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ABSTRACT

A theoretical model is proposed in this paper for predicting the
distributions of pressure, temperature increasing, mean diam~ter of
bubbles and void fraction within two-phase bubbly flow in an
e1ectrothemical machining (ECM)gap. This model is based on
equations of mass and energy co~servation for unstead.Y one
dimensional bubbly flow. The expenmental program of thiS work
has dealt with using the Phase/Doppler Particle Analyzer (PDPA)
technique in two-phase flow measurements through the hydrogen
gas layer along the gap. The experiments can release distribution
patterns for velocity, size, generation rate and flowrate of hydrogen
bubbles besides the thickness of the bubble layer along the tested
ECM gap for different applied voltage and electrolyte flowrate.The
theoretical results show that the characteristics of the two-phase
bubbly flow through an investigated ECMgap were affected by the
applied voltage, gap length, electrolyte pressure and electrolyte
temperature. Emphasis is placed on a comparison of PDPA
measurements for the mean bubbles size and flowvoid fraction of
the bubbles layer with the predictions obtained from the theoretical
model. The comparison gives a quite good agreement between the
measurements and the present model predictions and also indicates
that the one-dimensional flowapproximation may be satisfactory for
the calculations of the two-phase bubbly flowthrough a plane ECM
gap of rectangular cross-section.

Keywords: Two-phase flow,Voidfraction, bubbly flow,Phase
Doppler Particle Analyzer, Electrolysis.

INTRODUCTION

Electrochemical machining (ECM) hasrecently received a considerable
attention due to its advantages such as high
rate of metal removal, easy to use with
complex shaped parts (e.g. turbine and
compressor blades), independent toward
material properties (e.g. hardness and
toughness), no tool wear, etc. [1-5). In ECM
process, metals are dissolved anodically
under specific conditions of a small gap
between anode and cathode; high current
densities and high flow rate of electrolyte
through the gap as shown diagramatically in
Figure1.
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Solutions of NaCl, NaN03, KCland KN03
are commonly used as electrolytes in ECM
process to carry the electric current in the
gap, to avoid the formation of insoluble
products upon the anode surface and to
transmit the heat and hydrogen bubbles
from the cathode surface. Hydrogen bubbles
may grow from microsizes which were
appear primarily upon the solid surface of
the cathode until they become large enough
to be entrained in the electrolyte stream
under the influence of drag forces and
surface tension [1,6].
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Figure 1 Kinematic Scheme of ECM.

Entrainment of hydrogen bubbles causes it
to create a continuous layer (void) at the
cathode surface, so that a gas-liquid two
phase flowpattem will occur in the gap. The
bubble layer may affect the ECM process
due to its high electrical resistance which
tends to decrease the current efficiencyof
metal dissolution process. Therefore, to
verify the optimum utilization of ECM
process qualitative and quantitative analysis
of hydrogen-electrolyte two-phase flow are
essentially required.

Modeling of ECM two-phase flow can
serve in verifying the effective utilization of
ECMprocess. Several works in the literature
[1, 7, 8] have reported numerical models
conceming the problems of treating the
multiphase flow of ECM process. Most
earlier ones of these models use a simplified
form of Navier-Stokes equation in one
dimensional or two-dimensional
approximations to release a computational
procedure for predicting the gap profile [1,9].
On this category of past researches,
attention have been devoted to study some
parameters such as compressibility effects
[7]; pressure distribution [8] and errors of
gap shape [10] in ECMprocesses. The more
complex gap geometries which are formed by
curVed electrodes will have need more
advanced models to analyze the two-phase
flow through these gaps. Different models
concem with analyzing and simulating the
two-phase flow through these geometries
besides studying the transport phenomena
in electrolysers have been presented and

Work

Tool

discussed by Rousar, et. al. (11]. All the
reported models·· were concem only with
obtaining the velocity field and pressure
variation through the investigated gap. None
of the previous models can dedicate an
accurate behaviour for the bubbly two
phase flowwithin an ECMgap.

