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Abstract

Pulse Electrochemical Machining (PECM) is a manufacturing process which provides an economical and effective
method for machining hard materials into complex shapes. One important drawback of ECM is the lack of
quantitative simulation software to predict the tool shape and machining parameters necessary to produce a given
work-piece profile. Calculating temperature distributions in the system allows more accurate simulations, as well as
the determination of the thermal limits of the system. In this paper temperature transients over multiple pulses are
calculated. It is found that the way the system is modeled has a great impact on the temperature evolution in the
thermal boundary layer. The presence of massive electrodes introduces extra time scales which may not be negli-
gible. It is advantageous to identify the thermal time scales in the system, to see whether the heat produced during
separate pulses will accumulate or not during the process. The occurring thermal time scales in the system are
discussed in detail.

List of Symbols

a Polarization parameter 1/S m)2

A Electrode surface/m2

b Polarization parameter 2/A m)2

Bi Biot number/)
Cp Heat capacity/J kg)1 K)1

D0,i Diffusion coefficients at infinite dilution/
m2 s)1

E0 Equilibrium potential/V
Fo Fourier number/)
h Heat transfer coefficient/W m)2 K)1

H Characteristic size electrode/m
I Electrical current/A
J Current density distribution/A m)2

k Thermal conductivity/W m)1 K)1

kmol Molecular thermal conductivity/
W m)1 K)1

kturb Turbulent thermal conductivity/
W m)1 K)1

L Electrode length/m
Pdoublelayer Heat produced in the double layer/W m)2

Pbulk Heat produced in the bulk/W m)3

Prt Turbulent Prandtl number/)
q Heat/W
St0 Strouhal number/)
St0 Strouhal number for flushing period/)
t Time/s
t0 Pulse off-time/s
T Pulse period/s

Dtc Transient duration due to convection/s
U Potential distribution/V
m Scalar velocity/m s)1

�m Velocity vector/m s)1

V Volume/m2

x Distance/m
a Duty cycle/)
a¢ Thermal diffusivity/m2 s)1

g Overpotential/V
h Relative temperature/K
h¢ Normalized temperature/K
Q Temperature/K
Qi Initial temperature/K
Q¥ Reference temperature/K
k̂n Transcendental coefficients/)
l Dynamic viscosity/kg m)1 s)1

q Density/kg m)3

r Electrical conductivity/S m)1

s Time constant/s

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
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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 some
obvious advantages over conventional milling or turning
procedures: 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]. Accordingly, many
high quality parts are produced using 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
evolution, heat generation, the electrochemical processes
at the electrodes, the transport of the species involved
and the electrode shape change. This work makes a
contribution in incorporating the heat generation in the
model, and calculating the temperature distributions.
Pulse Electrochemical Machining (PECM) involves

the application of current or voltage pulses. In this
work only current pulses will be considered. This does
not compromise the generality, since voltage and
current are closely related. One wishes to apply pulsed
current for reasons 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 importance for the determination of the
limit conditions in ECM [6, 7, 9–11].
Steady state temperature distribution calculations

have been performed by Clark and McGeough [9],
Loutrel and Cook [11] and Kozak et al. [10]. Time
accurate calculations of temperature distribution during
PECM have already been performed by Kozak [7, 8]. In
[8] no heat flux into the electrodes is considered. In [7]
heat flux into the electrodes is considered, but by
applying fixed temperatures on the electrodes, Kozak
considers the electrode and its thermal conductivity to
be infinitely large. In [7, 8] the pulses are considered to
be independent, and thus no accumulation of heat over
multiple periods is encountered. In this work the
electrodes are modeled as massive lumps with finite
dimensions, which introduces extra time scales in the
system. The time scales are studied, and used to see
whether the separate pulses can be considered indepen-
dent or not. Temperature transients over multiple
periods can be calculated.

2. Mathematical model

The full electrochemical model used in this work, is
described in a separate paper [12]. In this paper mainly
the thermal aspects are considered.

