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A one-dimensional, two-phase fluid flow theory is formulated for the electrolyte—gas mixture
behaviour in the interelectrode gap during electrochemical machining. The condition for generating
the choked two-phase flow is described by an analytical formula. The initiation of choked two-phase
flow in a flat, axially symmetric cavity is discussed.

Nomenclature

A(5) total area (cross-section of interelec-
trode gap (m?)

Ay, Ay cross-section of interelectrode gap
filled with gas and electrolyte, res-
pectively (m?)

Cp specific heat of electrolyte
(kg™ K™)

d diameter of inlet tube for fiat radial
cathode (tool (m)

dy, di, d, densities of gas, electrolyte and
anode metal, respectively (kgm?)

dg density ratio (see Equation 28)

D outer diameter of flat tool (m)

E voltage drop in interelectrode gap
V)

E., Ec potentials of anode and cathode (V)

Eu Euler number (see Equation 29)

f multiplier of dp/ds (see Equation 27)

1. tool feed rate (ms™')

F Faraday constant, 96487 (A smol ')

g(s) thickness of interelectrode gap (m)

o> Le inlet and outlet (exit) values of g(s)
(m)

h,, by enthalpies of anode metal and elec-
trolyte, respectively (Jkg™")

L length of gap (m)

m, mass flux rate for anode dissolution
(kgm~2?s™1)

M, molar mass of hydrogen or inert gas
present in electrolyte (kgmol™")
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p(s)
pOS pe

P(s)

Rey,
T(s)
T,, T,
Uy, Vs
Va
Ve Vi
Yer Vi
Y
a(s)
Oy, Ot

TR

current density (Acm™?)

total current (A)

static pressure in interelectrode gap
(Pa)

static pressures at inlet and outlet of
the gap, respectively (Pa)

perimeter of the tool at distance s
(m)

gas constant, 8.31471 Jmol ' K~!
Reynolds number (see Equation 23)
coordinate along gap (m)
electrolyte temperature in interelec-
trode gap (K)

temperatures at inlet and outlet parts
of gap (K)

linear velocities of gas and electro-
lyte, respectively (ms™!)

velocity of anode dissolution (ms™')
velocity of tool (cathode) (ms™")
volume flow rates of gas and electro-
lyte, respectively (m’s™")

part of the interelectrode gap filled
with gas or electrolyte, respectively
(m)

limiting volume fraction of gas in
electrolyte, calculated as right-hand
side of Equation 30c

volume fraction of gas in electrolyte
volume fractions of gas at inlet and
outlet, respectively

temperature coefficient of specific
resistivity, see Equation 12 (K™")
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€ar & electrochemical equivalents for dis- gy specific resistivity of gas—electrolyte
solution of anode material and for mixture ((m)
gas evolution on cathode (kgC™') g, specific resistivity of electrolyte at

0] angle (see Fig. 1) inlet (Qm)

Ve kinematic viscosity of electrolyte o slip ratio (for bubbles in the elec-
(m’s™h) trolyte)

1. Introduction

The electrochemical machining of metals involves the anodic dissolution of metals at current
densities 5-350 A cm 2 using a cathode of given surface geometry. The interelectrode gap is usually
very small (0.05-1.3mm) and the linear velocity of the electrolyte in the interelectrode gap is
3-20ms~'. Due to gas evolution on the cathode and heat generation in the electrolyte the conditions
along the flow path are changing and thus lead to a non-uniform current density distribution over
the anode surface [1-3]. A more uniform current density distribution can be obtained by using a
mixture of air and electrolyte (~ 1:1) (at inlet pressure up to 1.6 MPa) and a flow restrictor dam
at the exit [4]. Nevertheless, this increases the possibility of choking in the interelectrode gap.
Choking was discussed for shallow axially symmetric cavities by Thorpe and Zerkle [5]. An
evaluation of the true conditions for choking is the subject of this study.

