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Abstract: The results of experimental studies of electrical processes occurring in the mineral
oils in narrow channels and slots of hydraulic devices are considered. The theoretical
substantiation of the detected phenomena is given.

Introduction

In hydraulic devices of automatic type various types of throttles are widely used as shut-off and control
elements [1]. In diaphragm throttles the flow of the pressure fluid has a pronounced turbulent character
and high speed causes cavitation and the associated release of bubbles of undissolved air and steam in
narrow section. Linear and angular deformations of a liquid particle can lead to its polarization. In the
flow of a moving at high speed fluid can occur the concentration of energy at which there are local flows
with kinetic energy significantly exceeding the average flow energy values [2-4]. When studying the
flow of mineral oil in transparent models of a diaphragm throttle at its inlet edge, localized stable light
emission was detected in the blue part of the color spectrum which was called hydrodynamic
luminescence [5-8]. The brightness of light emission increased during the speed increasing and stopped
to change achieving of certain value of the Reynolds number. As there is a limited amount of
information about light emission in the cavitation zone at low pressure on the sharp part of the sharp inlet
edge of hole in scientific and technical literature [9-15], the additional studies in order to clarify the
physical and physic-chemical effects and nature of light emission in a flow of dielectric liquid in narrow
slots were conducted.

An experimental study of electro-hydromechanical processes in a flow of mineral oil

Photos of the studied transparent models of throttles are presented in Fig. 1. Models were
manufactured of polished organic glass with pronounced dielectric properties. The diameter and width
of the diaphragm control throttle hole were 1 mm and 0,5 mm. The pressure fluid was mineral oil
brand "SHELL - 20".

The parameters characterizing the fluid motion in the flow cross sections in the diaphragm and
capillary throttles are presented in Fig. 2.

For quantitative estimation of the electrical processes in the throttle sections a string manufactured
of nickel-chromium wire with diameter of 0,05 mm in three-layer enamel insulation was stretched
along its axis (Fig. 1a).

A local stripping of enamel insulation was performed on the string as a result of which a mark with
width of 0,1 mm was obtained which provided detection of the electric potential in the selected flow
section. A string with mark was extended along the axis of the channel by tension device (Fig. 3) and
detected electrical signals in the flow cross sections.
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Figure 1. The tested models of throttles
a) Diaphragm throttle b)Capillary throttle
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Figure 2. Flow parameters in throttle modules

Figure 3. String tension device and mark position recorder

High-frequency electrical signals of complex shape in the flow cross sections were detected
(Fig. 4).



IOP Publishing

Hydraulics
IOP Conf. Series: Materials Science and Engineering 779 (2020) 012032 doi:10.1088/1757-899X/779/1/012032

b) Released string tension

a) Strong string tension
Figure 4. The shape of the electrical signal at the input edge of the diaphragm control throttle

The numerical results of electrical signals in the flow cross sections are presented in the summary
diagram on Fig. 5. Positions of marks 1, 2, 3, 4 and 5 correspond to sections of the throttle module

“inlet”, “light emission”, “cavitation core”, “cavitation flare” and “outlet”.
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Figure 5. The span of the electrical signals in the flow cross sections

The integrated spectral characteristic of electrical signals was studied using a spectrum analyzer
(Fig. 6).

on the inlet edge of the throttle

Spectrograms were recorded at various inlet pressure valuesp; = 1.0; 1.5; 2.0; 2.5; 3.0; 4.0 MPa: the
lower lines in the spectrograms correspond to the minimum pressure values, the upper lines — to the
maximum. The frequency spectrum of the signals is in the range Ds = 2 ... 10 kHz. In cold mineral oil
in the cross section along the input edge of the throttle the integrated voltage value at a frequency of
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2 kHz reached a maximum value of Uy, = 200 mV. Heating the oil to t°C = + 50°C caused a decrease
of the voltage integrated value at this frequency on the average in 1.5 times.

Significant span of electrical signals detected in the inlet and outlet of the diaphragm throttle
necessitated the study of a cavitation-free flow of mineral oil in the capillary throttle (inlet diameter
d, = 6 mm, diameter of the capillary d. = 2 mm (Fig. 1b). The velocity of the fluid in the capillary
wasV, = 70 m / s. The shape of the electric signal in the middle of the length of the capillary is shown
in Fig. 7.

