*. A particularly interesting case, is when " — oo.
The starting state + = ¢* at is then the averaged SS. This
situation is called the QSSSC. When performing the
QSSSC, it is convenient to start the pulsed calculation
from ¢ = 0, while applying the averaged SS as initial state.

Ogsssc (X, 1) = 05, (x) + 0(x, 1) + Odecay (x, 7). (26)

It was shown in [13] that when y = " is applied during
the QSSSC, Ogecay(x, ) becomes small enough to be
neglected during the on-times of the pulses for the sim-
plified model.

The thermal dynamics of the electrode have a strong
impact on the temperature evolution in the thermal
boundary layer and are hence very important.

The convection time scale was found to be
L
3

At = (27)

5 Numerical simulations: results and discussion

The following general data were used in the calculations.
For the calculation of the flow field, the dynamic viscosity
was 4 = 0.001 kg m~' s™', the electrolyte density was
Pelectrolyte = 1000 kg m > and the average flow velocity
was v,y = 15 m s~'. The flow was fully developed at the
channel inlet. The linearized overpotentials for the anode

and the cathode were respectively

Janode = 0.33 x 10® Sm~2y — 0.76 x 10° Am > (28)
and

Jeathode = 10 x 10°Sm ™27+ 10 x 106 Am 2. (29)
These polarization values were taken from the work of Van
Damme et al. [14], who obtained the experimental data

from [22]. The equilibrium potential E, was however not
included in the measurements and is, by default, set equal

to zero. This does not compromise the general principles
shown in this work. The physical parameters used in the
simulation for the electrolyte and electrodes can be found
in Table 1. The electrolyte temperature was ®, =
20°C =293.15 K at the inlet. For the turbulent Prandtl
number the typical value Pr; = 0.71 was taken [17]. The
duty cycle was « = 10% for all the simulations.

All the simulations were performed on simple channels
with rectangular electrodes. The meshes assured grid
convergence and the smallest mesh elements in the flow
channel on the electrode surfaces were 10~ m in height in
order to capture the thermal boundary layer in detail.

5.1 Geometry 1

The first geometry on which simulations were performed is
shown in Fig. 2. The cathode was at the top, the anode was
at the bottom. In the middle is the channel through which
the electrolyte was pumped from left to right. The channel
was 200 pm in height, yielding a Reynolds number of
3000, and hence the flow was considered turbulent. The
length of the electrodes was 3 mm, the height was 0.5 mm,
the depth was 10 mm (along the Z dimension). The surface
of the electrodes was A = 30 mm>. The applied current
was I,, = 30 A during the on-time of the pulse, so that the
average current density during the on-time was J,, = 1
A mm™ 2. The pulse period was T = 15 ms. The geometry

Cathode

0.0005 -

1o |

I

* |
§ 0 _ o] Flow Channel © 0.2 0‘4@
FPe %
I s @ 4 RN
-0.0005 j (
00075 0.007 00005 0 00005 0007 00015

X/m

Fig. 2 Geometry 1, with 8 reference points A, B, C, D, E, F, G, and
H. Also showing the averaged SS temperature distribution in 2D
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was discretized in 57,962 triangular elements and 29,814
nodal points.

The calculated temperature fields were 2D and functions
of time. This provided too much information to display in
this paper, hence the temperature was taken from eight
reference points A, B, C and D, E, F and G, H (see Fig. 2)
and plotted as a function of time. A was located at the end
of the anode (downstream), B in the middle of the anode,
and C in the middle at a distance of 2.4 pm from the anode.
Three other reference points D, E and F were located in the
center of the flow channel, respectively at the start, the
middle and the end of the electrodes. Two more reference
points G and H are located in the anode, as shown in Fig. 2.

5.1.1 Averaged calculations

One can easily calculate 1,,, using Eq. 9. By applying I, as
BC, U, (7,t) and J,(F,t) can be calculated. Then the
averaged heat production can be calculated (Egs. 14 and
18), from which 0(7, ) can be calculated.

The SS temperature distribution is given in Fig. 2.
Generally the local heat transfer coefficient can be calcu-
lated using

h(F, 1) = ZE; 2 .

(30)

Averaging in space yields h(t) =+ [, h(F,1)dA. This
averaged Ah(f) can be further averaged in time over an
interval Ar, using hy = 4. [y, 2(f)dt. In this SS case the
numerical calculations yield f,, = 130 kW m~? K~ and
Bi = 0.8 and thus 7; = 17.5 ms, making the conduction
time scale 57; = 68 ms. The convection time scale is
calculated Ar, = 0.2 ms.

