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This paper presents an analysis of the impact of inertial forces of the electrolyte flow
in an interelectrode gap on the effects of ECM process of curvilinear rotary surfaces.
Considering a laminar flow in the interelectrode gap, the equations of the flow of the
mixture of electrolyte and hydrogen in the curvilinear orthogonal coordinate system
have been defined. Two classes of equations of motion have been formulated, which
differ in the estimates referred to the components of velocity and pressure, and which
were analytically solved using the method of perturbation.

Using the machined surface shape evolution equation, the energy equation, and
the analytical solutions for velocity and pressure, the ECM-characteristic distributions
have been determined: of mean velocity, pressure, mean temperature, current density,
gas phase concentration, the gap height after the set machining time for the case when
there is no influence of inertial forces, the effect of centrifugal forces and, at the same
time, centrifugal and longitudinal inertial forces.
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1. Introduction

Electrochemical Machining (ECM) is an effective method of machining com-
plex-shaped parts made of hard-to-cut materials, e.g., turbojet engine blades, steam
turbine blades, turbine and turbopump discs, dies, punches, especially from sintered
carbides, surgical implants, artillery shells, etc. [1, 2]. ECM, besides the electro-
erosion machining (EDM), is every so often the only method of processing for
macro, micro and nano complex-shape elements that are made from difficult to
process materials [3]. This machining is also widely used for making holes [4].
Electrochemical micromachining seems to be a highly promising technique in many
application areas, especially in the electronics industry of the future [5].

In electrochemical machining, a material is shaped using anode dissolution. In
general, machining involves the ECM workpiece (WP) machining with a positive
electrode (anode) and, a tool electrode (TE) with a negative electrode (cathode).
The gap between the anode and the cathode is filled with an electrically conducting
solution (electrolyte). The flow of the current between the electrodes triggers a
process of anode dissolution, resulting in material removal from the anode (WP).
In electrochemical machining, one can create conditions which allow for high per-
formance process and surface smoothness through selecting appropriate machining
parameters and materials for the anode, the cathode, and the electrolyte [6—8].

Electrochemical machining is often considered to be a finishing touch and is
used to improve the macro- and microgeometry of parts and elements preliminarily
processed by other methods [9, 10]. The paper [11] presents a comprehensive pro-
cess of electrochemical unidirectional longitudinal honing as a finishing process.
Experimental studies confirming the improvement of macro and microgeometry of
holes in comparison to the classical machining of large holes were carried out on a
machine tool constructed by the author’s team. The authors of another paper [12]
point to the influence of hydrodynamic instability on the topography of the work-
piece surface. The combination of electrochemical milling with electrochemical
grinding allowed to increase the efficiency of the finishing process [13, 14].

A variable field of velocity, pressure, temperature, current density, the concen-
tration of gases which appear in the interelectrode gap (IEG) and chemical reactions
and electrode processes all contribute to electrochemical dissolution that results in
achange of the shape and the dimensions of a WP in the ECM process. The complex
physicochemical processes which occur in the IEG and an often-complex shape of
the machined surfaces make the ECM process three-dimensional. Interestingly, in
most cases the 3D problem is either simplified to ECM process being considered
as a single- or possibly two-dimensional process. With such ECM process models,
the TE shape and then the shape of the TE in the input plane (of the cross-section)
are determined. Assuming that the WP is a spaciously complex piece, going to
successive cross-sections determining the one-dimensional — or sometimes two-
dimensional — machining field, the phenomena accompanying third dimension are
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disregarded on purpose. It usually leads to significant errors of such simulations. As
a result, it is necessary to introduce TE designing corrections that are prolonging
the ECM process and, consequently, lowering the performance of the process of
electrochemical dissolution.

In addition to the ideal ECM model, laminar and turbulent flow of electrolyte
in the IEG is considered in [15-22].