In order to find the local flow field the incompressible
Reynolds averaged Navier–Stokes (RANS) equations
are solved. The turbulent viscosity which enters these
equations, is calculated using the low-Re k)x turbulence
model. A detailed description of the equations, the
boundary conditions and the numerical solution tech-
niques can be found in [13].
The excess supporting electrolyte means that the

potential distribution U in the electrolyte is governed
by the Laplace equation

r: rrU
� �

¼ 0 ð1Þ

with non linear boundary conditions due to the electro-
chemical reactions. The electrical conductivity r, is a
function of ionic concentrations, which is extensively
treated in [12]. r is also a function of the temperature Q.
The diffusion coefficients at infinite dilution D0,i, used to
calculate the conductivity [12], are multiplied with a
factor [1 + 0.02(Q)Q¥)] to increase the coefficients 2%
per Kelvin.
The local current density J can be calculated using

�J ¼ �rrU: ð2Þ

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

J ¼ aðUelectrode �UelectrolyteÞ þ b: ð3Þ

According to

Uelectrode �Uelectrolyte ¼ gþ E0 ð4Þ

the potential difference over the double layer is com-
posed of an equilibrium potential E0 and an overpoten-
tial g. The equilibrium potential is deliberately assumed
to be zero, to facilitate calculations. Without compro-
mising the generality, Equation (3) then yields

J ¼ agþ b: ð5Þ

The current efficiency on the anode, where the
electrochemical dissolution of the metal takes place, is
assumed to be 100%, so no current is consumed by the
production of oxygen gas.
It is considered that in this system (also used in [12]),

two ions strongly influence the local conductivity, r,
namely iron ions at the anode and hydroxide ions at the
cathode. The ion production at the electrodes is calcu-
lated from the local current density. The ion distribu-
tions are calculated using convection–diffusion
equations with mass fluxes on the boundaries [12].
The temperature distribution in the system is calcu-

lated using a convection–diffusion equation with heat
sources, as shown in Equation (6).

qCp
@H
@t
þ qCp�m:rH ¼ r:ðkrHÞ þ Pbulk ð6Þ

The thermal conductivity k is composed of the molec-
ular thermal conductivity kmol and the turbulent thermal
conductivity kturb, as shown in Equation (7).
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k ¼ kmol þ kturb ð7Þ

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

Pbulk ¼
J2

r
: ð8Þ

Heat dissipation in the double layer, where [11]

Pdoublelayer ¼ gJ; ð9Þ

is also taken into account. Pdoublelayer is imposed as heat
flux at the boundaries of the domains. The boundaries
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].

3. Implementation

All partial differential equations presented above were
solved in two spatial dimensions (2D) using the residual
distribution method [14]. 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 [15]. An implicit second order
– time accurate – time integration scheme was used [16, 17].

4. Numerical simulations: results and discussion

The following general data were used in the calculations.
For the calculation of the flow field, the dynamic
viscosity l=0.001 kg m)1 s)1, the electrolyte density
qelectrolyte = 1000 kg m)3 and the average flow velocity
mam = 15 m s)1. The flow was fully developed at the
channel inlet.
The linearized overpotentials for the anode and the

cathode were respectively Janode = 0.33 � 106 S m)2

g ) 0.76 � 106 A m)2 and Jcathode = 10 � 106 S m)2

g + 10 � 106 A m)2. These polarization values were
taken from the work of Van Damme et al. [12], who
obtained the experimental data from [18]. The equilibrium
potential E0 was however not included in the measure-
ments, and is by default set equal to zero. This does not
compromise the general principles shown in this work. The
electrical conductivity of the electrolyte at the inlet of the
flow channel was r = 16.485 S m)1, the electrical
conductivity of the electrodes was r = 106 S m)1. For
the electrolyte qCp = 4.17 � 106 J m)3 K)1 and
kelectrolyte = 0.5984 W m)1 K)1. For the electrodes
qCp = 3.55 � 106 J m)3 K)1 and kelectrode = 81 W m)1