Evaluating the bubble size and its
velocity remains of great importance to
understand and explain the hydrodynamics
of the two-phase bubbly flow. Numerous
techniques for size and velocity
measurements of bubbles or drops in gas
liquid or liquid continuum flows were
reported in the literature [12]. Optical
techniques offer the advantages of; they do
not disturb the flow, should be extremely
precise, capable of rapid response and are
suitable in measurements with high
frequency turbulence fluctuations.
Photographic and scattering techniques are
mostly used in characterizing the pattem of
gas-electrolyte flow along the ECMgap. The
high speed photographic technique was
used by Landolt, et. al. [13] and Yu, et. al.
[14] in order to determine the location and
size of the bubble layer in an ECMgap. A
review for the results of the experimental
researches which were used the high speed
photographic technique in ECMis presented
by McGeough [1]. The photographs which
were obtained in some of these
investigations [13-14] show the size of
individual gas bubbles and its distribution
in the gap. These investigations failed in
measuring directly either the flow void
fraction or the bubble velocity.

Laser techniques offer the
nondisturbance advantages of the optical
methods while affording a very precise
quantitative measurement of velocities.
Krishnaiah Chetty and Radhakrishnan [15]
used the so called Laser Doppler
Velocimeter (LDV) technique for measuring
the electrolyte velocity in an experimental
ECM setup. Techniques of transmitted and
scattered Laser light have been also used by
Yu, et. al. [14] to measure the void fraction
along an ECM gap. The Phase/Doppler
method was found to be successful in
obtaining a convenient and accurate
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For the continuous medium of
electrolyte (liquid) and hydrogen (bubbles)
mixture, the equivalent density is defined as

transfer in the two phase flow of electrolyte
and hydrogen bubbles is presented ,below.

Generally, mass conservation for one
dimensional unsteady flow is given by

measurements for the size and velocity of
particle fields. The Phase / Doppler Particle
Analyzer (PDPA) technique was used to
obtain particle size and velocity
meas~rep1.ents for particles of 0.5 to as large

;, "j

as .2099 micrometers [16]. Furthermore, the
aut4,ois presented a set of flow
measurements through an ECM gap with
the aid 'of PDPA technique [17].

Therefore, one of the objectives of the
present study is directed towards obtaining
a model predicting the distributions of two
phase flow parameters along a plane ECM
gap of rectangular cross-section. Whilst the
second aims to utilize the PDPA technique
for measuring the size and number of
hydrogen bubbles as well as their velocity in
this gap.

dp d(pu)-+--=0
dt dx

Therefore,
electrolyte
respectively

mass conservation
and the ,evolved

(1)

(2)

for
gas

the
are

liquid phase 1S
and with constant

where llH, KH, llM and KM are current
efficiency of hydrogen generation,
electrochemical equivalent of hydrogen
generation, current efficiency of metal
removal and electrochemical equivalent of
metal removal respectively. It should be said
here that these parameters (i.e., llH, KH,11M
and KM)were selected in the present study
for mild steel machined in 10% aqueous
solution of NaCI from [1,5].
Substituting Equation 2 into Equations 3
and 4 and rearranging then results in

THEORETICAL ANALYSIS
Assumptions

The theoretical model presented below is
based on number of assumptions; which in
a real system are more or less accurately
fulfilled.These assumptions are as follows:
a-The tlow is one dimensional and

unsteady. The geometry of the model is
illustrated in Figure 1.

b- Gas phase consists of mono dispersed
spherical hydrogen bubbles with
homogeneous distribution across the
bubbly fraction in the cross-section of
the gap and along the whole electrode
surface.

c- Electrolyte or
incompressible
properties.

d-Gaseous and liquid phases are assumed
to be at the same pressure and velocity.

e-The effect of impurities arising due to
material dissolution has been ignored
(1,8,11].

f· Heat transfer throup-,h electrodes, thermal
expansion of the medium and surface
heterogeneity from the point of view of
electrochemical processes are neglected.

d13 d13 1
-+ u'-=-'l1H .KH·J
dt dx PH

da da 1
-+u·-=--·l1H .KH·J
dt dx Pe

1
-·l1M .KM·J
Pe

(5)

(6)

Governing Equations
With the above assumptions and

referring to Figure 1" a set of unsteady
equations governing the flow and energy

where a is the liquid-phase concentration
(or wetness fraction) and equals (l-~).
In order to solve Equation 5, variation of
gas-phase concentration (i.e., void fraction)
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along the gap length IS 0btained by
Lubkowski, et.al. [18] as