In the ECM continuous machining process, the TE usually makes a trans-
lational motion towards the WP. Kinematically, the machining process can be
complex — a vibrating electrode, an electrode performing a rotational motion, etc.
The electrolyte fed to the IEG — indispensable for the dissolution process — also
discharges products from the interelectrode space (molecules of hydrogen and
digested metal ions). In the IEG, there is a thermodynamically complex multi-
phase flow of molecules of hydrogen, digested metal, and the carrier, namely
electrolyte [17, 18].

The properties of the electrolyte and hydrodynamic parameters of the elec-
trolyte flow affect the processes of the mass, momentum, and energy transfer in the
IEG. It is thus essential to ascertain that the machining parameters are correct to
prevent the occurrence of cavitation zones, a critical flow, an excessive increase in
the temperature of electrolyte, or an excessively high volumetric concentration of
the gas phase [19, 20, 22].

The essence of the ECM mathematical modeling is determining the evolution
of the shape of the WP surface in time and the distribution of the physicochemical
conditions found in the machining area, including: the distribution of the IEG
height, the electrolyte flow rate, static pressure, current density, temperature, and
the volumetric concentration of the gas phase [23-27].

The modeling and simulation of the ECM process for surfaces with a curvi-
linear contour and curvilinear rotating surfaces, including the processes of hole
machining, milling, and grinding, are described in numerous works. One pa-
per [11] presents the process of electrochemical machining of curved surfaces
based on a one-dimensional model of electrolyte flow in the inter-electrode gap.
Similarly, another paper [17] presents physical and mathematical models based
mainly on one-dimensional electrolyte flow, used to develop a simulation program
working as an ECM computer aided system (CAE-ECM). Several examples of
the CAE-ECM system use were discussed. The papers [18, 25, 26] present se-
lected topics of the ECM machining for curvilinear rotating surfaces. Based on
the principles of mass, momentum, and energy conservation, two-dimensional
equations were formulated for the inter-electrode gap flow of the electrolyte and
hydrogen mixture. Computer simulations for various electrode-workpiece kine-
matic systems were carried out, discussing the distribution of electrolyte velocity,
pressure, temperature, current density, gas phase volume concentration, and the
thickness of post-machining gap. One paper [27] presents a mathematical model
of electrochemical machining for two-dimensional curved surfaces with the use of
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matrix equations that were solved numerically. Another paper [20] also presents
the impact of hydrodynamic conditions of electrolyte flow on analysis of critical
parameters related to ECM machining of curved rotational surfaces. Three pa-
pers [28-30] concern hole electrochemical machining and examine the influence
of electrolyte conductivity on tool wear. In one of these papers [29] CFD computer
simulations were used to determine selected machining parameters that improve
the machining accuracy of the cooling holes in a turbine blade. The paper [30]
presents an innovative method of ECM for machining holes based on an elec-
trode with a gradually decreasing conductive surface. The process was modeled
to study the electric potential and the current density distribution at the electrode
surface. In [31] a suitable method of electrolyte feeding was proposed to elimi-
nate electrolyte flow traces on aircraft engine blades. The flow view was obtained
using the finite element method. The simulation results were confirmed by an
experiment.

Noteworthy are monographs [11, 32, 33], in which the basics of theoretical
electrochemical machining are presented.

One paper [11] provides an analysis of the ECM for the axisymmetric shaped
surface based on an approximate one-dimensional flow model applied for the
two-dimensional problem — the axisymmetric flow. The analysis has provided the
values for the distribution of static pressure, mean velocity, temperature, gas phase
concentration and the IEG thickness. The second paper [21] considers a process
based on the ideal ECM model, with a segment rotating and vibrating electrode.
Another paper [24] provides an analysis of ECM axisymmetric surface machining,
considering the real conditions in the IEG. Using the shape evolution equation, the
distribution of the IEG thickness after machining and physical parameters of the
ECM process for respective cases of movement of the electrodes limiting the flow
of electrolyte in the gap are determined.

This paper is an attempt to analyze the impact of the inertial forces of electrolyte
flow in laminar flow conditions on the effects of the ECM process of curvilinear
rotary surfaces. The aim is to determine the distribution of the IEG height, the elec-
trolyte flow rate, temperature, static pressure, current density, and the volumetric
concentration of the gas phase dependent on the effect of electrolyte flow inertia in
the IEG.

