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Abstract In this paper, an inverse heat conduction method is
applied to estimate the amount of the energy (F..) transferred to
the workpiece during electric discharge machining (EDM)
process. Embedded thermocouples which were connected to
a four channel data logger were utilized to measure the tem-
perature of a specific location on a rectangular workpiece
during the EDM process. After temperature measurements
were done, the 2-D heat conduction model of the workpiece
and the Levenberg-Marquardt (LM) scheme were used to de-
termine the energy transferred to the workpiece. This inverse
procedure facilitates the determination of the heat energy at
discharge-workpiece interface in EDM processes, which yet is
a challenge for existing numerical models. The obtained re-
sults showed that the energy transferred to the workpiece
varies with the discharge current and pulse duration from
5 % up to 45 %, which shows that the value of F.. is a function
of discharge current and pulse duration and that the fixed
value of energy assumed in majority of the previous re-
searches is not in accordance with real EDM conditions. Fur-
thermore, the effects of machining parameters such as dis-
charge current and pulse duration on F,. were studied. It was
evident that the /. has a direct but non-linear relationship with
both discharge current and pulse duration, while discharge
current has a higher impact on F..
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1 Introduction

Electric discharge machining (EDM) process possesses a
complex and stochastic nature. The process involves a
combination of several phenomena such as electrody-
namics, electromagnetic, thermodynamic, and hydrody-
namic [1]. Nonetheless, except for very short dis-
charges, it can be considered with negligible bias that
thermal effect is the dominant phenomena [2]. During
this process, electrical energy is converted to thermal
energy, which is then distributed between the tool and
workpiece (designated as electrodes) and the dielectric
fluid. However, the only part of the energy transferred
to the workpiece is considered as the machining energy
and has the dominant impact on material removal rate,
crater geometry, and other machining characteristics of
EDM process. Therefore, the portion of energy trans-
ferred to the workpiece (F,) is one of the most impor-
tant parameters in thermal modeling of EDM process.
Hence, it is of great importance to determine the energy
delivered to the workpiece.

In the past, researchers such as Snoeys [3], Van Dijck
[4], Beck [5, 6], Jilani [7], and Pandey [8] assumed the
same and constant percentage of energy (F.=50 %)
transferred to cathode and anode, i.e., workpiece and
tool, for different machining conditions in their simula-
tion of EDM process. This appeared to be the main rea-
son for the incompatibilities between numerical results
and real-time EDM process [9]. Later on, DiBitonto
[10] assumed that only a small part of discharge energy
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(F.=18 %) is transferred to cathode and the remaining
energy is either transferred to anode or is dissipated to
dielectric fluid. Although this assumption improved the
theoretical models of EDM process, but due to the fact
that same amount of energy was used for different
setups, numerical results were still lacking accuracy
when compared to experimental results [1].

There are a few studies which have attempted to
determine the portion of energy transferred to the work-
piece in EDM process with varying machining parame-
ters. Eubank et al [11] developed a comprehensive var-
iable mass, cylindrical plasma model for the EDM spark
based on fluid mechanics, thermodynamics, and radia-
tion theories. They concluded that an increase in dis-
charge current and pulse duration results in higher dis-
charge energy. Xia et al [12] measured the energy dis-
tribution by comparing the measured temperatures of the
electrodes with the calculated results obtained under the
assumed portion of the energy distributed in electrodes.
They found that when the calculated temperature agreed
with the measured one, the estimated energy distribution
was correct. Furthermore, they reported that the energy
distribution to anode and cathode is about 40 and 25 %,
respectively. Joshi and Pande [13] improved the predic-
tion accuracy of their thermo-physical model by varying
the values of the portion of discharge energy transferred
to the workpiece with current and pulse duration. They
concluded that it is essential to apply higher energy
distribution factor for higher energy zones. Moreover,
they recommended energy distribution factors 0.183 for
lower energy zone (up to 100 mJ), while 0.183-0.2 for
medium energy zone (100—650 mJ). Singh [14] studied
the effect of discharge current and pulse duration on
energy received by workpiece in EDM process utilizing
thermodynamics principles. His results showed that ef-
fective energy conducted to the workpiece depends on
applied values of discharge current and pulse duration
and it varies from 6.5 to 35 % for different machining
conditions. Zahiruddin and Kunieda [15] estimated the
percentage of power transferred to the workpiece in
micro-EDM process by comparing and fitting the ob-
tained temperature curves from simulation with the ex-
perimental temperature curves.