When applying the averaged heat production, the aver-
aged temperature evolution can be calculated. These are
shown in Fig. 3 for the sample points. An analysis of the

5F
s
i A
3 B
3 c
X [ D
=~ + E
@ F
2 G
i H
s
0 ?q L L L 1 L L L 1 L L L 1 t\’ L L 1 L L L J
0 0.02 0.04 0.06 0.08 0.1
t/s

Fig. 3 Averaged temperature evolutions 6 in the sample points as a
function of time
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temperature evolution in reference points A, B, C, G and H
shows that the time constant from the best fit in Fig. 3 is
71 = 16.7 ms, which is very close to the value obtained
above. For reference points D, E and F the much smaller
convection time scale Af. determines the temperature
evolution, and hence the temperature evolution appears to
be instantaneous in Fig. 3.

5.1.2 Full time accurate simulation

The straight forward FTAS can be performed by applying
all pulses. The temperature changes for reference points A,
B and C are shown in Fig. 4. The temperature changes at
reference points D, E and F are quasi instantaneous because
of the small Az.. They switch from the local SS to the next
SS, see [12].

The temperature evolution can be decomposed (see
Eq. 20). For example for reference point A the components
are shown in Fig. 5. The averaged temperature evolution 0
is taken from Fig. 3. The ripple 0 is determined from the
QSS, by subtracting the mean value from a period. The

P R .
0.04 0.06

t/s

Fig. 4 Temperature evolutions 6 in sample points A, B and C during
FTAS

DD

- = - edecay

t/s

Fig. 5 Decomposition of the temperature evolution 0 in 0, 0 and
Ogecay, for reference point A
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15

0 0.02 0.04 0.06 0.08 0.1
t/s

Fig. 6 Temperature evolution 0 during FTAS in reference point A,
pulses delayed in time with y = 7.30 ms

decaying component is then determined as Ogecay(X,?) =
0(x,1) — 0(x,1) — é(x7 t).The term Ogecay(x, 7) can also
contain a constant component during the numerical calcu-
lations. In this case the averaged SS temperature is not
exactly equal to the average of the QSS

If the current pulses are delayed in time (see Fig. 1b) the
decaying component (ycc,y can be minimized. The optimal
delay for the conduction is chosen, since for the convection
there is no accumulation spanning multiple pulses. Equa-
tion 21 yields ¥ = y" = 7.30 ms. The new temperature
evolution in sample point A is shown in Fig. 6. Decom-
position of the temperature evolution reveals that the
decaying component has diminished significantly and
rapidly becomes very small (see Fig. 6).

5.1.3 Quasi steady state shortcut (QSSSC)

Here the averaged SS is used as an initial state before
applying current pulses. By applying pulses that start
immediately at the beginning of the period (y = 0 s), the
temperature evolution at reference point A from Fig. 7 is
obtained. A decaying component can be observed in the

t/s

Fig. 7 Temperature evolution 0 in sample point A with = 0's,
during QSSSC

0 0.02 0.04 0.06 0.08 0.1
t/s

Fig. 8 Temperature evolution 6 in A with

Y = 7.30 ms, during QSSSC

sample point

evolution. By delaying the pulses in time with y = 7.30 ms,
the decaying component is reduced significantly (see
Fig. 8). The QSS is reached almost immediately and hence
with a minimum of time and computational effort. The same
conclusions can be drawn for the other sample points.

5.2 Geometry 2

The second geometry on which calculations were per-
formed is shown in Fig. 9. A zoom of the flow channel is
shown in Fig. 10. The averaged SS temperature distribu-
tion and the location of reference points A, B, C, D, E, F, G
and H can also be seen in Figs. 9 and 10. The cathode was
at the top, the anode was at the bottom. In the middle was
the channel through which the electrolyte was pumped
from left to right. The channel was 200 pm in height,
yielding a Reynolds number of 3000, and hence the flow
was considered turbulent. The length of the anode was
100 mm, the height was 50 mm and the depth was 100 mm
(along the Z dimension). The length of the cathode was
80 mm and it was placed central with respect to the anode,

Cathode

Y/m

-0.04 |

Fig. 9 Geometry 2, showing the averaged SS temperature distribu-
tion 0, and reference points G and H
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Y/m
o

0.0001 ' —
5E-05 ]
1 [D]
: B
0

S R

-5E-05 [ 4
ha ©
H >
-0.0001 ‘ ; _1efA]
-0.04 -0.02 02 0.04

X/m

Fig. 10 Geometry 2, zoom of the channel. Showing the averaged SS
temperature distribution, and reference points A, B, C, D, E and F

the height was 5 mm and the depth was 100 mm. The
surface of the cathode was A = 8000 mm?. The applied
current was I,, = 8000 A during the on-time of the pulse,
so that the average current density during the on-time was
Jon = 1 A mm™2 The pulse period was T = 100 ms. The
whole mesh contained 80,532 triangular elements, and
41,266 nodal points.