I I.e' EJ=-=-
a S (11)

where RHis the gas constant of hydrogen.
It follows that the energy conservation is
given by

d~ ·llH .KH .J.RH .T
dx U.S.P (7) This average current density creats heat in a

length dx of the gap equals (J2.dx).Using
Joule's and Ohm's laws and considering that
all the heat caused by the current
transmitting can be transferred to the
electrolyte yields to

;~[s.(1-13). Pe' Cp,' T] + d~ [u. 8.(1-13). Pe' Cp,T] = J. E

(8)
Rearranging Equation 12 gives

(12)

(9)

Now, Equation 9 can be solved usmg
Equations 7, 10-a or 10-b and 13.
Derivation of mean bubble size variation
along the gap is obtained here using a
definition for the void fraction of a bubbly
gas-liquid mixture as ;

In Equation 8, J.E represents the electric
heat generated in the electrolyte due to
current passing through the gap whilst {So
(l-~).pe. Cpe.T} denotes the heat imposed in
the electrolyte. Carrying out the
differentiations indicated in Equation 8.
leads to

I dT 1 dl3 1 dS u dT u dl3 u dS-.-----.-+-.-+-.---.-+-.-
T dt 1- 13dt S dt T dx 1-13 dx S dx

J.E

8.(1- ~)·Pe ,Cpe .T

dT J"

dx Ae·Pe·C Pe • U

(13)

Modlel Formulation
In order to solve Equation 9, the derivatives
(dT/ dx); (d~/ dx) and (dS/ dx) are required at
least to be defined for this sake. Firstly, the
rate at which the gap between the work
piece and the tool changes with feed motion
is given by McGeough [1] as;

where pa is the density of anode metal.
This rate is changed with zero feed operation
to

~lS = KM ·A.e .E (lO-b)
dt Pa'S

Thus, an expression for electrolyte
temperature variation along the gap (dT/ dx)
is derived starting from Ohm's law to obtain
the following relationship for the average
CUITcntdensity across the gap

Differentiation of Equation 16 gives

(14)

(15)
4 3

Vg = N.- nr3

4 3 ~
N.-nr = VI .-- (16)3 1- ~

Introducing Equation 15 into Equation 14,
one obtains the following

Volume of mixture element occupied by the
gaseous fraction in Equation 14 is given for
spherical bubbles by

4 3 3 1
-nr N.-.dr=- 2 .d~ (17)
3 I' (1 _ ~)

Thus, from Equations 14, 16 and 17, it
follows that

(10-a)
dS KM ·A.e·E.--=---- - V[
dt Pa'S
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or

dr r 1 d~

(Ix =3"' ~(l-~rdx
(18)

The next one is utilized by Lubkowski, et. al.
[18] to calculate the absolute viscosity of the
two-phase mixture as a function of
electrolyte absolute viscosity (tie)by

(24)

Then,time variation of mean bubble size can
bewritten as

where A and B are constants and equal 5.5
and -0.019 respectively. Similarly as given
by Equation 19, the pressure variation by
timeis provided by

Finally, the pressure gradient along the gap
is assumed to be given by the following
equation which was deduced by Lubkowski
et a/.(18] for similar situations

dP vO.25.U1.75.(1+A~t25 .Pe .eB(T-To)

dx =-0.067 SI.25

(20)

dr dr-=u.-
dt dx ( 19)

where Ti is the initial flow temperature.
Constants A and B in Equation 24, were
defined above with Equation 20.
The last equation deals with obtaining the
bubbles departure size. The following
expression for this size was derived on the
basis of the author's own investigations and
literature [19,20]. This expression utilizes
the theory of capillarity to get an equilibrium
bubble shape under the balance of gravity
and surface tension forces and namely as

1

d. =4.61[(Ye -YHJ3]2 (25)
0, 103g

where ye and YH are the specific weights in
N/ m3 of electrolyte and hydrogen
respectively and doiis obtained in mm.

The second equation evaluates the
conductivity of the two-phase mixture, ill
the)~?-ole ~ range ofECM, due to [1] as

where l> is the temperature coefficient of
conductivity which can be taken
approximately equals to 0.02 for salt
solutions [5].