Finally, since there is incompatibility of data in liter-
ature and also a lack of a general method of determin-
ing F. in EDM process, this study presents a novel
method of calculating the energy received by workpiece
utilizing combined experimental and numerical data.
This was done through solving the inverse heat conduc-
tion problem that exists in EDM process. Furthermore,
graphs showing the relationship between F. and dis-
charge current and pulse duration are presented. In ad-
dition, the inverse method described in this work can be
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utilized to calculate the energy distributed to the tool as
well.

Nomenclature

Symbol Meaning Units

V Voltage \%

Lyis Discharge current A

Ton Pulse duration us

F, Faction of energy transferred to the W.P -

K Thermal conductivity W/m°C

p Density Kg/m®

¢y Specific heat J/kg°C

L Workpiece length m

Xy Spatial location of heat source along x m
direction

Yu Spatial location of heat source along y m
direction

Xmeas Spatial location of embedded thermocouple  m
along x direction

Vmeas Spatial location of embedded thermocouple  m
along y direction

T, Initial temperature °C

h Convective heat transfer coefficient W/m?°C

a=K/pc, Thermal diffusivity m*/s

T Temperature °C

(0] Heat source power w

o() Dirac delta function -

i Spatial step numerator along x axis -

J Spatial step numerator along y axis -

n Time step numerator -

Ax Spatial increment along x direction m

Ay Spatial increment along y direction m

At Time increment s

Fo=aAt/Ax*  Fourier number -

Bi=Axh/K Biot number -

P Unknown power to be estimated w

S(P) Sum of squares error or objective function °C

Y=Xt) Measured temperature at time #; °C

T{P) Calculated temperature at ¢; from °C
direct problem

k Numerator of iteration -

i Damping parameter -

Q Diagonal matrix -

J Sensitivity matrix °C/W

Eioal Total discharge energy mJ

E, Energy received by the W.P mJ

P, Power transferred to the W.P w

2 Experiments

Experiments were conducted under varying discharge current
and pulse duration whereas other input parameters were held
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constant. Table 1 lists the machining conditions and parameter
settings used in experiments. As it is listed in this table, four
levels for each variable parameters were selected and the ex-
periments were designed utilizing full factorial method.

The material chosen for workpieces and tools used in the
experiments were mild steel (st37) and copper, respectively.
Table 2 lists the thermo-physical properties of the workpiece.
Moreover, Fig. | illustrates the schematic configuration of
workpiece (as cathode) and tool (as anode). As it is demon-
strated in Fig. 1, the workpiece was a thin rectangular plate,
which was 50 mm in length and 50 mm in width. Small holes
were drilled on the workpiece for embedding the thermocou-
ples. In order to avoid unwanted electromagnetic noises and
because thermocouple used in this study could not withstand
high voltage, these holes were made 7 mm away from the
discharge location [16]. Furthermore, copper tools were de-
signed with a pointy tip as it is apparent in Fig. 1 so that
discharges could occur on a fixed location. Moreover, it
should be noted that the copper tool has a very high thermal
conductivity and has positive polarity and tiny cross section
due to small diameter in the body. Accordingly, it conducts the
heat through in a very high rate and the erosion from the tool
stays very low specifically in long pulse durations; therefore,
even in long machining times and erosive machining condi-
tions, the tip of the tool remains almost unscathed. In other
words, it is safe to say that, in this research, the discharge
location on workpiece surface was made independent of po-
sition and time. Lastly, with good approximation, it was as-
sumed to be a constant point heat source [10, 13].

Figure 2 illustrates the experimental setup. As it is shown,
four K-Type thermocouples were embedded on specific loca-
tions (drilled holes) in order to establish a confident tempera-
ture field. Next, these thermocouples were connected to “TES
1384 four channel data logger which was then used for
collecting the data sent via thermocouples from the beginning
to the end of each experiment . Moreover, thin Teflon pads as
insulators were placed between the clamp and workpiece

Table 1  Parameter settings and machining conditions
Experimental settings Unit Value

and conditions

Generator type - Iso-pulse
Dielectric fluid - Oil

Flushing - Normal
Voltage v 80

Polarity Positive
Discharge current A 2,4,8, and 12
Pulse duration us 12.8, 25, 50, 100
Pulse off-time us 6.4

Initial temperature °C 25
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Table 2 Thermo-
physical properties of Thermal conductivity (k) 50 W/m°C
mild steel [17] Density (p) 7800 kg/m®
Specific heat (c,) 460 J/kg°C

interface so that no conduction to fixtures would occur. Fur-
thermore, the flow of dielectric was constrained within a small
chamber. Finally, during each experiment, temperature chang-
es in workpiece at 1-s intervals were recorded by the data
logger. Afterwards, the information attained by means of data
logger were used in solving the inverse heat transfer problem.