2. ECM machining process modeling

2.1. Workpiece shape evolution equation

In a RAZ cylindrical coordinate system related to a fixed anode (WP) (Fig. 1)
the rotating surface equation is as follows:

Z =ZA(R,1). (1)
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Fig. 1. Interelectrode gap

The shape of evolution equation for the machined surface assumes the follow-
ing form [20, 23, 25, 26]:

0Zs . 0Z4\’ ~ ~
o1 —kVJA 1+(5R) for t =0, ZA—ZA(R), )

where: ky — is the coefficient electrochemical machinability which is defined as
the volume of material dissolved per unit electrical charge and Z4 (R) describes an
initial shape of the WP surface.

Assuming that the distribution of the potential along the normal section to
the TE is linear, as is often assumed for the technology process calculations, the
function of the current density is presented with the following formula [17, 23]:

D 3)
where: ko — the electrolyte conductivity at 7Ty and 5 = 0, Ty — the initial temperature
of the electrolyte, i —the lowest IEG thickness, 8 — the void fraction (volumetric gas
concentration), U — the working voltage between the TE cathode and WP anode,
E — the total overpotential at the inlet of the gap.

Let us assume that the electrochemical machining surfaces of the TE and the
WP are similar in terms of geometry, which gives us a two-phase electrolyte-
hydrogen zone filling the gap completely. The volumetric concentration of the gas
phase changes along the @7 flow and function, describing the effect of temperature

and gas-phase concentration on the conductivity of the mixture in the IEG in the
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following form [17, 18, 23, 26]:

h

Org = / 4y , 4
(1 +a7AT) (1 —,3)

where: ar — conductivity coefficient of the electrolyte at T, AT = T — Ty — temper-
ature increment.

2.2. Equations of motion of the electrolyte and hydrogen in the curvilinear
coordinate system

System of equations (2)—(4) is not a closed system. To close the system of
equations, it is indispensable to determine the temperature distribution in the IEG
thickness (#) and the gas phase concentration (). Determining the temperature
distribution in the IEG requires an analysis of the flow of the mixture of electrolyte
and hydrogen in the gap.

The flow equations of the electrolyte and hydrogen mixture in the locally
orthogonal curvilinear coordinate system x6y assume the following forms [26]:

— mixture flow continuity equations:

for electrolyte:

la (peRVx) + la (peVH) + 0 (peVY)
R ox R 060 ay

=0; (&)

for hydrogen:

10 (puRvy) 10 (puve) , 9 (prvy)

_ -1
R ox R~ 96 gy Jmakuh ©

momentum equation:

V%_'_va{‘)vx_'_v c’)vx 2R’ _(’)_p+16 ZR%
Pe\"™ox "Ra0 "oy VOR)T Tax Rax' |7 ox

a ’
_%lla(va)_l_lé)ve_i_&”_}_l@ [(lavx+8v@ R)

R ox "Rao " ay||TRoeM|\R 96 T ax " VR
1 0vy R’ d (0vy vy
) R | P ae] G
(R8€ ’ R)}+8yﬂ(6x+8y) @
ava+v_98ve+ ava+ R\ _ 1dp
Pe\"x TR0 "oy TR T "Rae
1aR lavx %_{__ R_’ li lan 5’
"R ox Roo " ox TTVR)TRa"\R 30 TR
2 1(9(va)+18\/6+% +i,u l(‘)vy dve ®)
3[R 0x R 00 Oy dy \R 06 By
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vy vg Ovy vy op 10 10vy dvy
e|\Vx—F7 T &% . —|=-F—+=s—Rul|ls——
p(v ox TR 00 oy oy " Rox P\Rox oy
1 5 8\/3 avy 5 6Vy 2 la(va) 16\/() aVy
—— |+ —+—u{2—=—-=|= — —1¢; 9
+R@9“(ay+ae)+ay”{ o 3|k ax "rRao o]l ?