2. Theory

The choking condition for the two-phase flow is fulfilled if the static pressure in the interelectrode
gap increases to infinity. Instability occurs in the flow regime and these instabilities are well
developed in the case of axially symmetric cavities (gaps). This is why we introduce here a system
with axial symmetry, but the results are also valid for flat ducts and other systems where the
approximation of plug flow is reasonable. The system with axial symmetry is shown in Fig. 1.

The flow in the interelectrode gap is assumed to be one-dimensional, with only one independent
space variable, s, along the gap (s = 0 for r = d/2). The flow of electrolyte (mixed with inert gas)
is radially outward in a thin gap, g(s). The length of the gap L > g(s). The tool (cathode) moves
down at the feed rate, f;. The normal velocity of the cathode, V., depends on position s.

V. = f, cos O(s) 0

At the anode the current flux dissolves the anode material and the anode surface moves down at
velocity V.. The dissolved materials enters the electrolyte and flows out as sludge. Since the content
of sludge in the electrolyte is small, the properties of the electrolyte are assumed to be independent
of sludge content.

It is assumed that the gap can be formally lumped to equivalent heights: y; (filled with electrolyte)
and y, (filled with gas).

Then

gs) = yu(s) + »i(®) @)

and the void fraction, «, is defined as

a = Xg% (32)
I —o = 2 (3b)

g(s)
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Fig. 1. Schematic representation of ECM system with axial
symmetry. V;'o, Volumetric flow rate of inert gas at inlet; £,
_l diz DI2 feed rate of cathode; r, radius (see Nomenclature for other
- symbols).

The value of v, is assumed to be equal to v;. Then o is equal to one, i.c.
o = & =1 @

The void fraction can be expressed from A, and 4;,

A, = 2mr(s)y,(s) (5a)
Ay = 2nr(s) ye(s) (5b)
giving
Ag
S J ) (6a)
or by V, and ¥}, giving
2
= — 6b

The time dependence of the gap thickness is given by V, and V,,

0g

= =K ™)

and ¥, is given by Equation 8 and ¥, by Equation 1
AR ®)

where m, can be expressed using ¢,

m, = gl (9a)
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Obviously, for the gas mass flux it holds that
my = gl (9b)
Combining Equations 1, 7, 8 and 9 we obtain

0g &l

a‘; = ‘;j"*f,COS@ (10(1)

and for the steady state (0g/dt = 0) we have
: dr,
i = —f cos @ (10b)
éa

The current density may be calculated for each current line from the relation
U = ig(s) om(s) + Eo() — Ec() (1

Where the first term on the right hand side represents the voltage drop in the interelectrode gap g(s).
The specific resistivity of the mixture of bubbles and electrolyte is given by the Bruggeman equation:

on® = ool + (T() — To)] [1 4 Vfﬂ (12)

where yp = (0lng/0T).

Following Thorpe and Zerkle [5] it is assumed that the dependence of the electrode potentials on
the local current density can be neglected. Further, it is assumed that the voltage drop in the
electrolyte has a constant value, E, independent of the time and space coordinate, s:

E = U—- E, + E: = constant (13

The equation of continuity for the gas phase is

d, 4,) LCAA)
= 14
81 P(s) m P (14a)
where P(s) is the tool perimeter (= 2nr(s)) at the distance s.
For the steady state (d(d,4,)/0t = 0) and using Equation 9b,
d(d, V) .
= 2nr(s)e,i (14b)
ds
For the calculation of d, the equation of state for an ideal gas can be used, giving
pa ,
= 15
From Equations 14b and 15,
dv, R,T N AYL" v, <dT)
bl -S— 2 e} (22 MR N Bt 16
& = Myp ( p) <ds AT\ & (16)
The equation of continuity for the fluid flow is
a—(‘g—:lf—) = a(df Vf) + Rrr(s)] (m, — my) (17a)

and for the steady state (6(d;V;)/0t = 0), using the assumption that 4; # f(7, s) and Equations 9a
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and 9b, it follows that

dV;  [2ar(s) is)] (ea — &)
o - 7 (17b)