3 Inverse determination of energy transferred
to workpiece

Determining an unknown power or energy which causes
a specific temperature distribution field in a solid body
while other boundary and initial conditions are known,
which was the case in current study, is defined as an
inverse heat conduction problem [18]. Accordingly, the
governing inverse problem is solved and the ratio of
energy-power transferred to the workpiece (F.) is calcu-
lated utilizing the Levenberg-Marquardt (LM) technique.
The LM is an iterative method for solving nonlinear
least squares problems of parameter estimation, which
has also been successfully applied to the solution of
linear problems that are too ill-conditioned to permit
the application of linear algorithms [19].

In this method, first the direct heat conduction model
of EDM process is introduced. Then by solving the
direct heat problem, temperature distribution in work-
piece in terms of unknown power is obtained. Finally,
by minimization of the least squares error function de-
fined between measured temperatures and estimated
temperatures, the unknown power received by the work-
piece is determined.

~h
N
___It\’lo r‘kpiece;
o N

(a)

Fig. 1 Schematic diagram of workpiece and tool configuration in a 2-D
and b 3-D
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Work-piece(cathode)
x =

Fig. 2 Experimental setup

& E

3.1 Direct 2-D heat conduction model

As described above, the first step of solving an inverse
heat transfer problem is to define its governing heat
conduction model. EDM processes utilize electrical dis-
charges which occur between the workpiece as cathode
and the tool as anode for material removal. Due to the
fact that the heat transferred by conduction is the main
phenomenon involved in EDM process, these dis-
charges play the role of the heat source which gener-
ates thermal energy. The heat is then transferred to the
workpiece by conduction. For simplification purposes
and also defining the thermal model along its boundary
and initial conditions, the following assumptions were
made:

* The workpiece and the dielectric fluid are considered as
continuum in numerical computation.

*  Workpiece material is homogeneous and isotropic in
nature.

» Thermo-physical properties of workpiece are considered
to be independent of temperature.

* Due to the workpiece being a rectangular plate in
shape with a negligible thickness compared to other
dimensions (by ratio of <1/10), two-dimensional
heat transfer on x-y plane in a Cartesian space is
presumed [17].

* In EDM process, discharges occur on a fixed location with
a very high frequency (20000~30000 Hz [13]). Also, off-
time period is very small compared to on-time period.
Plus, during the machining, the tool tip maintains pointy.
Therefore, discharges are assumed to be independent of
time and position which results in a constant point heat
source [20].

* Initial temperature is assumed to be the temperature of
dielectric fluid at the beginning of each test.

»  Since the workpiece was surrounded by constrained flow
of dielectric fluid, the governing boundary conditions
were of a convection kind.

@ Springer

Taking these assumptions and conditions into the ac-
count, a schematic diagram of 2-D heat transfer phe-
nomenon is illustrated in Fig. 3. Accordingly, the math-
ematical modeling of EDM process is based on partial
differential equations of transient heat conduction with
point heat source and boundary conditions of the third
type as indicated in Eqgs. 1 and 2, respectively. More-
over, Table 3 lists the values of input parameters which
define the boundary and initial conditions as depicted in
Fig. 3.

or &T T
i a(@xz + 6y2> + 00 (x—x)d(y—yy) (1)
j:KZ—T = h(T-T,) for x=0, x=1L
X
oT (2)

j:Ka—:h(T—Tw) for y=0, x=1L
y
T(x,y,0) = T., = 254C

3.2 Solution of the direct problem

Alternating-direction implicit (ADI) scheme is applied
for solving the partial differential in Eq. 1. ADI is a
powerful and the most effective finite difference method
in solving parabolic PDEs [21]. In this method, each
time increment is executed in two half steps: each step
is conditionally stable, but “combination of two half
steps” is unconditionally stable. In other words, In the
first time step, the spatial derivatives in one direction,
say y, are evaluated at the known time level n and the
other spatial derivatives, say x, are evaluated at the

Domain .

oT4
Heat Source Q (W)
xy=L/2 d

Yimeas on

Thermocouples
(T1,12,T3,T4)

h,T.