energy equation:

o[, 9T jveodT ~oT\ 190 ( 0T\ 10 [ 0T

Pecr\" oy " Rag " Way) " Rox\""ax) " Rae \"Roe
d (. dT\ j?
I &)L 10
+3y( By)+% 10

where: v, vg, vy — velocity vector components, p — pressure of the mixture of elec-
trolyte and hydrogen, p., = (1 — 8) pg — electrolyte equivalent density, py = ,Bp%,
— hydrogen equivalent density, y, — dynamic coefficient of electrolyte viscosity,
» — electrolyte conductivity, j, ng, kg — current density, current efficiency of the
hydrogen dissolution, electrochemical equivalent of hydrogen, T — temperature,

c¢p — specific heat capacity at constant pressure, R — radius of the surface of TE,
R = OR

ng system of equations above (5)—(10) describes a steady three-dimensional
flow of the mixture of electrolyte and hydrogen in the locally orthogonal curvilinear
system of coordinates xfy in the case of a lack of concentricity of the tool electrode
and the WP.

If in the ECM process the TE and the WP is maintained, i.e., 8/96 = 0, then
the flow of the mixture of electrolyte and hydrogen becomes an axisymmetric flow.

To include the effect of inertial forces in the two-phase medium flow, two
classes of estimations referred to the velocity and pressure components have been
considered [23]:

Estimation class I:
ho ) _ (#VO Ry

vy =0 (vg), vg=0(vg), vy:O(voR—O (0] h—oh—o). (11)

Estimation class 1I:

h
vx:O(voR—(())), ve =0 (vo), vy=0

hg Hvo
s | p=0——]. (12)

0 ho

In dependencies (11) and (12) the respective symbols have been used: vo — means
electrolyte flow rate, hgp — means IEG thickness, Ry — means radius of the area of
the TE.

Introducing dependencies (11)—(12) to the system of equations (5)—(9) and dis-
regarding small higher-order components, the simplified forms of motion equations
have been established for both electrolyte mixture flow classes considered [26].
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Flow class I:
flow continuity equations:
for electrolyte:

la (peRvx) + 9 (pevy)

=0; 13
R 0x ay (13)
for hydrogen:
1 8 (puRvy) 0 (puvy) _ -1
— = kpgh™; 14
R ox T By Jnakuh™; (14)
momentum equation:
Ovy Ovy » R’ op 0 Ovy
B R = EE : 15
p(v ox +vy8y VGR) 8x+3y'u((')y) (1)
Pe\"ax T8y TR T 9y 6y )
dp
0=—-——; 17
3y (17)

energy equation:

oT oT o ( oT j?
— 4+ _ = — — | + 18
Y 0x vy dy 0Oy ( ay) PeCpk (18)
where a = — thermal diffusivity.
PeCp
Flow class II:
flow continuity equations:
for electrolyte:
13 (peRvy) 0 (pevy)
J— + = 0’ 19
R ox dy (19)
for hydrogen:
10 (puRvy) 0 (puvy) _ nukn
R 0x ay J h 20)
momentum equation:
R’ dp 0 v
2 X
- — =+ —ul—], 21
PeVy R Ix 6)7#( ay) 21
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(9 6 Vg
=—ul|l——" 22
oy ( ay ) , (22)
Ip
O = —_-— 7 23
Jy (23)

energy equation:

2
oT T 6(8T)+ j -,

ox Ty T ay\"ay) T pecyr

The formulated two systems of equations (13)—(24) of axisymmetric, steady,
and laminar flow of the mixture of electrolyte and hydrogen in the IEG allow
the analysis of the effect of the inertial forces on the distributions of velocity and
pressure, and thus, the distributions of temperature in the IEG.

2.3. Boundary conditions

The (13)—(24) solutions of equations should meet the boundary conditions for
velocity and pressure components, respectively [23, 26]:
velocity components:

vy =vy=0 when y=0 and v,=0, vy=0 when y=nh,

(25)
ve=0 when y=0 and vg=wR(x) when y=h;
pressure:
p=po for x=x,; (26)
for temperature:
onthewalls: T=T, for x>x; and y=0 and y=nh, 27)

ontheinlet: 7 =7; for x=x;,

where: p, — pressure on the IEG outlet, x;, x, —IEG inlet and outlet coordinates,
T. — temperature of the electrodes, T; — electrolyte temperature on the inlet.