The transport of energy is due mainly to the electrolyte flow; the transport of energy by gas is
assumed negligible compared to that by electrolyte. The transfer of heat from the electrolyte to the
metal is also neglected. This implies an adiabatic process with Joule heat generated in th eelectrolyte
according to

0

(%) (dA) = — <&) (d:Vihy) + 2mr(s) i(s)E (13)

where u; and A, are the internal energy and the specific enthalpy of the electrolyte, respectively.
For the steady state d(d; 4; u;)/dt = 0, additional assumptions are introduced, i.e. for 4,

dh; dT;
ks bt 19
ds % (ds) (19
and d; and V; are constant. Using all these simplifications we obtain

dTy _ 2ar(s)i(s)E

ds —  di,V; (20)

The equation of motion is based on a momentum balance. The balance applies to both phases
and plug flow is also assumed for both phases.

0 5 0
p (d, A0, + diAivr) = — 5 (d A,V + diAgvf) — A (6%:) — (14 + 10) 2nr(s) (21

where 7, and 1 are the shear stresses acting on the anode and the cathode surfaces. The term with
the shear stresses may be approximated by the equation valid for parallel plates,

oo - (GO ES] o

where D,, ~ 2g(s), and Rey < 2300, K = 96, n = 1 in the laminar region and Rey > 2300,
K = 0.316, n = 0.25 for the turbulent region.

Rey = (?) (DT:> (1 — o) (23)

The correction term (1 — «)** in Equation 23 was introduced by Brinkman [6] and Roscoe [7] for
suspension formed by solid spheres. It is known that gas bubbles behave like solid spheres in the
presence of surface active agents in the electrolyte.

Further, the following term may be rearranged

d A + dADt = V2 + (d, + ViV, + dV2)A 24)
For the steady state, d(d,4,v, + dr4;v;)/0t = 0, we obtain from Equation 21,

d . . -
e 1 o LA A AR AV R SELIOIVIeD
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or using Equations 14 to 17 we have
dp 1 d(d, V) s dp 1 dr d(d, V)
& " {Az{”[ ds } 2| (G)a (&) - <?)dg(a‘s)]“’f[ ds ]
dn; dn; a.v; [ d(V,d,) iV, V; dp N T )
ran () - an (@) - 41160 -0« @) - G4 (&)

dV 1 d, . . . .
¥ dfzvf( L )} 1 0rs) + 201 (B2) @07 + 40, + a7R + dmm}

— (15 + 1) 270(5)/A 26)

After elimination of pressure derivatives, the right hand side of Equation 19¢ contains only known
derivatives.
Eliminating all derivatives of pressure, we obtain a multiplier of dp/ds denoted as f.

. 1 . 1
f=1-4dV; (ﬁ) - de/}Vg(p—A—2> 27N
Usually f > 0, but if £ < 0 (in some cases), then the pressure loss should increase to infinity; this
represents the condition of choking for the ECM process. The choking condition expressed by

Equation 27 may be transformed to a more convenient form by introducing density ratio, dy, and
Euler number, Eu:

b = o 28)
23
_» ~
B = Gy )
/ d, A
o by [EudR + (-2-” (30a)
f

If ¥,/V; in a given system is lower than the right hand side of Equation 30a, then the choking
condition is not fulfilled and ECM proceeds without operating problems.
Another possibility for expressing Equation 30a is

d,v, 1 Eu 17
- O = —~ !
A7 5+ [ T + 4] (30b)

271112 2772
a < {—%-{-[Eud;(%—(%—k)] }/{1 ‘%{'+[Eudk+<%)} } (30c)

3. Discussion

or

3.1. Choking condition

In some industrial processes the inlet electrolyte is mixed with air or carbon dioxide. The inlet void
fraction is a€<0.2; 0.7) and the inlet pressure pe<0.5; 2.0> MPa, T ~ 300K, 4, ~ 1000kgm >,
The value of M, for air is 28.8 x 107" kgmol ™' and for CO, is 44 x 107° kgmol~".