Figure 7. The shape of the electric signal in the middle
of the length of the capillary throttle

Corrected span values of electrical signal are shown on summary diagram in Fig.8.
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Figure 8. Span values of electrical signal of capillary throttle cross sections

The frequency spectrum of the signals is in the range D¢ = 2 ... 10 kHz. In the inlet, the value of the
integral voltage is slightly higher than in the outlet which caused by the loss of voltage along the
length of the channel. In order to find out the reasons for the presence of electrical processes in the
mineral oil flow and the influence of the material of the channel walls on them a model of a combined
throttle was manufactured (Fig. 9) in which the inlet and diaphragm throttle were manufactured of
brass (Cuzn) and grounded.

The corrected signal spans presented in the summary diagram (Fig. 10). From the diagram it
follows that the electrical signal reaches its maximum value of 270 mV at the entrance to the capillary
(section 3).
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Figure 9. Combined throttle
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Figure 10. Signal span in the combined throttle cross sections

The occurrence of significant charges in the inlet channel indicates that the detected electrical
processes are not associated with friction during the relative movement of two dielectrics.
For a more detailed study of electro-hydromechanical processes in the flow of a dielectric fluid a

module was studied in which a metal plain washer was installed with a round hole with diameter of
0.9 mm with sharp inlet edge (Fig. 11).

Figure 11. Module with a metal plain washer
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The researches were carried out at the experimental test bench (Fig. 12).
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Figure 12. The experimental test bench for the study
of a module with a metal plain washer

The electro-hydromechanical processes in the module were quite intense (Fig. 13).

Figure 13. Oscillogram of electrical signals in a module
with a metal plain washer

The corrected span values of electrical signal are presented in the summary diagram (Fig. 14).
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Figure 14. Span values of electrical signals in module with a metal plain washer
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Discussion of the experimental results

An analysis of oscillograms and spectrograms allows us to establish the occurrence of electrical
processes in the flow of mineral oil which are observed both in the inlet channels and in local
compressions of the flow (diaphragm and capillary throttles) while their occurrence does not depend
on the material of the walls restricting the flow. The frequency range of electrical signals is in the
range Ds = 2 ... 10 kHz while low frequencies are more intense (Fig. 6). It can be assumed that in a
metallized inlet channel a thin laminar sub layer of a dielectric fluid plays the role of insulation. The
spectral characteristics (Fig. 7) indicate that the Reynolds number has a significant effect on the
intensity of electrical processes. In accordance with the data given in [16-21], a double electric layer
forms at the interface between two media (“solid wall - flow of dielectric fluid”’)which is a common
property of dielectric fluids [22—24]. The fluid motion in a narrow channel can be considered in the
OXYZ 3-coordinate system in which the origin of coordinates is associated with an arbitrary point on
a solid interface between two media, the X axis is directed normal to the interface towards the flow,
the Y axis is parallel to the tangent to the interface and the “Z” axis is parallel to the main flow vector
(Fig. 15). The solid wall has an electric potential equal to the thermodynamic potential ¢r. The dense
part of the double electric layer with thickness of Xc equal to 5 ... 10 molecular diameters (“sliding
boundary”) borders the interface between the two media.

Figure 15. Binding OXYZ 3-coordinate system

In the remote from the interface surface of the diffuse part of the double electric layer ions can
freely move and be carried away by the fluid flow. At values of X <X, single electric charges can only
move together with the surface layer. After flushing the diffuse layer by the liquid flow these charges
form an uncompensated electric charge on the interface between the two media.

According to the Poisson equation the distribution of the density of the electric charge in a
dielectric fluid is determined by the following expression:

p(X)=—¢4-€ o =—8-82(62(p/8X2) (1)
afo| 50 0 ;

where &, — absolute dielectric constant, e =¢, /&, — relative dielectric constant, g, = 8.85x10™

F-m™ (Farads per meter)—vacuum permittivity(epsilon zero).
In accordance with Newton's law of viscous friction the velocity distribution of elementary streams
over the flow cross section is determined by the equality:

V(X)=F(X~ X, )/ 2nprL, )

where F — Newton's force of friction, u — dynamic fluid viscosity, r — inner radius of the channel,
L — channel length. In the laminar sub layer at the interface between two media the transverse
velocity gradient dV /dX and the force F are almost constant. From equality (2) follows the expression
for the force F:
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F=2mur LV(X)/ (X - X,). 3)