2.4. Integrals of the equations of the electrolyte and hydrogen mixture flow

Introducing the characteristic dimensionless variables determined with the
following formulas [26] to equations (13)—(24):

g= X 52X poR 5 g

R, ho R, Q(e) (28)
";x:v_x’ f,y:v_y&, ‘76:\/_9’ ﬁ:ph"ﬁ

Vo Vo ho Vo Uvo R,
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the continuity equation for electrolyte and momentum equations, describing a flow
of the mixture of electrolyte and hydrogen, can be presented in the following form:

1 (9 (ﬁeRﬁx) 0 (ﬁe{}}’)
1 -0, 2
R ox & 2

_ O, oy LR op  9%*,
A x—— _ —_ = —— N 30
(v A VHR) o (30)

_0vg  0Vg _ _ R\ _ 9%y
/l(V()g‘FVya—y—VxV()E):a—yz, (31)
op

0=—-——. 32
35 (32)

The quantities with zero index are mean quantities in the flow area considered,
h .
A= ReR—0 —a modified Reynolds number.

0
In the equations of motion (30) and (31) the modified Reynolds number is the
so-called small parameter of the system.
Thus its solution can be found in a form of power series for A in a form of:

ﬁxzi/liv;, —le”, v:i J ﬁzi/fﬁi. (33)
i=0 i=0

i=0

Substituting the series (33) to the equations of motion (30) and (31) and the
flow continuity equation (29), ordering and grouping the terms for the same powers
A, limiting itself to the linear approximation and returning to the dimensional form,
the following series of equations has been obtained [26]:

1a(purd) 9 (e3)

= 4
R  Ox Oy 0 34
0
19 (o RVY) g (pHV ) nuku (35)
R Ox dy h
ap® o (0
S A e 36
o ay“( 3y ) (36)
0 81/%
0= @/J (E) s (37)
I
10 (peRvL) 9\Pev
perr) 2 (ee)) -
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FiR0 FiR0 2 R ﬁp a (ov!
0 X 0 X 0 X
e - —| = — , 39
P [Xax Yy dy (vg) R} Ox +8y'u(8y) 39
MY v R’ o vl
0 o 0 [ 0,0 [
— — - —|==—ul—|. 40
pe (vx ox Ty dy VxVe R ) (9yﬂ dy (40)

Boundary conditions for the system of equations (34)—(40) now assume the form:
for velocity:
when y = 0 (on the surface of the TE):

<
=}
Il
N
<
=}
Il
L
o
(e}
<
Il
L
<
Il
N
<
o
Il
L
~~
~
p—
p—a

for pressure:
P’=p,, p'=0 when x=ux,. (43)

Solving the sequence of equations received using the boundary conditions
(41)—(43) the distribution of velocity and pressure in the IEG have been respectively
received for:

Flow class I:

30 5 27 Q°R" 3 , 5
Y= hy — ) 2 WRR'| (2 - h
YT RIS (hy=22)+ 5 (140n2R3h2 20% (v~ )

3 O2R’ 1 w’RR’
+ L [— 0 (6hy5— 5h2y4— 2y6+ hsy) -2 (y4— h3y)]’ (44)
u

20 P2 R3KS 2
vg = wRZ %; [Zan;Uth’ (Shy4 _3y5 - 2h4y)} , 45)
vy = }‘1/3 (3hy 2y3) - /ﬁ:—x {'2 (1%;_70”?;;;2 + ;szRR') (y - hy)
LB s ) L )
ouQ 27 pQ?