Fig. 3 Schematic diagram of 2-D heat transfer phenomenon which
occurs in EDM process
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Table 3 Values of

parameters used in Parameter Value

defining conditions of

thermal model L 50 mm
Xu=Yy 25 mm
Xmeas(T1) 18 mm
Ymeas(T1) 25 mm
Xmeas(T2) 25 mm
Ymeas(T2) 18 mm
Xmeas(T3) 32 mm
Yumeas(T3) 25 mm
Xmeas(T4) 25 mm
Yumeas(T4) 32 mm
T, 25 °C
k 50 W/m°C
h 10,000 W/m*C

unknown time level n+1. On the next time step, the
process is reversed. Assuming the spatial increments to

n+;

be equal (Ax=Ay), the discretized equations for internal
grids are obtained as depicted in Eq. 3:

7F0T7;’21 +(2+ 2F0)T"+2 FoT} /+1 = FoT

—}—FOT::Y] + AtQ0(x; xH)zS(yj yH>

— n+-1
FoT” 1y

n+Z
i-1,j

"+z

+ (2-2F0)T}]

+ Q4 2F) T =FoT)H = Forfj’l + (2-2F0)T7,

+FOTL) ) + AQ8(x1a)d (v

n+z

(3)
Afterwards, the boundary and initial conditions indicated
in Eq. 2 are discretized and shown in Eq. 4:

n_n Avh_p;
K T22 AZO = h(T{~T.) S = T5-2Bi(T}~T.)
Tm+1 T n %:B n n - (n
KT - h(Tm_TOO) - Tm+l - Tm*l_zBl(Tm_Tw)

T); = T., = 254C
4)
Next, discretized terms in Eq. 4 are placed in the main finite
differences in Eq. 3 and the finite difference equations for the
grids located on boundaries of the domain are obtained and
indicated in Eq. 5:

i=1,j = 1—>(2 4+ 2Fo(1 + B) T, F-2Fo T} 5 = (2-2F(1 + Bi)) T}, +2FoT%, + 4F,BiT.,

n+2

i>1,j = 1—(2 4+ 2Fo(1 + B) T} 72 Fo T/

i=m,j=mo2FThE | + (2 4+ 2Fo(1 + Bi)T an% =

i< m,j=m—o— 2F0T"+2

= FoT}y 4+ (222F0)T}, + FoT?,,, +2FBiT,,
FOTm 1,m + (272F0(1 +BZ)) ’r,:zm
imo1 T (24+2Fo(1 +Bi)) mm = FoT_ m T (2—2Fo(1+ Bi))T",

m +4F BT,
+2F,BiT,,

It should be pointed out that equations depicted in
Eq. 5 are written for the first half step. Nevertheless,
for the next half step, similar equations are obtained. In
order to avoid reiteration, they are not demonstrated. Fi-
nally, when finite equations for every step and grid are
written, a system of polynomial equations is achieved
which could be shown in the form of tri-diagonal matri-
ces. For instance, the linear system of equations in the
form of matrices is as per Eq. 6.

{ {7y = {4y
x {B}

{T}n+1 _ {A}*l

3.3 Solving the inverse problem

In the inverse problem at hand, the strength (Q) of the
point heat source is regarded as the unknown parameter.
The additional information obtained from transient

temperature measurements (Section 2) taken at locations
[x, y]_[xmcas(Tl) oo Xmeas(T4); Ymeas(T1)s-- 5 Vmeas(T4)],
at times #;, i=1, 2, ..., I, is then used for the estimation
of O=P. The problem introduced by Egs. 1 and 2 with O
as the unknown and parameterized as P is an inverse
heat conduction problem in which the P is to be estimat-
ed [19]. According to LM method, the solution of this
inverse heat conduction problem for the estimation of the
unknown parameter P is based on the minimization of
the ordinary least squares norm given by Eq. 7:

S(p) = [Y=T(p)]" [Y-T(p)] (7)

Where the superscript T denotes the transpose, and the
estimated temperatures 7;(P) are acquired from the solution
of the direct problem at the measurement locations [x-

mCaS(T])’ e xmeaS(T4); ymedS(TI)’ b4 ymeaS(T4)] uSing the cur-
rent estimate for the unknown parameter P,
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Fig. 4 The computational
algorithm flow chart for LM
method

Compute the diagonal
matrix

O =diag[(J*) J*]

Accept the new
estimate P¥** and
replace p* by p*0.1

The iterative procedure for LM technique To minimize the
least squares norm given by Eq. 7, the derivative of S(P) with
respect to the unknown parameter is equated to zero. This
minimization is represented in matrix notation by equating
the gradient of S(P) with respect to the vector of parameter P
to zero, that is:

k+1 and
return to
start

Solve the 2-D Heat conduction
problem in terms of p*

l

compute the least
squares error S(p*)

Compute the sensitivity
matrix

J(p){” ,@)T
74

e

Solve the 2-D Heat
conduction problem with
the new estimate p**! in
order to find T(p**). Then
compute S(p**?)