Besides the above basic equations, a set of
supplementary equations is released below
to complete the suggested model. The first
equation gives hydrogen density utilizing
equation of state for an ideal gas to obtain

Solution procedure
The system of partial differential

Equations 9-21 together with the
supplementary algebraic Equations 22-25
provide a set of equations for calculating the
bubbly two-phase flowin a :!'ectangulargap.
The equations have been solved by means of
the general [mite-difference procedure of
four-point explicit scheme in Reference 11.
Approximately 100 iterations, depending on
the boundary conditions, were required to
perform a satisfactory convergence. The
solution procedure is -carried out under the
following boundary conditions:
At gap entrance (i=1): P(i)= Pi, T(i)=Ti,~(i)=0

d(i) = 0 ,A(i)= Ae, tI(i)= tie
At gap exit (i=n): P(i)= Po

The iterations are repeated until the
assumed accuracies are obtained. During
solution procedure, the program is stopped
at
Tmax < T(i), ~max < ~(i), u/C> 1

(23)

(22)

(21)
dP dP-=U.-
dt dx

. .
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where C, Tmax and j3max are the local speed of
sound, limiting temperature and maximum
void fraction which must not be exceeded.
More details about the solution procedure
(and the flow chart of the computational
procedure which was designed and carried
out for this procedure) were presented in
References 10 and 18. Finally, thermo
dynamic properties and other physical
characteristics which are required in solving
the model suggested above are obtained due
to (21,22].

EXPERIMENTALPROGRAM
Experimental setup

Figure 2-a shows a schematic diagram
for the experimental ECMsetup. It consists
of a rectangular flow channel cell of width z
= 10 mm and height S = 5 mm, see Figure
2-b . The cathode and the anode of SOmm
length were made of Steel 37 (Carbon:
0.2%). The rectangular flow channel was
made using two flat prespex plates enclosing
the cathode and the anode and allow the
electrolyte to pass into the gap between the
opposing faces of the cathode and the
anode. Four pieces of wood were used to
insulate the cathode and the anode and to
extend the flow channel as illustrated in
Figure 2-a. The two prespex plates enclose
these pieces of wood beside the cathode and
the anode in order to provide the
transparency along the gap and the flow
channel. Furthermore, two rectangular
prespex pipes with cross-sectional area of
each equals the gap area were used to
elongate the flow channel in order to
minimize the hydraulic losses along the gap.
Sodium chloride solution, 10% by weight,
was used as the electrolyte. The electrolyte
was pumped using a centrifugal pump of 10
lit/min capacity and at a pressure intensity
of 2.5 bar. The electrolyte was supplied from
a plastic tank of 100 liter capacity to the cell
through the pump and a valve. The
electrolyte was allowed to flow in the cell
and then returned through a filter to the
tank. The electrolyte mass flow rate was
measured using a digital balance with
sensitivity of 0.1 g and ± 0.02% error and a
stop watch to weighing a sample of

electrolyte. Another tank filled with fresh
water was used to flush the cell after each
experiment.

The cathode and the anode were
connected to a DC source. The DC source
had a maximum output of 600 Amperes and
30 Volts.

The cell was mounted on a table by
means of two bolted wooden pieces. This
table was supported on a traversing system
with two orthogonal motions, one is vertical
and the other is horizontal, see Figures 2-a
and 2-b.
Measuring Technique

Figure 2-b indicates a general layout for
the socalled Phase / Doppler Particle
Analyzer (PDPA) technique which was used
in the present work to measure the bubbles
size and velocity. This analyzer consists
mainly of a low power Laser transmitter
(0.5 W) and a receiver that may be
conveniently separated by a distance of one
meter as shown in Figure 2-b. Particles/or
bubbles passing through the control volume
of the two Laser beams intersection generate
a fringe pattem in the surrounding space.
The spatial frequency of this interference
fringe pattem is inversely proportional to
the particle size. In order to measure the
spacing of this interference fringe pattem,
three detectors were located at a selected
spacing behind the receiver aperture. As the
fringes move past the detectors at the
Doppler difference frequency, they produce
identical signals but with a phase shift.
Signals from the detectors were amplified
and transferred to the signal processor. The
system was interfaced to an IBM PC/AT
computer. The processed data were
amplified and displayed on the oscilloscope
screen and then plotted in histogram form
on the data management computer's
monitor. After data acquisition, a complete
description for the particle size distribution,
mass flux, density, mean and RMSvelocity
were obtained. Measurements using PDPA
technique was found to be in good
agreement (within ± 10% on the arithmetic
and Sauter mean diameters [10]and within
± I% on the measured velocities [11])with
measurements obtained by other
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techniques. Full details of the optical
system, theory, calibration and operation of

