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The theory is presented of electrocapillary sensing devices of vibrational motion displacement 
amplitude resulting from the general equivalent circuit of electrocapillary transducers. Typical 
frequency characteristics are shown which confirm the theoretical considerations. 

1. Introduction 

In a series of papers published earlier [1-5] we 
have presented the theory, properties and poss- 
ible applications of electrocapillary sensing 
devices, i.e. devices where the mechanical- 
electrical transduction is due to phenomena 
occurring at the mercury-electrolyte solution 
interface in a capillary. Electrocapillary sensing 
devices are systems consisting of a capillary 
0.2-0.8 mm in diameter and 2-10 cm long filled 
with alternating mercury and electrolyte solu- 
tion slugs. There are thus a number of mercury- 
solution interfaces in such a capillary. Thin wires 
inserted into terminal mercury slugs and some- 
times into the central slug are the electric con- 
tacts. A mechanical factor acting on the device, 
e.g. capillary vibrations, provokes a charge flow 
in the device and generates an electric signal on 
its output terminals. 

The basic applictions of the electrocapillary 
sensing devices are in vibration acceleration 
[1, 2, 5-7] or pressure [3, 4] amplitude measure- 
ments. The electrocapillary sensing devices 
described earlier worked in principle at fre- 
quencies lower than [1-3, 5-7] or equal to [4] the 
resonance frequency. The output of the sensing 
device can be either on open-circuit when a 
meter of high input resistance is connected to it 
[l-3J or in short-circuit conditions when it is 
connected to a current-voltage converter [5]. 
The open-circuit and short-circuit conditions of 
the electrocapillary sensing devices are defined 
by the electrical equivalent circuits [1, 5]. 
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It is the purpose of this work to present and 
discuss a sensing device for vibration displace- 
ment amplitude working at frequencies higher 
than the resonance frequency. Such displace- 
ment meters operate under open-circuit output 
conditions. 

2. Theory 

The properties of electrocapillary transducers as 
functions of frequency can be presented in terms 
of the electric equivalent circuit (Fig. 1). "['his 
comprises an electrochemical impedance of 
interfaces, Ze~, a resistance of electrolyte solu- 
tion, R0, an alternating e.m.f, source, E, and a 
mechanical impedance composed of a resistance 
Rm, a capacity Cm and an inductance Lm. 
According to the assumed force-voltage 
analogy the mechanical impedance components 
Rm, Cm and Lm are electrical analogues of the 
mechanical model components, i.e. damping, 
stiffness and mass of the filling [l]. The elec- 
trochemical impedance, Zej, contains the double 
layer capacity and the faradaic branch con- 
nected in parallel to it [2]. 

According to the general equivalent circuit 
(Fig. 1), an electrocapillary transducer can be 
applied to the displacement amplitude measure- 
ments over the frequency range above the 
resonance value, i.e. a t f  >> f0 if the impedance 
of the mercury-electrolyte solution interface 
consists mainly of a frequency-independent 
capacitance. In such conditions the general 
equivalent circuit of an electrocapillary tra~s- 
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Fig. 1. Electrical equivalent circuit of an electrocapillary 
transducer, 

ducer assumes the simple form presented in 
Fig. 2. The output voltage amplitude measured 
under open-circuit conditions, Uopen, is expressed 
by the relationship; 

Unpo. = Fg(~aL. ,Ce , -  1) (1) 

Equation 1 can be simplified for higher fre- 
quencies,i.e, when the condition 

fO2LmCel ~ 1 (2) 

is fullfilled. Then the relationships [1]: 

E = oc r  (3) 

F = mxoco 2 (4) 

L m = ocZm (5) 

yield 

Uopen = Xo/( ~ Cd) (6) 

In the above Equations, x0 denotes the displace- 
ment amplitude of stimulating vibration, m 
denotes the mass of the capillary filling, F 
denotes the force acting on that mass by F, 
oc denotes the coefficient characterizing 
mechanical-electrical transduction which is 
constant for a given transducer and co denotes 
the angular frequency. 

Equation 6 indicates that the open-circuit vol- 
tage, Uopen, is frequency-independant at a con- 
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Fig. 2. Electrical equivalent circuit of an electrocapillary 
displacement meter. 

slant amplitude, x0, of stimulating vibrations if 
Condition 2 is fulfilled. Therefore, electro- 
capillary transducers can be used for measuring 
displacement amplitudes. It may be concluded 
from Equation 6 that the open-circuit voltage 
does not depend directly on the mass of the 
capillary filling over the frequency range charac- 
teristic for a displacement meter. 

