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I. INI'RODUCTION 

Experiments on streaming potentials and electrocapillarity were 

first conducted in the nineteen hundreds. Recently,there has been 

a lot of interest in electrocapillarity effects for making acceler-

ometer devices. However, due to the complexity of the electrical 

double layers at the interfaces and the difficulity in solving fluid 

dynamics problems, there still seems to be a lack of understanding 

of the mechanisms involved. The purpose of this investigation is 

to assist in the understanding of these processes. 

Backg;ound 

A number of studies have been carried out since the early 1950's 

on the electrical double layer and electrocapillarity. It was first 

reported by s. Ueda and collabarators in 1951-531 that, while studying 

surface electrical phenomena, they discovered what they called the 

U-effect. This work was later published in an English journal. 2 

The U-eff ect was separated onto two distinct phenomena by Ueda 

et al., U-effect I and U-effect II. U-effect I was found to produce 

an A.C. potential of 0.1 to 1 millivolt across the tube when an elec-

trolyte was made to oscillate, with respect to the glass capillary 

walls. A fine glass rod fixed to a stationary external support was 

inserted in one end to impede the liguid from following the oscillating 

capillary wall. The mechanical disturbance of the glass-electrolyte 

interface, along the capillary walls, produced an alternating voltage 

of the same frequency and having the same waveform as the mechanicaJ. 

1 
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vibration. -3 -6 The effect was studied with 10 to 10 N salt solutions, 

and at frequencies from 60 hertz to 13.5 khz. U-effect II was pro-

duced by a fast periodic vibration of a glass capillary tube in 

which alternate drops of electrolyte (lN HCl) and mercury were placed. 

They used approximately 20 drops of mercury or about forty interfaces. 

They suggested that the Hg-HCl interfaces were distorted as the 

capillary tubes were vibrated. They assumed that the double layer 

formed at an interface acted as a capacitor whose charge remained 

constant but whose area changed. The amplitude of vibration was 

about a micron and frequencies ranged from 0.5 to 15 khz. The output 

voltage was found to be a linear function of the number of interfaces 

present. Typical voltage values were 10 to 70 millivolts. Ueda et 

al. also reported that for constant frequency the output voltage was 

proportional to the amplitude of vibration. Furthermore, for constant 

amplitude of vibration, the output voltage was found to vary as the 

square of the frequency. 

Further work was done in 1954 by Eliot et al.3 Capillary tubes 

were constructed containing 1 Normal sulfuric acid as the electrolyte 

and between 50 and 80 mercury drops. They reported that the output 

voltage was proportional to the acceleration, being linear from 0 to 

0.015g. Also, they found that for a constant acceleration the output 

increased as the tube diameter decreased. 
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In 1954, Fain et al. 4 reported. on their investigations of the 

U-effect II. They used sealed capillary tubes with one or two inter-

faces, between mercury and sulfuric acid, whose internal diameter 

was o. 7 mm. They also introduced. an air gap into one end of the 

tube. The output voltage was found to be linearly dependent on the 

amplitude of the tube motion. The upper limit to the linear region 

depended. upon frequency. The output voltage versus frequency curve 

had a peak, which they called the resonance frequency. The voltage 

above this frequency dropped to a fairly constant value. They 

attributed. the variation of the resonance frequency from tube to tube 

to the physical structure of the tube. They explained. their results, 

as did Ueda et al., as a capacitor whose area changed but the charge 

remained. constant. 

In 1957, Podolsky and his collaborators5 reported. a new phenomenon 

which they called the U-effect III. This effect was attributed to 

the relative motion of the drops with respect to the capillary walls. 