(Bx — By) + ipw (R2 - R?) +pa, @7

=== (Ay—A i
px) e Dtz 20

0 m2h2

where:

-2 (o).
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. p (27 QR 3 W2 5
L= RR|(y*-h
Yx = (14O7r2R3h2 20 (y y)
pl3 Q°R’ 5_sp2v4_ 964 75 _L‘UZRR’ 4_ 43
[20712R3h6 (6hy Sy =2y +hy) 2 (y h y)’ “49)
y0 = sz (50)
1 p |20wR’
vl 4 5 4
S Shy* —3y° - 2h 51
Vg 20#[ ~RIA ( y =3y y)] (51)
:0 (52)
1 0 (p(27 Q*R 3
1 2
= 5= — w’RR —h
"y peR ax{ (140 2R 20” )(y )
3 QR 5 2.4 6, 15 1 w’RR’ 4 13
56 o (6hy — SRt 2y04 y)—E = (y iy y) . (53)
6
P =L (A - A2+ pa (54)
27 pQ*
1 2 2
Pl =55 )+ 55p0? (R - R2). (55)
where: q . q
X
2/? X T Tope Cx_/—de,
D, = / peRR dx, A,=A(x;), B,=B(x;).
Flow class II:
_ 30 N P (3 2pn pl1WRR (4 4
T IR (hy Y )+,1 (20“’ R (y hy) 2 (y h y)’ (56)
ve = wRY (57)
h
1 0 (p(3 , P 1 W?RR |, 4
S RR|(y*-h ) El-— ! ,
"y peRﬁx{ (20 )(y Y +u[ 2 2 (=) 69
Q 3
p() == LL (4 - A0+ 2pw? (R = BZ) + pa (59)

d
where: Ay = / —x, A, = A(xy).

R
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Knowing the velocity distribution in the cross-sections of the IEG, using the
equation of (24) and the applicable boundary conditions (27), the temperature
distributions have been numerically determined with the finite difference method
to solve the shape evolution equation (2).

For the numerical solution of the shape evolution equation of the WP (2), the
Euler method has been applied [26].

Time ¢ has been presented on the time grid in a form of a set of points:

" =10 + nAt, (60)

where: n=0,1,2,3, ..., N.

The TE and the WP have been discretized in a global cylindrical coordinate sys-
tem applying, respectively, the axisymmetry for rotational body, namely assuming
that:

R; = Ry + iAR, (61)
R, -R
where:i =0, 1,2,3,..., [, AR= ——=.

Substituting the derivatives in equation (2) with simple differentia terms [19]
and index A of the selected point on anode with index /, the following sequence of
algebraic equations has been received:

—wheni =0:
Zn—zn \?
Zl.”+1=Zi"— kvja 1+(’A—R‘+1) At, (62)
—when: 0 <i</
zZn -z \?
Zin+1:le_1_ kvja 1+(L_TRH-) At, (63)
—when:i =1
Zn —7m\?
ZinHZZl-n— kvja 1+(%) At. (64)

Differential equations (62—64) allow us to determine new coordinate points of
anode (WP) in the global Cartesian coordinate system ZR in successive At time
iterations (Fig. 2).

However, one shall note that to determine new coordinates of the points of an-
ode (WP) one must calculate indispensable parameters to determine current density
Ji> along the IEG: medium flow velocity vy, vg, vy, pressure p, concentration of
gas phase 8 and temperature 7.
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4321

2/
>

Fig. 3. Numerical grid of the electrolyte flow area

Time ¢ for the method of solving the shape evolution equation for the WP
discussed acts as the parameter — a sequence of tasks appears with the so-called
“frozen” IEG thickness distribution for given moment ¢".

A discrete form of the equation has been obtained through substituting the
derivatives in equation (24) with differential terms [26], from which in turn the
value of the temperature in successive mesh nodes has been calculated (Fig. 3):

k-1
Ti1,j+7 (Ti—l,j+1 —2Ti1,j+Ti-1,j-1 + T, +Ti,j—1)

i,j+1
Tk =
LJ 1 +271
Voo s AX; ;
2l (T~k__11~ —Ti-1 j—l) +72
Vxij Ayi VT ’
1+2y; ’
where: 5
a; jAx; j J:
y=—t—h = (66)
2in,jij PiCpki,jVxi,j

index k — successive iteration number.
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The thermal diffusivity coefficient in the laminar flow conditions is determined
with the following formula [17, 26]:

A
apj=—, A=2(1-p), (67)
PCp

where: A — thermal conductivity, Ao — thermal conductivity at Tp.