the analyzer are given in References 16 and
23.
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General layout of the experimental appartus. la) Test rig layout; (b)Schematic diagram of the measurement
technique.

In order to measure the bubbles layer
thickness or the so called flow void fraction
along the machining gap, the optical system
was operated and the control volume of the
intersection of the two Laser beams can be
adjusted to lie at the mid of gap width (z), as
seen in Figure 2-b. During ECM process,
intensity of the transmitted Laser light will
be decreased due to scattering and
absorbing by the hydrogen bubbles.
Thereon, noticing the amplified signals from
the analyzer· detectors on the oscilloscope
screen when the cell moves upward or
downward gives indication about the outer
surface location of the bubbles layer. Moving
the cell using the ability of vertical elevation
on the 20 traverse system and observing
the cell position which corresponds to the

moment of signal variation on oscilloscope
screen gives the bubbles layer thickness at
this point of measurements.

Experimental procedure
The following procedure was carried out

during the experimental program:
i. The electrolyte was pumped from the

electrolyte tank through the cell across
the inter-electrode gap. Then the DC
current was connected to the cathode
and the anode and consequently the
bubbles layer appears within the gap.

ii. Aligning the optical system and checking
the analyzer output.

ill.During each experiment, measurements
were recorded over successive forward
steps of 1 cm starting from the gap
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entrance and along the gap length (i.e., in
the x-direction), see Figure 3, and at a
height of 1 mm from cathode surface. In
each step, four radial measurements
between each 2 mm have been carried
out across the gap width in the z
direction, see Figure 2-b. The measured
values at each step in the x-direction
along the gap length, as shown in Figure
3, is a statistical average for the four
radial measurements in z-direction.
This procedure was repeated for different

values of the applied voltage namely; 10, 13
cUld 16 Volts. In addition, another results
were obtained by chcUlging the electrolyte
flowrate from 0.036 to 0.05 kg/ s.

Figure 3 Flow behaviour and measuring stations along
an ECM gap.

RESULTS AND DISCUSSION

Theoretical results presented in the
following have been obtained using the
computer program which was described in
the preceding section to predict the
characteristics of the bubbly two-phase flow
during ECM processes in a rectangular gap
similar to that shown diagramatically in
Figure 1. Gap dimensions are for the cross
section and length as (5 mm x 10 mm) and
50 mm respectively. These dimensions are
kept fixed in all the predictions obtained
below. Figure 4 declares the plot of
dimensionless gap height (S/Si) versus
dimensionless gap length (x/ L)for different
values of the machining time and at

constant feeding velocity of 1.0 mm/min.
Other boundary conditions are as follows;Pi
= 2.0 bar, Ti= 300.0 K, E = 10.0 V and L=

0.05 m. It is seen that the gap height
decreases continuously as the machining
time increases until this height reaches the
value of the equilibrium height. The
equilibrium height is achieved when the
feed rate equals the velocity of recession of
the electrode surface due to metal removal
(i.e., the gap height remains constant). This
result was 0bserved and discussed
previously by McGeough [1].
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0.60
riJ'" t= 10

rJ.i
1sec

0.40

2t=20sec
3

t=30sec
4

t= 40sec
0.20
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6

t=60sec

0.00
0.00 0.20 0,40 0.60 0.80 1.00

x/L

Figure 4 VaIiation of gap height with machining time
at constant feeding velocity (1.0 mm/min).