They explained it as follows: "The flow pattern causes an effective 

expansion of the forward interface and an effective contraction of the 

rear interface. As a result, a double layer distribution of charge 

which is uniform when there is no relative motion between the drop and 

the capillary becomes non-uniform when the drop moves. At the forward 

end the effective expansion leads to a reduction of the dipole moment 

density over the interface; at the rear interface the. e£fective con-

traction causes an increase .of the dipole moment density there. The 
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field of the non-uniform dipole moment distribution leads to an 

observable output voltage." Capillary tubes of 5 to 50 cm in length 

and up to 1.5 mm in diameter were used. Two to ten mercury drops and 

1 normal sulfuric acid was used to perform the investigation. The 

output was proportional to the amplitude of the drop motion and for 

constant amplitude was proportional to the square of the frequency. 
6 Tipsword et al. reported in 1976 that the output voltage was 

dependent upon the acceleration and the velocity of the drop. They 

interpreted the U-II and the U-III to be the same effect; that is, 

that while moving, the surface areas of the drop end become distorted 

while the number of dipoles remain fixed. 

Kotowski et al. 7 reported in 1979 about the usefulness of elec-

trocapillary elements as accelerometers. They show that replacing 

a solution of electrolyte by its solution in a gel increases the 

resonance frequency and allows a more extended use of such systems 

as measurement devices. Their model is the same basic one used by 

Ueda et al. They adjust the electrolyte until the system's impedance 

is mainly capacitative. They then obtain the result that the output 

voltage is proportional to the acceleration of the system. 
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Statement of the Problem 

When a mercury drop is placed in contact with an electrolyte in 

a capillary tube, a double layer having an equilibrium dipole moment 

density is formed over each end of the drop. (A description of the 

formation of the double layer is given in Appendix A.) When the 

mercury and the capillary tube are moved relative to each other a 

voltage is developed between the ends of the tube. 

Two different explanations were proposed to explain this voltage. 
2 4 Ueda et al and Fain et al. found that changes in the area of the 

interfaces cause the effect, while Podols~ et al. claim that differ-

ences in charge density, brought on by the movement of the mercury, 

cause the volta~. Tipsword et al. 6 found that the U-II and U-III 

effects are the same effect; that is, the output voltage is due to 

the distortion of the surface areas of the two ends of the moving 

mercury drop, while the number of dipoles across each interface 

remains fixed. 

The problem to which this thesis is directed is the explanation 

of the physical origin of the U effect and the quantitative applica-

tion of that explanation. 
6 As in the work of Tipsword et al. , the drop was given a finite 

displacement. This particular method allows one to investigate the 

voltage output as the drop is accelerated and decelerated. This 

method also allows an examination of the voltage in a transient or 
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relaxation mode. By using this method the phase problem associated 

with the periodic vibration method is avoided. One is also allowed 

to monitor the voltage as the drop's surface goes back into equilib-

rium after the bulk motion has stopped. 