K)1. The electrolyte temperature was Q¥ =
20 �C = 293.15 K at the inlet. For the turbulent Prandtl
number the typical value Prt = 0.71 was taken [19].
The duty cycle a is the ratio of the pulse on-time to the

total period T of the pulse. In this work, a = 10% for

all the simulations. All the simulations in this paper
were performed on simple channels with rectangular
electrodes. The shown temperature evolutions h are all
relative to the electrolyte temperature Q¥.

h ¼ H�H1 ð10Þ

The meshes assured grid convergence and the smallest
mesh elements in the flow channel on the electrode
surfaces were 10)7 m in height in order to capture the
thermal boundary layer in detail.

4.1. Channel with infinitely thin electrodes

The first geometry studied was a simple channel without
physical electrode domains. The electrodes were infi-
nitely thin and did not accumulate heat. The electrodes
had a length of L = 3 mm. The channel was 200 lm in
height and the depth (along the Z dimension) was
10 mm. The surface of the electrodes was A = 30 mm2.
The applied current during the on-time of the pulses was
Ipulse = 30 A, so that the average current density during
the on-time was Jpulse = 1 A mm)2. The calculated
temperature fields were two dimensional and function of
time. This provided too much information to display in
this paper, hence the temperature was probed from six
reference points A, B, C and D, E, F 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 lm from the anode, see
Figure 1. The electrolyte flowed from left to right. The
three other reference points D, E and F were located in
the center of the flow channel, respectively at the start,
at the middle and at the end of the electrodes, as is
shown in Figure 2.
Most of the heat in this system was generated in the

double layers. This heat was removed by convection by
the electrolyte. A thermal boundary layer was formed.
Figure 1 shows the thermal boundary layer at steady
state at the anode when a constant current of 30 A was
applied.
When applying current pulses, heat is generated only

during the on-time. If the off-time of the pulses is long
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Fig. 1. Zoom on the thermal boundary layer at steady state

(I = 30 A) at the anode. Lines of equal temperature h are shown.

Also showing reference points A, B and C.
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enough, all the heat produced in the system is flushed
away by the electrolyte. In case of such total flushing, all
the pulses can be considered independent of each other,
and the analysis of a single pulse can be applied to
multiple pulses. If convection is dominant over diffu-
sion, which is mostly the case in ECM because of the
high electrolyte flow velocities, the Strouhal number can
be used to quantify whether the pulses can be considered
independent of each other or not. The Strouhal number
is defined as St = L/mt. The Strouhal number for the
flushing period St0 [6–8] is

St0 ¼
L

mt0
; ð11Þ

where t0 = (1)a)T. The Strouhal number for the
flushing period will be referred to as the Strouhal
number for the rest of the paper.
If St0�1, mt0 � L, which means that the heat is

convected much further than an electrode length L
during the off-time t0. The residence time of the heat in
the system is relatively limited and total flushing will
occur. A calculation was performed with St0 = 0.1 in
the thermal boundary layer. The calculations show that
the thermal boundary layer is much thinner than the
hydrodynamic boundary layer, and hence the velocity of
the electrolyte removing the heat, is considerably lower
than the average electrolyte velocity. The velocity was
chosen somewhere in the middle of the thermal bound-
ary layer in steady state (see Figure 1), where the RANS
equations yielded m = 6 m s)1. A period T = 5.56 ms
yields a Strouhal number St0 = 0.1 in the thermal
boundary layer. The Strouhal number in the center of
the channel is lower (0.03), because the electrolyte
velocity is higher (18.9 m s)1). The temperature evolu-
tions in the reference points A, B, C and D, E, F are
shown respectively in Figures 3 and 4. It is clear that the
heat is completely removed during the off-time of the
pulse, and the pulses can be considered independent of
each other. At the start of a pulse on-time and off-time a
short transient is noticeable, which takes about 500 ls
for reference point A and 300 ls for reference points B
and C. In the center of the channel the transient

duration varies from about 9 ls in D, 100 ls in E to
300 ls in F.
A period T = 556 ls yields a Strouhal number