The results illustrated in Figures 5 -7
show the effects of changing the applied
voltage, electrolyte pressure and electrolyte
temperature on the bubbly flow
characteristics during ECMprocesses along
the tested gap. In these figures, it willbe
noticed generally the pressure decreasing
and increasing of electrolyte temperature
rise, void fraction and mean bubble size
along the gap length. Figure 5 reveals also
that as the applied voltage (E)increases, the
temperature rise (ilT), void fraction (~)and
the mean size (d)of the bubble are increased
along the gap. This can be explained as, an
increase of E leads to increase ilT as the
numerators of the right sides in Equations 9
and 13 are increased. This tendency causes
(~) and (d) to be increased as shown in
Equations 7 and 18. Variation of the two
phase flow characteristics along such a gap
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with changing the electrolyte inlet pressure
is illustrated in Figure 6. It can be seen here
that, increasing electrolyte inlet pressure
tends to increase the total pressure drop
along the gap and then decreasing ~T; ~ and
cl at the same time. This is because
increasing electrolyte pressure compresses

the bubbles layer and then causes the
bubble size to be decreased. This conclusion
was reported previously by McGeough [1]
who showed that the bubble diameter
appeared to be experimentally proportional
to the (pressure)-03.

1.0
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Figure 5

Variation of the two-phase !low characteristics with the applied voltage. Boundary conditions: P,=2.0
bar,Ti=300 K, L=0.05m, Vf=l.O mm/min and t = 30,0 s

The effect of electrolyte heating ahead
the gap entrance on the two-phase flow
characteristics is illustrated in Figure 7. In
this figure, it is evident that heating the
electrolyte before electrolysis did not affect
the pressure drop through the cell whilst
decreases slightly ~T, Band d. Constancy
of electrolyte pressure drop along the gap
that showed in Figure 7 is understood with
the aid of Equation 20. Attentiveness to the
right side of this empirical equation
indicates a feeble effect for the electrolyte
temperature on the electrolyte properties
that are used in calculating the predicted
pressure drop. Slight decrease of ~T, Band
d for the bubbly flow along the gap with
increasing the electrolyte initial temperature

is explained also with the small changes
that occur in the two-phase flowproperties
as the electolyte temperature increases. For
example, Equation 25 shows that the
bubble departure size is slightly affected by
the electrolyte temperature variation
through 'the small changes in both ye and YH .

Now, present model released limitations
for the exit two-phase flow parameters at
different operating conditions as presented
in Figure 8. In this figure, it is apparent that
the temperature rise, void fraction and mean
size of bubbles at the gap exit are increased
with increasing both the applied voltage and
gap length within the ranges of (10 V< E <

50 V)for the applied voltage and (0.05 m < L
< 0.2 m) for the investigated gap length.
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Figure 8 Limitations of exit two-phase flow parameters with: a-the applied voltage, b- the gap length, c- electrolyte
pressure, and d- electrolyte temperature.

,.

Furthermore; it can be seen also in Figure
8 that the parameters !:J.To, ~oand doare
decreased with increasing the initial values
of flowpressure and electrolyte temperature
within the investigated ranges of (2 bar < Pi
< 10bar) for flow pressure and (280 K < Ti <

320 K) for elect(olyte temperature.
Limitations which were illustrated in Figure f
8 can serve in the correct selection of the
operating parameters through an ECM
process. The Appendix presents correlations
for the variations of !:J.To , ~oand dowith the
investigated operating parameters (i.e., E, L,
P;and Ti).

Phase distribution during flow of the
electrolyte through the inter-electrode gap is
given in Figure 3 for the case of system
operation. This figure indicates the expected

growth of the bubble layer as well as the gap
dimensions. A typical set of distributions"
which were obtained experimentally from
the analyzer for the siZe and velocity of'
hydrogen bubbles in the gap is presented ill
Figure 9. These measurements are displayed
in Figures la and 11 for different values of
the applied voltage and electrolyte flow rate,
respectively. The measured values in these
figures are plotted against a dimensionless
length equals the ratio of the distance
between the measuring step and the gap
entrance, x, to the gap length, L. Figures
la -a,-b,-c and- d depict the variations of
Saut,er mean diameter (d.a2),mean velocity
(u), rate of bubbles generation N and volume
flow rate (Q) for hydrogen bubbles along the
gap with changing the applied voltage or
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current density: These results were obtained
for a constant electrolyte flow rate of 0.05
kg/ s with a constant initial temperature of
295 K.These results reveal a slight variation
of the Sauter mean diameter, mean velocity,
rate of generation and volume flowrate of
bubbles for a constant value of the applied
voltage. It can be seen also that the values
of <b2,U, N and Q decay along the gap with