II. En'ERIHENTAL TECHNIQUES 

The apparatus was designed to give the mercury-electrolyte inter-

face a finite displacement inside the capillary tube, Advantages 

of this method over the A.C, techniques is that the phase problem 

associated with the other method is avoided, Experiments with single 

drops of mercury, varying in lengths and position in the tube with 

respect to the electrodes, were carried out at room temperature, 

Preparation of Tubes 

The capillary tubes were made of pyrex glass, having a precision-

bored internal diameter of 1.0mm, At each end of the tubes is a 

pyrex glass cup of 0,7cm internal diameter which gives the tubes a 

dumb-bell shape with both ends open (see figure 1), Cleaning of the 

tubes was done by running nitric acid through them and rinsing them 

with distilled water; they were then dried at 200°c, The electrolyte 

used is 1 Normal perchloric acid, which was obtained from Fisher 

Scientific Company and was diluted with distilled water, Triple 

distilled mercury from Bethlehem Apparatus Company was used in the 

experiment, The tubes contained a single drop of mercury with elec-

trolyte on both sides, Teflon pistons were put in the glass cups 

to make the whole system rigid, Platinum electrodes were sealed in 

the tubes as shown in Figure 1. The output voltage was measured 

across these electrodes, 

7 
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Apparatus 

Pictured in figure 2 is the apparatus used to accelerate the 

drops. The tubes were held in place by clamps A and the piston rods 

were attached by clamps to carriage c. A hammer with weights was 

attached to a lever and allowed to fall, The lever was attached to 

a screw which turned as the hammer fell, This screw moved the 

carriage to which the pistons were attached, Both pistons moved 

together which caused the electrolyte-mercury-electrolyte system to 

move as a unit, By dropping the hammer from different heights and 

with different masses attached to it, different acceleration and 

maximum velocities of the drop could be achieved since the frictional 

forces remained constant. The carriage was driven against seventy 

pounds per square inch of air pressure, which cushioned the mercury-

electrolyte system and prevented the mercury drop from breaking apart 

when the system stopped. The voltage measured was displayed on a 

Tektronix memory scope, and the voltage versus time readings were 

taken from the oscilloscope. The distance the drop moved was measured 

using a traveling microscope. The time of fall of the hammer and the 

maximum velocity of the hammer were also measured. The maximum veloc-

ity of the hammer was measured by allowing a small aluminum plate 

of approximately t cm in length to fall through a light beam. A 

timer started when the beam was interrupted and stopped when the 

beam became continuous again. The time of f aJ.1 was measured in a 
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like manner. The mechanics of the apparatus is more completely 

described in Appendix D. 



III. EXPERIMENTAL RESULTS 

An output voltage was developed as a result of the movement of 

a mercury drop in the tube. This voltage was photographed as dis-

played on an oscilloscope and a typical trace is shown in figure 3. 

These observations seem to show several characteristics of the output 

voltage versus time that have not been previously reported. The 

trace can be divided into three distinct regions for analysis. 

Region I is the portion of the curve in which the hammer is still 

accelerating as it fell. Measurements indicated that the hammer fell 

with a constant acceleration, thus imparting a constant acceleration 

to the drop. The output voltage versus time in this region exhibits 

a linear relation be-tween the two. This relation is simply written as 

v = kt 

where V is voltage, t is time and k is a constant. The experimental 

value of k was between 1 and 5 volts per second for all drops. There 

was some variation due to the acceleration of the drops 

the acceleration (or force) the greater the value of k. 

the greater 

It was also 

observed that is this region the voltage was linear with respect 

to the velocity of the drop (see figure 4). 
Region II is the portion of the curve in which the hammer is 

being decelerated. The voltage decreased linearly with time in this 

section. A detailed analysis for this section was done since the 

mechanism for stopping the hammer could not be well controlled. Thus 

the voltage versus time varies consi erably since the stopping 
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force varied greatly from data set to data set. 

Region III of the curve corresponds to the bulk motion of the 

drop being stopped. This conclusion proceeds from several observations. 

First the hammer motion has stopped by this time. Secondly, since 

water is incompressible either the bulk motion of the drop has ceased 

al.so or fluid is moving around the drop. Two observations seem . to 

indicate.that.the f'l.uid is ~ot moving around the.drop:- - after 

each run when the hammer is slowly raised the drop comes back to 

essentially the same starting point, and, when dye was introduced in one 

end and the tube stood on end, giving accelerations large compared to 

that of the experiment, it took about 24 hours for the dye to move 

around the drop. This time is extremely long compared to that of the 

experiment. This indicates that when the hammer stopped the bulk 

motion of the drop also ceased. 

The voltage can be fitted by the equation 

-t/o -t/o V = Ae 1 + Be 2 sinhyt 

where o1 , o2 are decay times and y is a dampening term. The curve is 
11 the type obtained for an ov.erdamped harmonic oscillator. 

When the time is long compared to o1,o2 and l/y; the curve can be 

approximated by a pure exponential of the form 

v = v0e-t/oo 

where 60 is the effective :decay constant. ~hl.&·a~t'i.:o.nt should 
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be valid for the tail portion of region III. The value of 6 was 
0 

determined for various lengths of the mercury drop. The values of 1/% 

versus drop length are plotted in figure 5. 
Several sets of data were taken with two drops of mercury in the 

electrolyte. The voltage versus time plot has all the character-

istics as that for one drop except that the output was double (to 

within 15 percent) that of one drop. This would imply that the 

voltage is proportional to the number of drops. 