St0 = 1 in the thermal boundary layer. If St0 = 1,
mt0 = L. The temperature evolutions in the reference
points A, B and C are shown in Figure 5. The flushing
time is just sufficient to remove all the heat accumu-
lated in the thermal boundary layer, making the next
pulse independent of the previous. As in Figure 3, also
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Fig. 2. Whole flow channel, showing the temperature field at steady

state (I = 30 A). Lines of equal temperature h are shown. Also

showing reference points D, E and F.
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in Figure 5 the transient takes about 500 ls in refer-
ence point A, and about 300 ls in reference points B
and C in the thermal boundary layer. The temperature
evolutions in the reference points D, E and F in the
center of the channel, where St0 = 0.3, show no new
behaviour compared to the previous case (Figure 4)
and the single pulses are still very independent of each
other.
If St0 is large, vt0 � L, the heat will travel only a

fraction of the electrode length L during the off-time t0.
The flushing during the off-time will be very poor. A
period T = 55.6 ls yields a Strouhal number St0 = 10
in the thermal boundary layer. The temperature evolu-
tions in the reference points A, B and C are shown in
Figure 6. Heat will accumulate during several periods,
giving rise to a long transient in the temperature
evolution of about 500 ls for reference point A and
about 300 ls for reference points B and C. The
temperature evolutions in the reference points D, E
and F, where St0 = 3, are shown in Figure 7. Also here
slow transients are noticeable, with the same durations
as found earlier for reference points D, E and F,
respectively about 9, 100 and 300 ls.

4.2. Channel with massive electrodes

4.2.1. Geometry 1
The same geometry as in Section 4.1 was used here,
extended with physical electrode domains. The elec-
trodes were 3 mm in length, 200 lm in height, and
10 mm in depth along the Z-axis. The reference points
A, B, C and D, E, F were preserved as in Figures 1 and
2, and two extra reference points G and H were chosen
in the anode, as shown in Figure 8.
When current pulses with a period of T = 5.56 ms

were applied, which yielded a Strouhal number
St0 = 0.1 in the thermal boundary layer, the tempera-
ture evolutions for reference points A, B, C and G, H in
Figure 9 were obtained. The temperature evolutions are
very different from those in Figure 3. The temperature
rise during the on-time of the pulse is less steep with the
massive electrode present, resulting in much lower
temperature peaks. The temperature drop during the
off-time of the pulse is also less pronounced. It can also
be seen from Figure 9 that there is a transient of several
pulse periods, even though the Strouhal number is low.
We conclude that even a very thin electrode has a large
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Fig. 9. Temperature evolutions in reference points A, B, C and G, H

for a local St0 = 0.1. Geometry with a massive anode of 200 lm
high.
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Fig. 6. Temperature evolutions in reference points A, B and C for a

local St0 = 10. Geometry with infinitely thin electrodes.
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impact on the temperature evolution in the thermal
boundary layer. Two time scales can be observed in the
temperature evolutions in Figure 9. For reference points
A, B and C the temperature drops relatively fast in the
beginning of the off-time, but short thereafter the
temperature starts to drop much slower. The phenom-
enon is more pronounced during the off-time, but as will
be shown later, is also present during the on-time. For
reference points G and H the temperature evolution is
more uniformly varying.
The temperature evolutions in reference points D, E

and F in the center of the flow channel, where
St0 = 0.03 are shown in Figure 10. Also here two time
scales are noticeable. The temperature evolution is very
fast in the beginning, but slows down significantly
afterwards. A remark has to be made that, in Figure 10,
there is a very weak slow transient present, as in
Figure 9. This transient is however so minor that it can
be neglected.
An explanation for the observed phenomenon will be