5.2.1 Averaged calculations

Applying the time averaged boundary conditions and heat
sources, the SS was calculated, and gave h,, = 6.22 kW
m~? K~'. This yields a Biot number Bi = 81, and hence
7y =47 s. The conduction time scale is hence
57, = 235 s. The convection time scale is Az, = 5.3 ms.
Comparing the pulse period 7 = 100 ms to Az, and 57,
leads to the conclusion that AT, <T<5t;. No accumula-
tion of heat occurs in the flow channel, but accumulation of
heat does occur in the electrode and the thermal boundary
layer (see also [12]).

The averaged temperature changes at the sample points
are shown in Fig. 11. The temperature changes at the

pil

Fig. 11 Averaged temperature evolutions 0 in the sample points
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10° (3.

miil

10°

Fig. 12 Normalized temperature evolutions ¢ in the sample points as
a function of Fo

reference points in the channel evolve very strongly at the
start, because they are located near the heating region and
since the Biot number is high, the heat is not transported
away easily. The normalized temperature (' = g‘%@)"; as a
function of Fy = }“T/é is shown in Fig. 12. For Fy < 0.2, the
temperature change at the reference points in the channel is
controlled by much smaller time constants than 7;. Anal-
ysis shows, that for F, > 0.2 the time constant from the
best fit in Fig. 11 is t; = 45 s, which is very close to the
value obtained above. The reference points D, E and F are
also controlled by the electrode time constants because the
thermal boundary layer fills the whole channel.

5.2.2 Full time accurate simulation

A FTAS was performed on the current geometry. The
pulses were delayed with y = y* = 45 ms. The physical
time calculated was only 3 s. A simulation up to the QSS
(350 s) would have taken about 20 days to perform (On a
64 bit machine with quad CPU @ 2.66 GHz, 4 GB of
RAM. Using the software package PARDISO [23, 24].).
This is a good example where the FTAS would be com-
putationally too expensive, and even practically
impossible. The temperature change 0 at reference point A
during the first 3 s is shown in Fig. 13, together with the
averaged temperature change . Decomposition reveals
that Ogecay rapidly becomes very small. The same conclu-
sion can be drawn for the other reference points.

5.2.3 Quasi steady state shortcut (QSSSC)

On this geometry, a QSSSC was applied, where the pulses
were delayed with iy = 45 ms. The temperature changes in
Fig. 14 were obtained. Because of the choice of i the
decaying component (jec,y is small, and the QSS is almost
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60 |-

oo

6/K

wof |

t/s

Fig. 13 Temperature evolutions, averaged and pulsed case, with
Y = 45 ms

60 |
[ o
| B
3 —7— ¢
< 40| -5
s =i
A \ AN \
0 A T T [N ST SN TN T [N SN SN TN T Y SN SRR T N SN SO SR S N S
0 0.1 0.2 0.3 0.4 0.5
t/s

Fig. 14 Temperature evolutions during QSSSC, with ¥ = 45 ms

immediately reached. Despite the slowest time constant 7,
of the system being huge, there is still quite a ripple present
during the QSS. This ripple is limited in space to the flow
channel and the part of the electrode near the double layer
heating.

This is a good example of the averaging being necessary
to tackle the very large time constant t;, but the plain
averaging being inadequate because the smaller time con-
stants in the system give rise to a significant ripple 0 in
important locations. The QSSSC is an adequate solution to
this problem.

The more pulses are calculated, the better the true QSS
is approached. The decaying component 0yec.y damps out
with the same large time constant 7, as the whole system
evolves, and hence it is valuable to be able to eliminate the
slowest component by applying ¥ = y* [13].

The first period of the QSSSC should provide satisfac-
tory results. In that case it is not necessary to calculate the
whole period, just the y* off-time part, and the «T on-time
part. The rest of the period is of no importance.

6 Discussion of the practical method

If the duration of the thermal transients in the system
(conduction and convection) can be neglected compared to
the total machining time, it is an acceptable approximation
to say that the system is always in QSS. If the temperature
evolution near the electrode surface is as in Fig. 11, e.g.
approaching a step function, this simplification is even
more acceptable. The QSS can be computed cheaply using
the QSSSC. This method is convenient for easy integration
in a larger time scale time stepping calculation, for instance
for the calculation of the shape change of the electrodes.