Finally, a measurement of the current through the electrolyte 

and mercury was taken for various known voltages across the system. 

The number of drops in the system was varied. From this information 

and the results of section rl, the electrochemical relaxation time 

can be calculated and compared to the mechanical decay times, the 

value of 60 , that were measured for region III of the curve in 

figure J. The electrochemical relaxation time turned out to be small 

(about 13 milliseconds) compared to the values of 60 • This implies 

the effects being studied here represent a slower phenomena than 

the electrochemical response of the interface and that the electro-

chemical state of the system can always be assumed to be approximately 

in equilibrium. Th& data are presented in figure 6, which indicates 

that the voltage divided by current initially increases linearly as 

the number of drops. (See page 29, section rl for more details.) 
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rl. M:>DEL 

The model we are proposing to. explain the experimental results is 

based on two assumptions. One is that the voltage follows the surface 

distortion; thus, the surface distortion needs to be calculated. The 

other is that the ma.in contribution to the voltage is the Gibbs-
10 Thompson effect which relates how the surface affects the chemical 

potential and how the surface distortion changes the chemical potential. 

Figure 7a shows a drop of mercury sandwiched between two sections 

of perchloric acid in a capillary tube. Perchloric acid was the 

electrolyte used in the experiment. Ref erring to figure 7b an approx-

imate value for the thickness ax of the curved lccyer·between ~he mercury 

and the electrolyte can be obtained using the following approximation: 

Thus, 

and 

6~ = a2/2r1 

D:,x2 = a2/2r2 

21 2 where a 2ri <.< 1 

8 Using Landau's results for the value of the curvature and the 

fact that the equilibrium pressure inside the mercury is higher than 

outside gives 

1'9 
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and 

where y is the surface tension and P~, P~ are the equilibrium press-

ures. Using this and refering to figure 8.for the definition of the 

doubly subscripted· quantities, an equation for/:). '1.2 is obtained: 

6~ = ~ (P21- pll) • 
4y 

This result can be obtained in a similar manner for 6 x23• 

We start with the equation9 

1 ~ = ;) p + c.( .! ~ + ~ ) 
;}t ~ z r ~r d r2 

(1) 

where u is the velocity of flow, f the density of the material, 1 
the viscosity and ~ the pressure gradient across the fluid, and 

~z 

assuming that the pressure gradient is constant, 

~p =AP = constant , 
~z 7. 

and that the flow has achieved steady state so that 

~u = 0 

and letting 

~ 

2 
U:U (1-1:) 

0 
a2 

(2) 

the following result is obtained upon substitution into equation (1): 

u = a2 .AP 
o 4ti T 

Hence a pressure gradient is needed to obtain a flow, and the average 
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velocity, uave' is 

u = ...l..2 fur drd8 = u ave 7l'a o 
2 

Now, allowing a time variation of the velocity in conjunction with 

equations(~ and(~ and approximating the velocity by the average vel-

ocity, -the following equation·.is· obtained: 

d ave - ave -f '\U +8'\ u :}P • 
~f 0...1. .}Z 

Applying this equation to each segment of the tube shown in Figure 

8, the following resu:Lta-are obta.ineds 

(Ja) 

(Jb) 

(Jc) 

In the regions 1 and J the same electrolyte was used; hence, f J = /1 

and 1 J= 1l • Furthermore, since the mercury drop was in the center 

of the tube1 J1 ~ £3 • Putting 

Axi = a2 and ,gy =AP 
2ri ri 

into 
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and 

Ax23 = (x3 - ~) - (x2 + i.2) 
2 2 

the following rela.1;.ions are obtained: 

Substituting these results into equations (3) and dividing through by 

the appropriate J j product, the following dynamic_ eq ua.tions are o bta.ined.1 

where 

~ + ~ = p2J - P33 :: Nl (4a) 
61 !1f1 

. 
u2 + u2 +~y2 - ~Y3 - ~Yl = Pi1 - p23 = N2 (4c) 

62 /212 

l/61 = 8\ 
-2 
.f 1a 

Y1 = Xi - (,(1 + J.2)/2 
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These a.re the equations for coupled harmonic oscillators with damping. 