decreasing the applied voltage. That occur
because the bubbles size increases as the
applied voltage increases with the electrolyte
flow rate being held constant. The decay in
<b2, U, N and Q with increasing the
electrolyte flow rate at constant applied
voltage is illustrated in Figures ll-a,-b,-c
and- d.
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Ffgure 9 Typical distributions for the size and velocity of hydrogen bubbles in the ECM gap.
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Here, it is interesting to note that, the
bubbles velocity ten.ds to increase along the
gap fora constant electrolyte mass flowrate
as shown in Figure 11-b. This is because
the gas void fraction increases along the gap
due to the accumulation of new bubbles at
the cathode surface. Considering the
principle of continuity, increasing the
bubbles size or void fraction along the gap
as clearly appears in Figure ll-a causes the
velocities of electrolyte and hydrogen
bubbles as well as the relative velocity

between the two phases to increase [6]as
depicted in Figure 11-b. Consequently, rate
of generation and volume. flow rate of
bubbles phase will increase along the gap,
see Figures( ll-c and d). On the other hand;
Figures (ll-a,-b,-c and -d) reveal that
increasing electrolyte flow rate yields a
decrease in .the Sauter mean diameter, rate
of generation and volume flow ..rate of
bubbles along the gap. The exact reason for
this tendency is the diminishing of bubbles
size with increasing the electrolyte flowrate.
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Figure 11

Figures 12 and 13 illustrate the
influence of both the applied voltage and
electrolyte flow rate on the variations of flow
void fraction along the tested gap length.
The void fraction is presented here as the
bubble layer thickness at the measuring
location divided by the gap height. This
fraction is plotted in these figures against a
dimensionless length. These figures show
firstly that, the void fraction or the
dimensionless thickness of. bubbles layer
increases in the downstream direction along
the gap length. This increment of void
fraction may be due to the accumulation of
bubbles generated in locations along the
gap. This tendency is observed and it is also
reported by Landolt and others [13].
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Figure 12 Influence of the applied voltage on flow
void fraction along the length of the tested
gap.
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FtgUrf! 13 Influence of the electrolyte flow rate on the
flow void fraction along the length of the .
tested gap.
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Figure 14 A comparison between predictions and
measurements of both bubbles size and void
fraction variations along the tested gep.
Boundary conditions: E=13V, Pi=2.0 bar, Ti =
295 K, m=0.05 kg/s, Vr= O.Omm/min and t
=120.0s

CONCLUSIONS
The analytical and experimental results

released in this paper appear to give a
reasonable description for the behaviour of
the two-phase bubbly flow characteristics
through such a gap during ECMprocesses.
The theoretical results indicate that
decreasing both the value of initial flow
pressure and electrolyte temperature as well
as increasing the applied voltage tend to
increase the flow void fraction, mean
bubbles size and the two-phase flow
temperature rise. However, predictions of
the present suggested model show that
changing flow pressure has the unique
effect on the calculated pressure drop along
an ECM gap. Moreover; these theoretical
results declare the limits of void fraction,
mean bubbles size and temperature rise
that must be considered in an ECMprocess.
Whilst analyzing the experimental results
indicates that; the size, velocity, number
and flow rate of bubbles together with the
flow void fraction are increased with
increasing the applied voltage and with
decreasing the electrolyte flow rate.

0.0)

0.00

.?b X •• ,.••• If.:;' 0. ID • O.O~ Kill
£e13 V

. . .

Figure 12 indicates that, for a constant flow
rate as the applied voltage increases the
void fraction increases also .. This because
the hydrogen bubbles iliameter increases Tin
direct proportional to current density and
consequentlythe applied voltage [13). Figure
13 illustrates the effect of changing the
electrolyte mass flow rate, at a constant
applied voltage, on the void fraction
variation during cell operation. Here, it can
be noticed that increasing the electrolyte
flowrate or its velocity tends to decrease P

or to decrease the thickness of bubbles layer
along the gap. This tendency can be
explained by the fact that the size of
hydrogen bubbles decreases as the
electrolytevelocity is increased [13).