If the duration of some of the thermal transients in the
system (conduction or convection) cannot be neglected
compared to the total machining time, it is still possible to
use the hybrid method. This method is a little more
expensive than the QSSSC because the averaged change
has to be calculated using some large timesteps, but it is
still a computationally very cheap method.

7 Conclusions

When solving thermal problems during pulsed electro-
chemical machining (PECM) in real systems numerical
techniques are applied. As a general method to solve the
thermal problem during PECM, the full time accurate
simulation (FTAS) is always an option. This method can
however be computationally very expensive, if not practi-
cally impossible, if the full detail of the pulses has to be
considered.

If the FTAS method would be too expensive, the
approximative hybrid method and the quasi steady state
shortcut (QSSSC) can be used. The approximative methods
perform very well for the numerical cases treated in this
work. The optimal pulse delay is obtained analytically for
simplified problems in former work, but applies very well
for the more complex cases in this work.

References
1. Risco D, Davydov A (1993) J Am Soc Mech Eng 64:701
2. McGeough J (1974) Principles of electrochemical machining.

Chapman and Hall, London

3. Rajurkar KP, Zhu D, McGeough JA, Kozak J, De Silva A (1999)
Ann CIRP 48(2):567

4. Lohrengel M, Klueppel I, Rosenkranz C, Betterman H, Schultze J
(2003) Electrochim Acta 48(20-22):3203

5. Mount A, Clifton D, Howarth P, Sherlock A (2003) J Mater
Process Technol 138:449

6. Datta M, Landolt D (1981) Electrochim Acta 26(7):899

7. Kozak J (2004) Bull Polish Acad Sci Tech Sci 52(4):313

8. Kozak J, Rajurkar K (1991) J Mater Process Technol 28(1-2):149

@ Springer



560 J Appl Electrochem (2008) 38:551-560
9. Kozak J, Rajurkar K, Lubkowski K (1997) Trans NAMRI/SME 18. Nelissen G, Van Theemsche A, Dan C, Van Den Bossche B,

XXV:159 Deconinck J (2004) J Electroanal Chem 563(2):213
10. Clark W, McGeough J (1977) J Appl Electrochem 7:277 19. Waterson N (2003) Simulation of turbulent flow heat and mass
11. Loutrel S, Cook N (1973) ASME J Eng Ind 95(B/4):1003 transfer using a residual-distribution approach. Dissertation,
12. Smets N, Van Damme S, De Wilde D, Weyns G, Deconinck J Technical University Delft, Delft

(2007) J Appl Electrochem 37(3):315 20. Dan C, Van Den Bossche B, Bortels L, Nelissen G, Deconinck J
13. Smets N, Van Damme S, De Wilde D, Weyns G, Deconinck J (2001) J Electroanal Chem 505:12

(2007) J Appl Electrochem 37(11):1345 21. Purcar M (2005) Development and evaluation of numerical
14. Van Damme S, Nelissen G, Van Den Bossche B, Deconinck J models and methods for electrochemical machining and electro-

(2006) J Appl Electrochem 36(1):1 forming applications. Dissertation, Vrije Universiteit Brussel,
15. Nelissen G, Van Den Bossche B, Deconinck J, Van Theemsche Brussels

A, Dan C (2003) J Appl Electrochem 33(10):863 22. Altena H (2000) Precision ECM by process characteristic mod-
16. Newman J (1991) Electrochemical systems. Prentice Hall, elling. Dissertation, Glasgow Caledonian University, Glasgow

Englewood Cliffs 23. Schenk O, Gaertner K (2004) J Future Gener Comput Syst
17. Nelissen G (2003) Simulation of multi-ion transport in turbulent 20(3):475

flow. Dissertation, Vrije Universiteit Brussel, Brussels 24. Schenk O, Gaertner K (2006) Elec Trans Numer Anal 23:158

@ Springer



	Time averaged temperature calculations in pulse electrochemical machining, part II: numerical simulation
	Abstract
	Introduction
	Mathematical model
	Time averaging
	Averaging the current
	Averaging the heat production
	Heat production in the double layers
	Heat production in the bulk


	Theoretical basis
	Numerical simulations: results and discussion
	Geometry 1
	Averaged calculations
	Full time accurate simulation
	Quasi steady state shortcut (QSSSC)

	Geometry 2
	Averaged calculations
	Full time accurate simulation
	Quasi steady state shortcut (QSSSC)


	Discussion of the practical method
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