Check the
stopping
criteria

Finally, by defining the sensitivity or Jacobin matrix as

orT T
J(P) = [“T MgP )} , the following iterative procedure is given

by LM method to obtain the vector of unknown parameter P
[19]:

P = ph g [(Jk)TJk —I—ukﬁk}il(Jk)T[Y—T(pk)] 9)

VS(p) = 2 {_ é’TT(p)] [Y-T(p)] =0 (8) The purpose of the matrix term 1/ Q*, included in Eq. 9, is
p to damp oscillations and instabilities due to the ill-conditioned

Table 4 Obtained values of total,

received to W.P, and portion of Number of Discharge Pulse duration Energy transferred Total energy F.

energy transferred to W.P on fixed ~ experiment current (A) (s) To the W.P (mJ) (mJ)

voltage V=80 v
1 2 12.8 0.12 2.048 0.058
2 2 25 0.325 4 0.08
3 2 50 0.477 8 0.05
4 2 100 0.615 16 0.038
5 4 12.8 0.221 4.096 0.05
6 4 25 1.325 8 0.16
7 4 50 4423 16 0.27
8 4 100 9.362 32 0.29
9 8 12.8 0.319 8.192 0.03
10 8 25 2.385 16 0.149
11 8 50 6.49 32 0.202
12 8 100 23.98 64 0.374
13 12 12.8 1.347 12.288 0.10
14 12 25 5.429 24 0.226
15 12 50 14.565 48 0.303
16 12 100 44.261 96 0.461
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Fig. 5 Total discharge energy 120
and energy transferred to the W.P
vs. discharge current at various 100

levels of pulse duration

80

60

Energy (m))

40

20

character of the problem (|J°J]=0), by making its components
large as compared to those of J'J if necessary. The damping
parameter ;* is made large in the beginning of the iterations,
since the problem is generally ill-conditioned in the region
around the initial guess used for the iterative procedure, which
can be quite far from the exact parameter P. The parameter ;i
is then gradually reduced as the iteration procedure advances
to the solution of the parameter estimation problem [19].

The stopping criteria for LM technique The following
criteria were suggested by Dennis and Schnabel [22] to stop
the iterative procedure of the LM method given by Eq. 9:

(i) S(P") < e (10)
) || 1P| < = (11)
Fig. 6 Total discharge energy 120

and the energy transferred to the
W.P vs. pulse duration at various
levels of discharge current 100

80

60

Energy (mlJ)

40

20

e 12.8(ps)

——t— 25(ps)

——@— 50(us)

——&— 100(ps)

= 3 = 12.8(us) (total energy)
— <& = 25(us) (total energy)
— @ = 50(us) (total energy)

— @ - 100(us) (total energy)

14

Discharge Current (A)

(iii) [[PFH-PH|| < e (12)

where €, &,, and &5 are user prescribed tolerances and |||l is

the vector Euclidean norm, i.e., ||x|| = (xTx)%, where the su-
perscript T denotes transpose.

The criterion given by Eq. 10 tests if the least squares
norm is sufficiently small, which is expected to be in the
neighborhood of the solution for the problem. Similarly,
Eq. 11 checks if the norm of the gradient of S(P) is
sufficiently small, since it is expected to vanish at the
point where S(P) is minimum. Although such condition
of vanishing gradient is also valid for maximum and
saddle points of S(P), the LM method is very unlikely
to converge to such points. The last criterion given by
Eq. 12 results from the fact that changes in the vector of
the parameter are very small when the method has
converged.

e 2 (A)
e 4(A)
—0— 8(A)
—a— 12(A)

= 3¢ = Total Energy
(1=2A)

& = Total Energy
(1=4A)

® - Total Energy
(1=8A)

#@ - Total Energy
(1=12A)

25 50 75 100
Pulse Duration (ps)
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4 Results and discussions

A computer code in MATLAB script software based on the
computational algorithm depicted as a flow chart in Fig. 4 was
written for calculation of unknown power transferred to the
workpiece. In other words, with compiling the script, the un-
known power transferred to the workpiece during each exper-
iment is evaluated.