given in the following. If the temperature of the
electrode and electrolyte is not the same there will
logically be heat transport between these two. Hence the
presence of the electrode in the system will be accom-
panied by the permanent presence of a thermal bound-
ary layer. During the on-time of the pulse much of the
produced heat will flow in the electrode. This electrode
acts as a buffer and whole or part of the accumulated
heat will be carried away by the electrolyte during the
off-time afterwards. This explains the lower temperature
peaks, and the slow transient that can be observed. Two
time scales can be noticed in the temperature evolutions.
The first, and in this case the fastest, is the transient
duration for the convective transport. During the
off-time this means that it takes some time to flush the
channel with fresh electrolyte, causing a gradual drop
in temperature. The second time scale, in this case the
slower one, is due to the presence of the electrode.
The buffered heat flows out of the electrode during the
off-time giving rise to a thermal boundary layer with
similar dynamic behaviour as the electrode. If the
channel is flushed by convection, this causes a strong

drop in temperature. Afterwards, the temperature evo-
lution is controlled by the thermal boundary layer,
causing the slower temperature dropping in Figure 9 for
reference points A, B and C, and in Figure 10 for
reference point F. For reference points G and H
(Figure 9) only the time scale of the electrode is present,
since there is no convection.
In the electrolyte, it is not only the Strouhal criterion

that shows whether the heat produced by multiple pulses
will accumulate or not. The presence of a massive
electrode introduces new thermal dynamics in the
thermal boundary layer.
It has to be noted that in turbulent flow conditions the

thermal boundary layer rapidly increases in thickness
due to the high turbulent heat diffusivity (see Figure 2),
and can easily fill up the whole channel after a certain
distance. Hence the influence of the thermal boundary
layer can be very significant. In case of significant
heating in the double layer, the thermal boundary layer
gains in importance.
A calculation with pulse period T = 1.85 ms

(St0 = 0.3 in the thermal boundary layer) was per-
formed. The temperature evolutions in the reference
points A, B, C and G, H are shown in Figure 11. The
temperature evolutions in the reference points D, E and
F, with a local Strouhal number of St0 = 0.1, are
analogous to the previous case with a local Strouhal
number St0 = 0.03 (see Figure 10), and are not shown.

4.2.2. Geometry 2
The same geometry as in Section 4.2.1, but with an
anode with a height of 3 mm, was used in this section.
The reference points A, B, C and D, E, F were again
preserved. The reference points G and H were chosen as
shown in Figure 12.
Applying a pulsed current with a period of T = 0.1 s

(St0 = 0.006 in the thermal boundary layer) produced
the temperature evolutions in the reference points A, B,
C and G, H as shown in Figure 13. The temperature
evolutions in reference points D, E and F (St0 = 0.002)
are shown in Figure 14. The same observations as in
Section 4.2.1 can be made. The temperature evolutions
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a local St0 = 0.03. Geometry with a massive anode of 200 lm high.
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in Figure 13 contain a slow transient, and 2 time scales
can be observed in the ripple for reference points A, B
and C. In Figure 14 the slow transient is negligible. The
two time scales are very well visible during both the on
and off-times of the pulses. The two time scales are
orders of magnitude different from each other, and in
order to capture them both accurately the time grid is
very dense at the start of a pulse on- and off-time.
If the pulse period T is many orders of magnitude

smaller than the largest thermal time scale in the system,
a large amount of timesteps have to be calculated to get
the detailed transient. This is a very computationally
expensive procedure, and will be the subject of future
work.

4.2.3. Analytical solutions
Two time scales are observed in the system. First, there
is a transient from the convective transport, and second
there is a time constant from the thermal dynamics of
the electrode. These time scales can be estimated
analytically. The software used in this paper has also
been validated using these analytical models under their
limited conditions.
4.2.3.1. Convective transport transient. The first tran-
sient encountered is caused by the convective transport.
If only convection and heating is considered and the
problem is reduced to 1 dimension (1D), Equation (6)
simplifies to a transport equation with a source

m
@h
@x
þ @h
@t
¼ Pbulk

qCp
¼ P�; ð12Þ
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where relative temperatures are used, see Equation (10).
The solution h(x,t) in the flow channel is the surface
tangent to the (constant) characteristic direction vector
(m,1,P*) in the (x,t,h) space, according to [20]. Obeying
the initial condition h(x,0) = 0 and the boundary
condition h(0,t) = 0, the solution in the flow channel
is graphically shown in Figure 15. For a certain point in
space where x = Dx, the temperature will rise linearly
with time in the beginning, and becomes constant
(steady state) when the characteristic direction is
crossed. The transient duration Dtc is then