The amount of electricity carried by the diffuse layer per unit time is determined by the double
integral over the surface:

| = ffv x)dX dY, (4)

where (S) — is the area of the "real" section of the stream. Taking into account equalities (1) and (2)
equation (4) is equated to following expression:

|=(&-e3F/2murl) H dex(d ‘Pde (5)
0...27@r Xc dx

If we take into account that the first integral within the integration limit O ... 2nr takes the value
equal to 2xnr and the second integral within the integration limit from X = Xc to X = r is equal to the
“zeta potential” ¢, then equality (5) is significantly simplified and takes the form

= g-82 FC/pL. (6)

The equation of the dynamics of the flow flushing the diffuse part of the double electric layer,
taking into account equality (3) and the smallness of the slip boundary X << r is determined by the
expression:

F=2mpr LV(X/(X Xc)=nr?Ap, (7

whereAp — is the pressure drop across the areas of the "real" cross sections of the flow flushing the
diffuse layer.
After substitution the value of Newton's force in equality (6) get the following equation:

| =mee2 CAp r? /L. (8)

The flow rate of the uncompensated charge Q = Q (t) through the “real” flow section is dQ/dt =1 —1i,
where i = Q/eg,” A is the conduction current determined by the specific electric resistance of the fluid A
(for mineral oil A = 1x10" kOhmx m). Thus, the flow rate of the uncompensated charge will be
determined by the equality:

dQ/dt =nee2CAp r? /L — Q/ eg2A. 9

Temporal integration of charge consumption (9) determines its accumulated value:
Q(t)=ne2eicnA o [1 exp(- t/ssgx)]. (10)

For t -0 and dQ /dt— 0 the accumulated charge Q becomes equal
Q. =ne?eg CApr?/pL. (11)

This charge determines the electric field near the solid wall E = Ql4nees’ L and the stationary
charge density:

c=2Eec?=Q, /2nrL. (12)

Will give a theoretical estimate of the values of the accumulated uncompensated charge Q.,(11) and
the stationary charge density (12) for the investigated transparent throttle modules.
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Diaphragm throttle

Source data:
r=05x10°m;L=0,5x10°m; e =2,2; g = 8,85 x 10 *F-m™(Farads per meter); (= 1V;
A = 1x10’kOhmxm; p= 170 kg/ms; Ap = 3 MPa.
Calculation results: Q., = 1,4x10 *° C(Coulomb); 6= 0,9 x10™*C/m°.

Capillary throttle
Source data:

r=1x10 °m; L =25x 10 °m; & = 2,2; & = 8,85 x 10 *F-m™(Farads per meter); (= 1V;

A = 1x10’kOhmxm; p= 170 kg/ms; Ap = 3 MPa.

Calculation results: Q., = 0,11x10 °C (Coulomb); 6= 0,9 x10°C/m?.

As it follows from the calculation results, the accumulated uncompensated charge in the diaphragm
control throttle is 12,5 times higher and the stationary density is in 100 times higher than in the
capillary one.

The expression in square brackets of equality (10) determines the attenuation decrement of the
process of increasing the flow rate of an uncompensated charge and is 0,37 s*. For atime t =~ 2, 7's,
due to the draining of the resulting charge and in accordance with equality (10), the damping ratio
decreases 2,7 times. During this time, in the cavitation flow of mineral oil an explosion of a cavitation
bubble filled with a vapor-air mixture can occur. The explosion voltage of the bubble is much less than
the critical tension of mineral oil which can cause light emission at the input edge of the diaphragm
throttle.

The stationary charge density in the capillary throttle is 100 times less than in the diaphragm
throttle, therefore, light emission is not observed. The composition of the vapor bubble is closely
related to the base of mineral oil and a set of corrective additives. Due to this, with identical
parameters of the cavitation flow light emission at the inlet edge of the diaphragm throttle may not be
observed [25 - 27].

A comparative analysis of the flow parameter graphs (Fig. 2a and 2b) and the range of electrical
signals (Fig. 5 ... 9) shows that the electrical signals in the module leads become observable at
numbers Re > 0.25 x10*,
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