These equations can be solved using Laplace Transform methods. Their 

solution is shown in Appendix B. 

In this model the voltage is assumed to be proportional to the 

distortion of the surfaces. Heasuring the distortion by y 32 - y 21 

one obtains 

V °'- Y32 - Y21 
and taking the solution shown in Appendix B, the output voltage is 

-t/o -t/20 
V = Ae 1 +Be 2 (sinhyt + C coshyt ). (5) 

This equation gives the voltage output as a function of time after 

the bulk motion of the drop has stopped. The hyperbolic sine term 

is what is expected for an overdamped harmonic oscillator as given 

by Paul c. l1atrin.n The other terms come from the fact that the 

equations represent coupled harmonic oscillators. The constants A, B, 

and C a.re functions of the decay constants, the viscosity and density 

of the material, and the overcoupling between the surface distortion 

and the voltage. y is a constant which depends on the surface tension 

at the interface and on the density and length of the mercury drop 

plus the value of o2• 

In order to fit the experimental data, the relationship between 

o1 and o2 is utilized: 
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81_1 
02 

= J la2 = 11& (~) 01 812 12!1 
f 2a2 

After substitution of the values of the viscosities and the densities 

equation(6)gives 

This indicates that the o1 exponential term decays quickly compared 

to the o2 term, as it should to fit the curve in region III. 

On the tail of the curve, the voltage is assumed to to be a pure 

exponential of the form 
-t/o 

0 
V = Ae 

Equation (.5)can be expanded after .ignoring the exponential with o1 ) 

one obtains for o , 
0 

1 = L (1 - y) = .L [a j l - d J (?) 
00 202 202 12 

where d is a constant. This gives the type of curve needed to explain 

the data for inverse period versus drop length. 
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Equation(4) can also be solved during the period of acceleration, 

that is, when the bulk motion of the drop is not zero as already 

discussed. After expanding the solution as in Appendix B, one obtains 

V = -ct , 

where V is voltage, t is time and c is a constant. This expansion is 

felt to be justified since the time is small compared to the decay 

times of the experiment. Hence, the exponentials were expanded and 

the lowest order terms kept. This term turns out to be linear in 

time, which matches the experimental results. A comparison between 

the theoretic~ and experimental parameters is given in the analysis. 

In Appendix E is reviewed the basic chemistry and thermodynamics of 

the mercury-acid interface. The experimental results are due to one 

or both of the following processes: the mechanical (viscous) dampening 

of the motion, and the electrochemical readjustment of the overpoten-

tial to the new equilibrium values. In the model the first process 

is taken as the major effect (as verified by experiment) and the 

second is assumed to happen quite fast compared to the decay times of 

the voltage seen in the experiment. It is known that in order to 

dissolve mercury one must shake the solution violently or wait a 

long period of time. 10 Thus the activation energy is large and the 

cur.rent i, is small. UsinglO~ 
~1 e-d'~J 

i:i e -
0 ' 

assuming ft =(3 1= j-, and solving for~ , one obtains 
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1 = ~ lnUL +Vl.+ (L )~] • 
~e 2i 2i 

0 0 

This gives the potential across the interface as 

V = p0 + kT ln~.L +/1 + ( .L )2] 
~e 2i 2i 

0 0 

where ~0 is determined by equilibrium .. pro.perties according to 

J,.o = .dG' + RT ln ,,M o 
?J - - ~ 

F F ~g+ 

(see Appendix E) •. This AG' must contain the curvature effect 

discussed in appendix D. Thus, 

llG' = IJ.G0 + 2crK 

~go 
0 where .d G is the free energy diff ere nee when K=O. This gives the 

potential difference across one interface as 

¢0 = AG0 + 20"K + RT 1n C::go 
F ~goF F ~g+ 

=APo + 2crK 

C::goF 

whereAp0 is the term not depending on the radius of curvature. The 

voltage measured is the difference between the voltage from distor-

tion due to each interface. This voltage is 

4 V = Afa + ~ -~ - 20"~ 
o~l o~gF 

=....?:Q_ (K1' - ~) • 
°tigF 
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Using~/= e/a3, where a is the lattice spacing of mercm-yr and.e is 