Dtc ¼
Dx
v
: ð13Þ

Dtc equals the time the electrolyte needs to pass from the
beginning of the channel to the point where x = Dx.
Note that this is analogous to the case where the
Strouhal number equals one.
In the case with infinitely thin electrodes, at the end of

the flow channel (reference point A) in the thermal
boundary layer we find Dtc = 500 ls. Halfway of the
flow channel (reference points B and C) in the thermal
boundary layer we find Dtc = 250 ls. These are indeed
more are less the transient durations found in Figures 3,
5 and 6.
In the center of the flow channel we can calculate for

reference points D, E and F respectively Dtc,D = 0 ls,
Dtc,E = 80 ls, Dtc,F = 160 ls. These transient dura-
tions are found back in Figures 4, 7, 10 and 14. The
linear evolution is also very present.
4.2.3.2. Thermal time constant of the electrode. The
temperature evolution in the electrode has a large
impact on the temperature evolution in the thermal
boundary layer in the electrolyte. The thermal behaviour
of the electrodes during the PECM process can be
approximated using analytical solutions. These analyt-
ical solutions are only valid under limited conditions,
but they can provide interesting information.
If the assumption is valid that the whole electrode is

always at a uniform temperature Qelectrode = Q(t), a

lumped capacity solution can be used. This assumption
is valid if the Biot number [21] is much smaller than one

Bi ¼ hH

k
� 1; ð14Þ

for which H = V/A will be taken.
Heat q(t) will be produced at the surface of the

electrode. Part of this heat will be removed by the
electrolyte: qconvection, and the other part will heat up
the electrode: qelectrode.
In Figure 16 a schematic is drawn, with the electrolyte

and its characteristics in the upper half, and the
electrode and its characteristics in the lower half.
The following system of equations applies

qconvection ¼ hAðHðtÞ �H1Þ

qelectrode ¼ qCpV
dHðtÞ
dt

qconvection þ qelectrode ¼ q

8
>>><

>>>:

ð15Þ

with initial condition

Hð0Þ �H1 ¼ hstart: ð16Þ

The solution of the system of Equations (15), (16) and
(10) is

hðtÞ ¼ h� � ðh� � hstartÞe�
t
s ð17Þ

with time constant s = q Cp H/h, and with h* = q/hA.
Equation (17) shows that the temperature variation is

exponential. During the on-time of the pulse, the
temperature rises exponentially, and during the off-time
of the pulse (q = 0 and hence h* = 0) the temperature
drops exponentially.
For the geometry in Section 4.2.1, the FEM calcula-

tions yield an average heat transfer coefficient
h = 134 kW m)2 K)1 and thus Bi = 0.33. The time
constant of the lumped capacity solution then yields
s = 5.30 ms. The temperature evolutions of the up and
down slopes in Figures 9 and 11 are, however, not
simple exponentials, since the convection transient is
also present. A curve fitting yields that the time constant
of the slow transient in Figures 9 and 11 is
sfit = 5.96 ms, which is very close to the theoretically
obtained value. The total slow transient takes about 5s.
In ECM the flow velocities are typically relatively

high, giving rise to high convection coefficients h, and
hence, high Bi numbers. In such cases the lumped
capacity solution is not valid. The transient conduction
in a 1D slab is described in the literature. If the slab is

Fig. 16. Schematic of the lumped capacity solution.