Defined with dependence (65), the approximate differential equation was
solved with the iteration method. The iteration calculations are repeated until the
calculation accuracy condition is met. The knowledge of the physical fields of the
electrolyte flow has facilitated an effective determination of the WP shape (anode).

The ECM computer simulation algorithm for the shaped surfaces is given in
Fig. 4.

Data: geometry, tool electrode (TE), workpiece (WP)
ECM process parameters

t=0

>

TE positioning

t=t+At i=1

la
|

Searching the minimum
distance between WP and TE
fori=1

i=i+1

|
L

ECM hydrodynamic
calculations

sup|AT| < e

Calculation results

Fig. 4. ECM process simulation algorithm (markings: i, m — current
and the last point of the curve describing the WP)



www.czasopisma.pan.pl P N www.journals.pan.pl
N
POLSKA AKADEMIA NAUK

660 Jerzy SAWICKI, Tomasz PACZKOWSKI, Jarostaw ZDROJEWSKI

3. Computer simulation results

The geometric features of the WP and the TE are presented in Fig. 5.

25.0
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@76.5
@80h7
217.0
260.0

] ~—=t+ 4 otw. @3.3 co 90°

" 210

30.0

(b)

Fig. 5. Geometric features: TE and WP

To enable computer simulation of ECM process of rotary surfaces, an applica-
tion in Delphi language was developed, based on the mathematical model of rotary
surface ECM process and the algorithm presented above.

For the calculations, the following key machining parameters have been con-
sidered (Table 1).

Table 1. Machining parameters

Parameters Specifications

Inlet radius R; 17 mm

Outlet radius R, 30 mm

Initial gap h 0.2 mm

Feed rate of the TE Vy 1 mm min~!

Working voltage U 15V

Volumetric flow rate (0] 3 dm®min~!

Outlet pressure Po 0.1 MPa

Machining time t 200 s

Workpiece material WP alloy tool steel 2312

Electrochemical machinability ky = 1.59(1 — exp(2.56 — 0.1125) mm>(Apin) "
current density j isin A cm™?

Electrolyte 15% water solution of NaNO3

The calculations were carried out for the values of rotational speed WP (n =
1000 rpm) assuming a passivating electrolyte and constant machining time.
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The calculations results Vy, p, T, j, 8, h are graphically presented in Figs 6—11.
In Figs 6-11, we showed the influence of inertia forces on the physical pa-
rameters of ECM process. The distribution of ECM processing parameters (i.e.:
electrolyte flow velocity, pressure, temperature, flow coefficients, gas phase con-
centration and gap thickness changes), for the so-called Reynolds approximate,

(RA — Reynolds approximation, ECF — Effect of centrifugal forces,
ELCF - Effect of longitudinal and centrifugal forces)
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which ignores the influence of inertia forces on electrolyte flow, was demonstrated.
Based on the obtained distribution of machining parameters, characteristic for the
approximate Reynolds value, the search for results is intended for the second class
of CIF flow (influence of centrifugal inertia forces) and for the approximation of
the first class LCIF flow (effect of longitudinal and centrifugal inertia forces).

The influence of inertia forces results from the fact that the equation of momen-
tum includes the electrolyte flow in the inter-electrode gap of the corresponding
members characteristic for class I and class II flows.

The analysis of the influence of inertial flow forces of electrolyte in the gap
(IEG) on the ECM treatment parameters allows one to formulate the following
conclusions:

* the solution, based on the approximate characteristic for the second class
of CIF flows, allows the analysis of centrifugal inertia forces. The effect
of centrifugal inertia forces caused by anode rotation for given machining
parameters significantly affects the distribution of speed, pressure, tempera-
ture, and thickness values of the electrode gap. The impact of inertia forces
caused by anode rotation on the distribution of current density and gas phase
concentration is negligible. It is worth to notice that the effect of inertial
forces caused by rotation depends on the WP rotation speed. Higher rota-
tional speed may lead to interruption of the electrolyte flow in the gap due
to vacuum appearing along the gap length.