the· charge of the electron, the voltage becomes 

Av = 2aa3 (~ - K.1l) 
e 

The reason the contribution to the voltage due to the electrochemical 

overpotential readjusting to a new equilibrium value is assumed to be 

small is that the relaxation time is short compared to the mechanical 

relaxation times of about 0.1 second. A value of the electrochemical 

relaxation time can be obtained as follows. By placing a smaJ.l voltage 

across the tube, this voltage is 

V = 21't + 21Hg , 

where 1pt, fl. Hg are the overpotentials of the pt electrode and the 

mercury interfaces respect! vely. The factor of two comes in since 

there are two of each type of. interface. ·Since 

where a is assumed to be t and the arguments of the exponentials are 

small, one obtains 

This gives for the voltage 

i = ei I') 
--2 \ 
kT 

v = 2ld' i + 2kT 
eQ'Ft) er:tHg) 

0 0 

i • 

Assuming that the voltage for n drops is n times the voltage for one 
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drop, one obtains for the voltage divided by current 

V:n2kT + 2kT 
I er:JHg) er:t'Pt) 0 0 

By plotting V/i versus n, and using the slope, a value for i (Hg) 
0 

can be obtained. Bockris10 gives a relationship between i 0 (Hg) and 

the electrochemical relaxation time as 

'l;"" = ld'C ..... ei;;;.;0-.(-H-g)' 

where C is the capacitance, T is the temperature, k is the Boltzmann 

constant and e is the electronic charge. 
10 According to Bockris , page 1238 gives the value of -lag.,,i.0 (Hg) 

_ ·, · -as· 12. 3 for Ill H2SO 4, for H2 evolution,. while our measurement of 

voltage and current across the interface in 1.5 N HC104 gives the 

value of ;.logi0(~ as 6.4 This value of i 0 (Hg) gives a value of 

a.bout. 15 m1JHseconds for the electrochemical.relaxation time; which 

time 1s short -compared to the experimental times. 



V. ANALYSIS 

The output voltage versus time is shown in figure J. The analysis 

will be done for each region of the curve separately starting with 

region III. 

The model (see Appendix B) for region III of the curve gives 

the output voltage versus time as 

-t/01 -t/202 
V = Ae + Be (sinh.J'.! + C cosh.J'.! ) • (5) 

262 202 
The assumption is made that in this region of the curve the bulk 

motion of the drop has stopped; and the drop, which is distorted 

in moving, is returning to equilibrium. In addition, the assumption 

is made that this return to equilibrium is· a volume conserving oscill-

ation. This assumption was made on account of the experiment with 

the dye and the observation that the drop returned to its initial 

position, as mentioned in section III. Thus, it is felt that the 

volume of the electrolyte remains constant and the surface oscillates 

in such a way as to allow this, as illustrated in figure 9. Figure 9 

shows the drop's surface at two different times. The volume of the 

drop above the dashed lines equals the amount missing below the 

dashed line. 

In equation (5) above, o1 depends on electrolyte properties, 

o2 and y on mercury properties. Thus the first term in equation (5) 

:31 
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- - - - -

Fig. 9. A two dimensional view of the curved surface of the 
mercury drop at two different times. The dashed line 
is the equilibrium surface shape. 
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is determined by the electrolytic medium, The hyperoolic sine term 
11 ,. 