Fig. 15. Graphical solution of the transport equation with heat

source.
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cooled by convection with a constant convection coef-
ficient h the solution is [21]

h0 ¼
X1

n¼1
e�k̂2nFo

2sink̂n

k̂n þ sink̂ncosk̂n
cosðk̂n

x

H
Þ ð18Þ

where Fo = a¢t/H2 and a¢ = k/q Cp. Starting from the
side which is not cooled the distance x is measured and
h¢ = (Q)Q¥)/(Qi)Q¥). The coefficients k̂n are the
successive roots of the transcendental equation

cotk̂n ¼
k̂n
Bi
: ð19Þ

The graphical representation of Equation (18) can be
seen in the Heisler charts for 0 £ Fo £ 1.5 [21]. The
temperature evolution during the cooling of the elec-
trode during the off-time of the pulse can be read from
these charts.
For Fo>0.2 the series from Equation (18) may be

approximated using only their first term

h0 � A1cosðk̂1
x

H
Þe�k̂

2

1Fo ð20Þ

with A1 and k̂1 tabulated as a function of the Biot
number [21].
For the geometry in Section 4.2.2, the FEM calcula-

tions yield an average heat transfer coefficient
h = 136 kW m)2 K)1 and thus Bi = 5. The time con-
stant in Equation (20) yields s ¼ H 2=a0k̂21 ¼ 229 ms.
Again here, the temperature slopes during the on and
off-times of the pulses are not simple exponentials. In
this case the convection transient is very short, and thus
does not hamper the analysis of the temperature
evolution due to the dynamic behaviour of the electrode.
The temperature evolutions are not simple exponentials
because Fo<0.2 and hence the analytical solution is a
sum of multiple exponentials with different time con-
stants (see Equation (18)). Added to this, the initial
temperature field before cooling down or warming up
can be far from uniform in the numerical simulation,
while it is an assumption used for the analytical
solution. For the slow transient the time constant can
be estimated however. Curve fitting gives the time
constant of the slow transient in Figure 13 as
sfit = 221 ms, which is very close to the theoretically
obtained value.

5. Conclusions

Thermal calculations in electrochemical systems under
pulsed current conditions have been performed. The
main difference from previous work is that massive
electrodes are incorporated as physical domains in the
modeling. The electrodes can have a large impact on the
thermal evolution in the electrolyte thermal boundary
layer, and hence on the final shape change of the
electrode surface. Also calculations can be performed
over several periods, providing the opportunity to

simulate slow transients in the temperature evolution
during multiple periods, and thus providing a simulation
tool for the determination of the thermal limits of the
system under high machining rate conditions.
Multiple time scales are encountered in the system.

Studying the time scales allows us to determine in
advance, whether the heat produced by different pulses
will accumulate over time. A first time scale in the
system is caused by the transient of the convective
transport. This time scale is encountered in the whole
flow channel.
If a massive electrode is added to the thermal system,

it acts as a buffer, limiting the slopes of the temperature
evolution, and receiving and giving heat. This introduces
a new thermal time constant, which governs the dynam-
ics of the thermal boundary layer. This thermal bound-
ary layer is restricted in space, and diminishes further
away from the electrode interface.
Locally one has to consider the slowest phenomenon

to determine whether the heat will accumulate during
multiple pulses or not. In the bulk of the electrolyte, far
enough from the thermal boundary layers, only the
convection transient is encountered. The influence of the
electrodes is too far away, and hence the Strouhal
number St0 qualifies as a valid criterion as to whether
total flushing occurs during the pulse off-time or not.
Near the wall the influence of the thermal boundary

layer is considerably large. Because the time scale of the
electrodes is the largest in the cases in this work, the
Strouhal criterion is no longer valid here. Instead it is
the thermal dynamic behaviour of the electrode that
determines whether total flushing will occur during the
pulse off-time or not.
It is shown that the analytical models are too limited

for determining the temperature evolution during the
alternating on and off-times of the pulses. The analytical
models can, however, be useful to approximate the time
scales encountered in the system during PECM, as
shown in this work.
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