The frequency beyond which Condition 2 is 
fulfilled depends on the L m and Ce~ values and on 
the accuracy. Assuming e.g. 

~o2LmC~ >> 20 (7) 

and accepting typical values L m and Ce~ [8], e.g. 
Lm = 200H and C = 5nF, Condition 2 and 
hence Equation 6 are fulfilled above a frequency 
about 225 Hz. 

According to Equation 6 the electrochemical 
impedance Cel must be frequency-independent 
for the open-circuit voltage to be a constant 
frequency function. The problem has been 
analysed in detail in an earlier paper [2] for 
acceleration meters. This analysis also applies to 
displacement meters. The electrochemical 
capacitance C~L can be made frequency- 
independent by eliminating the effect of the 
Warburg impedance, which may be achieved by 
ensuring a sufficiently low mercury ion con- 
centration in the solution [2]. 

3. Experimental details 

3.l. Preparation of  transducers 

The capillaries were filled with solution and then 
mercury slugs were inserted by means of a 
syringe. Mercury was removed from the termi- 
nal segments of the capillary with the syringe to 
leave air slugs of desired length. Platinum wires 
were then inserted into the terminal mercury 
slugs and the capillaries were sealed with a poly- 
ester resin. Before filling, the capillaries were 
cleansed by boiling with nitric acid (1 : 1). Triply 
distilled water was used to prepare the solutions. 
Sodium chloride was crystallized twice. The 
platinum wires were cleansed by etching with 
concentrated sulphuric acid and Washing with 
water. 
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Fig. 3. Diagram of a measuring set. 

3.2. Apparatus 

Measurements were made using the apparatus 
presented in Fig. 3. Vibrations were generated 
by a vibrator made from a 10 W speaker fed by 
a sinusoidal vibration generator. The set-up 
presented in Fig. 3 additionally contains an elec- 
trocapillary transducer ET, a voltameter V~, a 
reference piezoelectric transducer RT, an 
amplifier A and a voltmeter V2. 

4. Resul ts  and discuss ion 

Typical frequency characteristics of electro- 
capillary displacement meters are shown in 
Fig. 4. The electrolyte compositions and the 
construction parameters of  the displacement 
meters - the number of interfaces n, the capil- 
lary diameter ~b, the mass of filling m and the 
lengths of air columns at the capillary ends ~lp 
and 21p - are presented in Table 1. The sensing 
devices are numbered 14 and' 15; the numbers 
are a continuation of the series described in the 
last paper [5]. 

At a constant displacement amplitude, the 
characteristics of  transducers numbers 14 and 15 
are flat from the frequencies of 400 and 700 Hz, 
respectively. No high-frequency limit was found 
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Fig. 4. Frequency characteristics of electrocapillary dis- 
placement meters. 

over the range studied (up to 3000Hz). The 
open-circuit voltage was proportional to the 
amplitude up to 100gin, i.e. over the entire 
amplitude range studied. 

The configuration making use of the short- 
circuit conditions has many advantages [5] but 
it cannot be applied to displacement meters. 
With the short-circuit conditions it is possible 
to eliminate the effect of impedance of the 
mercury-electrolyte solution interfaces on the 
output signal only in the case where the solution 
resistance is negligible compared with the 
impedance of the interfaces. This requirement is 
readily met at low frequencies, i.e. over the range 
where the electrocapillary transducers can be 
used as acceleration sensing devices. However, 
at the high frequencies at which displacement 
meters operate, the electrolyte resistance is 

Table 1. Construction parameters o f  electrocapillary transducers" 

Transducer Electrolyte n qb m 1 ]p 2 lp 
number composition ( mm ) ( mg ) (ram) ( mm ) 

14 1.0M H2SO 4 8 0.44 15 0.75 0.75 
15 1.0 M NaC1 20 0.38 30 0 0 



290 ZBIGNIEW FIGASZEWSKI AND ZBIGNIEW KOCZOROWSKI 

generally comparable with the electrochemical 
impedance of the interfaces. 

With the displacement meters, the conditions 
for eliminating the effect of the Faradaic branch 
impedance on the interface impedance are more 
advantageous than those existing in the acceler- 
ation meters. It has been demonstrated earlier [2] 
that a suitable increase in the Warburg imped- 
ance can be attained by employing a suitably low 
mercury ion concentration. In such a case the 
interface impedance consists of a frequency- 
independent capacitance of the electrical double 
layer. 
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