Furthermore and having the quantities of power transferred
to the workpiece determined, Eqs. 10 and 11 are applied and
the values of the energy transferred to the workpiece and the
total discharge energy for each set up are determined, respec-
tively. Afterwards, portion of energy (F,) is obtained using
Eq. 15. Table 4 lists the determined F,. for each experiment
where discharge current and pulse durations are varied and
voltage is kept constant. This inverse heat transfer method
could be used to estimate the energy transferred to the work-
piece for any machining conditions during EDM process.

E,=P,Ty (13)
PtTon
Etotal = Vavgjdis-dt (14)
0
E.
F.= 15
Etotal ( )

Figures 5 and 6 illustrate the effects of discharge current
and pulse duration on total energy and the energy delivered to
the workpiece. It could be comprehended that by increasing
discharge current and pulse duration, both the total energy and
the energy transferred to workpiece have increased, for the
reason that according to Eq. 11, there exists a direct relation-
ship between discharge energy and machining parameters.

Furthermore, Figs. 7 and 8 demonstrate the effect of dis-
charge current and pulse duration on portion of energy trans-
ferred to the workpiece, i.e., F,.. As it is apparent, the joint
effect of discharge current and pulse duration, i.e., the dis-
charge energy on F,, is stronger than the separate effects of

50
45
40

S

g 35 —e—12.8(us)
2 30

S == 25(s)
Hoos

© 50

S 20 —&— 50(ps)
B

s 15 —@— 100(ps)

10
5

0
0 5 10 15

Discharge Current (A)

Fig. 7 Portion of energy vs. discharge current at various levels of pulse
duration
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50
45
40
35

30 e 2(A)

25 R

20 —e—3(A)

Portion of Energy (%)

15 —=—12(A)
10

0 20 40 60 80 100 120
Pulse Duration(us)

Fig. 8 Portion of energy vs. pulse duration at various levels of discharge
current

the each parameter on F,. In other words, at low discharge
currents, the pulse duration has a slight effect on F,., while at
high discharge currents, pulse duration has much more stron-
ger effect on F.. Meanwhile, at short pulse durations, the dis-
charge current has a low impact on F,, while at long pulse
durations, the effect is much more intense. This is owing to the
fact that at low intensities of discharge current, the density of
plasma channel (heat source) is low; therefore, an increase in
pulse duration while making the heat source more stable has
low impact on F,.. However, at high intensities of discharge
current, the density of plasma channel, i.e., heat source, be-
comes much higher, which means thermal energy is being
generated at a high rate. Plus, the increase of pulse duration
results in a steady heat source. Therefore, the dense heat
source has significant thermal energy transfer rate and suffi-
cient time for conducting it. As the result, more energy is
being transferred to the workpiece; thus, the increase of the F..

On the other hand, at short pulse durations, an increase in
current intensities amplifies the energy density of the heat
source. However, the discharges occur at high frequencies
due to short pulses and therefore, the heat source is unstable
and there is not enough time for conducting the energy which
means the impact of current is insignificant. Furthermore, at
long pulse durations, the heat source has the adequate time
interval to deliver its thermal energy to the workpiece; conse-
quently, with the increase of current intensity, the portion of
energy transferred to workpiece ascends.

5 Conclusions

This work has made use of the Levenberg-Marquardt tech-
nique of parameter estimation alongside temperature measure-
ments using embedded thermocouple method in order to solve
the two-dimensional inverse heat conduction with a point heat
source in a rectangular problem, consequently determining the
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energy transferred to the workpiece in EDM process. It can be
concluded that:

1. The portion of energy transferred to the workpiece (F) is
a function of discharge current and pulse duration. For
lower energy zones, F, has a span of 5-18 %. While, for
medium and high energy zones in EDM processes, F.
varies from 18 to 45 %.

2. F.reaches its maximum value of 45 % for current study,
which reveals that most of the total discharge energy is
lost through convection and radiation to the dielectric flu-
id and by conduction via the tool (anode).

3. The joint effect of pulse duration and discharge current on
F . is superior to their individual effect on F.. Furthermore,
discharge current has stronger impact on F, than pulse
duration.

4. The use of inverse heat transfer techniques warrant the
determination of the heat source from the knowledge of
temperature and thermo-mechanics of any machining pro-
cess; therefore, this method can be applied for other ma-
chining processes as well.

5. This method can be generalized for other simple geome-
tries on two- and three-dimensional spaces. The conver-
sion can be achieved by replacing the partial differential
equation of heat transfer for the respective model in prop-
er system of coordinates.
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