* a solution based on the use of class 1 flows, i.e., the approximation, which
takes into account the effect of longitudinal and centrifugal inertial forces
(CIF), results from the analysis of nonlinear equations of electrolyte flow
movement in the (IEG) gap. The analytical solution of these equations re-
quires the use of approximate methods which lead to complicated formulas
determining the velocity and pressure flow field. When comparing the effect
of longitudinal and centrifugal inertia forces on the electrolyte flow and thus
on the physical parameters of ECM treatment, it should be noted that in
relation to the Reynolds approximation this effect is similar to the results
characteristic for the second class of flows, which only takes into account
the centrifugal force resulting from the set WP speed. It is noteworthy that
the influence of the longitudinal force of inertia of the flow (radial) depends
on the value of the given stream by volume, and the value of this stream
determines the nature of the electrolyte flow, i.e., laminar or turbulent. In
terms of laminar flow, this impact should be considered as insignificant,
compared to solving the problem based on class II flows.

All things considered, it seems that within the range of machining parameters
adopted for the calculations, the solution described in class II flows is sufficient to
analyze the ECM process of curvilinear rotary surfaces.

The mathematical model of the ECM process presented in the article was
experimentally verified on the stand presented in Fig. 12 [26]. One can distinguish
here a body consisting of plates (1) mounted on four guides (2) and drive systems
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(3), (4) implementing the given process kinematics. A processing cell is attached
to the body in its central part. The processing cell consists of a working electrode
(5) (Fig. 5a) and a workpiece (Fig. 5b) mounted in a sealing cover (6) made of
electrically non-conductive material.

Fig. 12. Test stand: 1 — body plate, 2 — guide, 3 — DC motors
(servo) — feed movement Vf, 4 — DC motors (servo) — rotary
movement, 5 — TE, 6 — WP cover

To assess the accuracy of the proposed mathematical model of the ECM
process, the distribution of the shape deviation (d) of the WP obtained from math-
ematical calculations and the shape of the WP obtained after processing on the test
stand were adopted. The deviation measurement results did not exceed the value of
Omax = 0.05 mm.

4. Conclusions

The design of ECM technology for machine parts and tools requires using
information technology, particularly when we want to design the working electrode
both quickly and accurately. The application of computer design for ECM process
leads to computer simulations based on the analysis and mathematical modeling
of the ECM process.

This work is an attempt to analyze the influence of electrolyte flow inertia forces
on physical parameters of the electrochemical machining process of curvilinear
rotating surfaces, such as: average speed, pressure, average temperature, current
density, gas phase concentration, and local gap thickness distribution after a given
machining time.
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Two classes of flows were considered, differing in the order of magnitude of
individual components of the flow velocity, formulating the equations of electrolyte
movement in the inter-electrode gap, respectively. The equations describing the
second class of flows are a special case of the equations representing the first
class of flows. Flow class I allows the analysis of the influence of longitudinal and
centrifugal inertia forces on the electrolyte flow. Class II flow allows the analysis
of the impact of centrifugal inertia forces on the electrolyte flow and, at the same
time, on the physical parameters of ECM treatment.

The equations describing the first class of flows were solved by the method
of small parameter (method of perturbation) determining the field of velocity and
pressure in the inter-electrode gap. The solution of class II flows was a special case
of the solution of class I flows.

The obtained complex analytical functions of velocity and pressure distribu-
tions were used to numerically determine the temperature distributions and then
the WP shape, with the help of the anode shape evolution equation known in theory.

The equation of shape evolution was solved using the so-called time steps from
the method of successive approximations.

The equation resulting from the principle of conservation of energy was solved
by the finite difference method.

It should be noted that, in order to investigate the impact of electrolyte flow
and inertia forces on the physical parameters of ECM treatment, it was necessary
to solve complex non-linear systems of differential equations resulting from the
principles of mass, momentum and energy conservation for the electrolyte and
hydrogen mixture flow in the inter-electrode gap.
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