Let us denote the right hand side of Equation 30c as oy,. Fig. 2 shows ay, versus p with V;/4,
the superficial electrolyte velocity, as parameter. Let us discuss the process of ECM starting with
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| 1 1
1x10* 2 L 6 1x10° 2 4 6 1xi0% 2 4L 6 1x107
p/Pa

Fig. 2. Void fraction of gas versus static pressure for different superficial velocities of electrolyte according to Equation 30c;
d = 10°kgm™, M, = 28.8 x 107° kgmol ™" (air). Solid lines give values of ¥;/4; (1) lms~'; (2) 2ms~'; 3) 3ms™"; (4)
S5ms'; (5) 10ms™%; (6) 20ms™%; (7) S0ms™*; (8) 100ms™'. Dashed lines give expansion of the air—electrolyte mixture,
where oy = 0.5, for the following values of the static pressure at the inlet (9) 1.6 MPa; (10) 0.6 MPa.

a mixture of gas and electrolyte, Vg = ¥V; = 1(o, = 0.5), at an inlet pressure of 1.6 MPa (see Fig. 2,
curve 9). We assume that the increase of ¥, due to electrolysis is negligible along the gap. The
interelectrode gap can be approximated by a rectangular channel, so that the ¥;/4 value along
the gap is constant. If the pressure loss along the gap exceeds 1.0 MPa, then for V;/4 = 20ms~!
the static exit pressure is less than (1.6 MPa — 1.0 MPa) < 0.6 MPa, and from curve 9 of Fig. 2 we
see that the choking condition is fulfilled (o, > o).

Working only with 10m s~ for ¥;/4 and with the same pressure loss 1.0 MPa, the exit pressure
of 0.6 MPa guarantees that choking cannot start (o, > ). To ensure a high static pressure at the
exit of the gap, it is necessary to use a flow restrictor dam in the exit [4].

From Fig. 2 we can also see the limits for « values at the exit part of the gap for different ¥;/4
values. For V;/4 = 20ms~' and p, = 0.1 MPa the «, value should be lower than 0.19, otherwise
choking will occur.

3.2. Comparison with published results {5]

The choking limits given by Equation 78 in 5] are only a crude approximation of Equations 27
and 30. The main reason is a drastic simplification of the momentum balance as represented by
Equation 44 in [5].

The choke limits for flat and spherical tools are given in [5] for different exit pressures, most of
them for p, = 0.206 MPa. For other parameters given in Table 1 this exit pressure for flat radial
tools could be reached only at a very small feed rate (f, < 1 x 107> ms™'). At higher feed rates
of the tool the pressure at the exit of the gap should always be higher than 0.2 MPa, even for
p, = 0.01 MPa, because the radial tool acts as a radial diffuser [8-15] and the static pressure at the
exit, for the given conditions, is higher than 0.2 MPa (see Fig. 3). This is the main reason why the
results presented in graphical form in [5] are not valid for parameters given in Table 1 if the inlet
is situated in the centre of the tool.
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Table 1. List of input parameters used for ali calcuiations

Parameter Value

¢, 2.9076 x 10°Jkg™ ' K~!

D 0.03175m

d 0.0635m

d, 7801.1kgm™>

d; 993.16kgm >

E 16V

0o 0.03598 Om

Do 0.01 MPa or 0.2068 MPa

R, 8.314JK ™' mol™!

T, 298K

Yr —0.00888 K !

g, 2.889 x 107 "kgA ' s™! (Fe)
& 1.032 x 10*kgA~'s~! (H,)
v 6.9677 x 1077 m’s™"

a I

Vio 6.3 x 107*m’s™!

£ e(5 x 1078 x 10 °)ms™’
cos O(s) 1

Figs 3-7 were obtained by numerical solution of Equation 26 (after a rearrangement), together
with Equations 14b, 16, 17b and 20, and using Equation 10b, 11, 12 and 15.
The dimension of the inlet gap as a function of the feed rate of the cathode is plotted in Fig. 4.
The superficial velocity of the electrolyte (¥;/4) at the inlet and exit of the gap is a linear function
of the feed rate (see Fig. 5). The exit void fraction of gas versus the feed rate may be seen from Fig.
6. The decrease of «, with increasing feed is given by the increase of the exit pressure (see Fig. 3).