Finally, predictions of bubbles size and
void fracion variations along the tested gap
are compared to the measured ones from
present experimental program in Figure 14.
The calculated. variations of d and P are in
good agreement with the measurements.
The close agreement in Figure 14 c~
confirm both the theoretical and
experimentalresults.
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NOMENCLATURE
A Constant in Equations 20 and 24,

equals 5.5
a gap cross-sectional' area (a = S.z), m2
B constant in Equations 20 and 24,

equals -0.019
C local speed of sound, ms-I
ep isobaric heat capacity, J.kg-I.K-l
dOj bubbles departure size, mm
<b2 Sauter mean diameter, f-lm
I~ applied voltage, V
g gravitational acceleration, m.s-2
I current intensity, Amp
J current density, Amp. cm-2
KH electrochemical equivalent of

hydrogen, gc-I
KM electrochemical equivalent of the

metal, gc-I
L gaplength,mm
m electrolyte mass flow rate, kg.s-I
N number of bubbles in the mixture

element

N rate of bubbles generation, S-l
P pressure, bar
Q volume flow rate of hydrogen

bubbles, cm3.s-1
RH gas constant of hydrogen, J.Kg-l.K-1
l' bubble radius, ).tm
~, gap height, mm
T temperature, K
t time, s
u flow velocity, m.s-I
Vr feed rate, mm. min-I
x coordinate, distance along gap

length, m
z gap width, mm
et wetness fraction
f:l void fraction
'Y specific weight, N.m-3
e temperature coefficient of

conductivity, K-l
T1H current efficiency of hydrogen

generation
T]M current efficiency of metal removal
'),. thermal conductivity, J.m-I. hrl. K-I
~l dynamic viscosity, N.s.m-2
v kinematic viscosity, m2.s-1
p density, Kg.m-3

Subscripts
a anode
e electrolyte
g gaseous phase
H hydrogen
1 initial condition
1 liquid phase
~ metal
o exit condition

Abbreviations
EC~ electrochemical machining
LDV Laser Doppler Velocimeter
PDPA Phase/Doppler Particle Analyzer
R~S root mean square
20 two dimensional

APPENDIX
In order to generalize the limitations

which were presented in Figure 8 for the
exit two-phase flow parameters, interpolated
formulae for these parameters at different
operating conditions have been carried out.
These formulae are given below as functions
of the investigated conditions and within
certain ranges as;
a- Correlations with the applied voltage
variation within the range (10 V < E < 50 V):
do = 203.48 - 2.19664 E + 0.08873 E2 -

0.0016283 E3 +1. 11663x10-5E4 (A-I)
~o= 1.30094 - 0.055954 E + 0.309786 E2 -

6.3 X 10-6 E3 (A-2)
t-To = 20.387 - 0.99652 E + 0.033115 E2-

0.305811 E3+3.99207x 1O-7E4 (A-3)
b- Correlations with the gap length variation
within the range (0.05 m < L < 0.2 m):
do = 181.882 - 175.024 L + 5038.51 L2-

36202.1 L3+ 84578.1 L4 (A-4)
~o = 0.228587 - 8.13689 L + 188.73 L2-

1152.79 L3 + 2388.92 L4 (A.5)
log (t-To)= 1.50303log(L)+6.2342 (A-6)
c- Correlations with the flow pressure
variation within the range (2 bar < Pi < 10
bar):
do =193.178 - 2.01048 Pj + 0.098165 pj2 (A-7)
~o = 0.943458-0.0553374 Pj+ 0.00022916 pj2

(A-8)
t-To = 9.60l83-0.51052Pj+ 0.02021266Pi2(A-9)
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d- Correlationswith the electrolyte
temperature variation within the range
(280 K <Tj < 320 K):

do = 5576.09 - 53.9964 Tj + 0.180616 Tj2 +
0.000201668Tj3 (A-lO)

~o =- 30.007 + 0.312595 Ti - 0.0010633 Tj2 +
1.2 X 10-6 Tj3 (A-ll)

ilTo= - 375.164 + 3.94676 Ti 
0.0135524Tj2+ 1.54168x 10-5Ti3 (A-12)

do and ~T0 are released from the above
equationsin ~m and K respectively.
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