107

pe
Pa

10°

10

| Fig. 3. Exit pressure versus feed rate of the

flat tool for conditions given in Table 1.
s q Values of inlet pressure: (1) 0.01 MPa; (2)
1{107m s7) 0.207 MPa.
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Fig. 4. Inlet gap versus feed rate of the flat tool for con-
ditions given in Table 1. Input pressure, 0.01 MPa.

Fig. 5. Superficial velocity of the electrolyte versus feed rate
of the cathode: (1) at the inlet of the gap; (2) at th exit of the

gap. Other conditions given in Table I.

Fig. 6. Exit void fraction of gas versus feed rate of the
cathode for conditions given in Table 1. Values of inlet

pressure: (1) 0.01 MPa; (2) 0.207 MPa.
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0.4~ -

02 -

0 ! L L —1L Fig. 7. Exit volumetric flow rate of the gas, recalculated for
0 2 4 [ 8 10 pressure 0.2 MPa, versus feed rate of the flat tool. Other

fo I 10°n &) conditions given in Table 1.

Due to the high pressure at the inlet (p, > 10* Pa), no choking was observed at the feed rates
f. =5 x 10°°ms™' (see Figs 3-6). This result is in good agreement with the values in Fig. 2.

If the inlet of the electrolyte is located on the outer radius of the tool (D) and the flow is directed
to the centre of the tool, the situation is rather different. The inlet pressures are very close to the
p. values in Fig. 3, and the outlet values of the pressure may reach 0.2 MPa. The approximate void
fraction can then be calculated using the values of ¥, from Fig. 7.

(i) For £, = 8 x 10> ms™'. The inlet pressure is ~ 11 MPa, the inlet superficial velocity of
electrolyte is only ~26ms™', the exit pressure is 0.2MPa, the outlet superficial velocity is
~150ms~". From Fig. 7, ¥, equals | x 10~*m?*s~'and from Table 1, V;, = 6.3 x 10~ *m’s™".
The exit void fraction is «, = 0.137. For V;/4 = 150ms™', «y is ~0.02 (see Fig. 2). This means
that for the flow in the gap the choking condition is fulfilled; o, > oy

(i) For f;, = 2 x 10> ms™". The inlet pressure is ~1MPa, the inlet superficial velocity
~6ms~', the exit pressure is 0.2 MPa, the outlet superficial velocity ~38ms™', Vggc ~ 0.25 x

1074m’s™!, o, = 0.038. However, for V;/4 = 38ms~' and p, = 0.206 MPa, ay is ~0.12.

This means that ay > «, and in this case no choking is expected. From the calculated examples
it follows that at £, > ~3-4 x 10~°ms~' the choking condition is always met.

4. Conclusion

Equations 27 and 30 allow calculation of the limiting void fraction, o, required for the generation
of choking, as a function of the following operating parameters: static pressure, superficial elec-
trolyte velocity, temperature, electrolyte density and density of the gas. The use of Equations 27 and
30 is restricted to uni-directional flows in channels and flat or shallow axially symmetric cavities with
radial inflow and outflow. The possibility of using the inlet mixture of gas and electrolyte can easily
be discussed using Fig. 2. The use of flat and spherical tools at inlet pressures higher than 0.01 MPa,
values of V;/4 over a broad range of 10-150ms~'and for £, > 5 x 107 °ms™', d ~ 0.006 m and
D ~ 0.03m, proceeds without choking for a radial inflow located in the centre of the tool.

For a flat radial tool with electrolyte inlet located on the outer diameter and the electrolyte
flow directed to the centre of the tool, the choking condition is fulfilled for f, > (3-4) x 10> ms~'
and p, = 0.206 MPa. Other parameters important for ECM can be found in Table 1. For
fi < ~3 x 107°ms~', choking is not possible for the system under consideration.
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