(see Paul C. Hartin ) is what is expected for an overdamped harmonic 

oscillator, The hyperoolic cosine term, as with the first term, 

occurs since the equations are coupled. Since this term depends 

on the properties of the mercury, the assumption is made that this 

term is the coupling of the two ends of the mercury through the drop 

itself, . The model gives the parameter C in the equation as less than 

one. Equation (.5) does roughly fit the experimental data with a 

finite value of C, though the smaller the value of C the better the 

fit, Since each end of the mercury drop oscillates in a volume 

conserving way, and assuming that the bulk of the mercury does not 

play a part in this oscillation, the value of C is taken to be zero, 

This then gives the voltage out versus time as 

-t/6 -t/26 
V = Ae 1 + Be 2 sinh~ (8) 

262 

The assumption that the two ends are not coupled through the mercury 

means that each interface can be treated as a sep rate harmonic 

oscillator. The equations for a two mass· system {see· Appendix G ) 

are slightly different in the coupling, but they do give qualitative 

agreement. 

In fitting equation (8) to the experimental data several parameters 

have to be evaluated. These parameters are 61' 62, A and B. A is the 

value of V fort= 0 (the starting point in region III). The model 



gives two relationships between 61 , 62 and y; these a.re the value 

of the ratio of 61 to 62 and the value of the effective decay constant 

60 , for the tail region of the curve, All these parameters can 

be fitted to the data by observing the value of the voltage and time 

at two points other than the t = O point, In the conclusion the exper-

imental and theoretical values of the key parameters will listed and 

discussed, Figure 10 shows a data set (the individual points) and 

a curve (solid line) using this model, In Appendix F is listed the 

other values for the model curves and experimental points, The values 

of all data points can be fitted within a few percent, This is better 

than the accuracy in reading the points from the photographs of 

oscilloscope traces. 

No detailed analysis was done for region II of the curve, It 

was noted that the voltage versus time was linear and the magnitude 

decreased as the drop was decelerated, 

The model also gives, for region I of the curve, the voltage 

output as a linear function of time; that is, 

V = -c't (7) 

This value of c' can be evaluated simply by using the experimental 

points, The value of c' has also been calculated using the model. 

The comparison between these two values is made in the conclusion, 

The acceleration ·of'.the hammer and th~ the drop were found to be 

independent of the velocity in this region.(see figure 11). Figure 
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Fig. 10. Experimental points and model fit to the points 
for Region III of the curve (7.818 cm drop). 
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11 shows the acceleration of the drop for different distances of fall 

(thus different velocities). This gives, for velocity versus time, 

v =at 

Solving for time from this equation and substituting into equation 

(7) gives 

v = -.£.:. v 
a 

Thus, while the drop is being accelerated, the voltage is linear 

in velocity (see figure 4), 



VI. CONCLUSION 

Comparison of Nodel Calculations and E?Cperimental Results 

Several parameters will be used to compare the model predictions 

with the experimental results. These parameters are the decay constant 

o2, the slope-c of the voltage versus time in region I, and the param-

eters in equation (7) which describes the effective decay constant o 
0 

as a function of drop length in region III. 

Because of the following assumptions in the model it is felt that 

the model can only be used to calculate the values of these para.111eters 

to within an order of magnitude: 1) the flow is laminar, 2) the 

surface tension for mercury-perchloric acid interface is identical 

to that of a water-mercury interface, 3) the interface is spherical 

even when moving, 4) the magnitudes of the forces involved on the drop 

are not known in detail and are only crudely estimated, 5) only the 

average velocity is used in the model, thus neglecting any radial 

dependence in the velocity, 6) the charge density in the interface 

is not known and the value assumed is that of one electron per atom 

of mercury in the drop for the interface, and 7) the interface con-

sists of both acid and mercury. 

The errors in the experimental values of the parameters come fxom 

the measurements of the voltage and time from the oscilloscope. 

The experimental data refer to six drop lengths of mercury with 24 

data sets for each plus additional data sets giving a total of 

JS 
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more than 144 data sets. The data were reproducible only to within 

ten percent over most of the curve. ?However, in the tail region of 

the curve the voltage was reproducible to only twenty percent. 

Looking at the value of the ratio of o2 as determined in the 

appendices one obtains 

02)th 4 = • J '! 1. J 
02)exp 

To determine o2) the experimental value of 6 is determined first, exp o 
using two points from the tail of the curve. Then region III of the 

curve is fit by a pair of exponentials of the form 

( -t/o0 
V = B e 

-t/o0 -2xt) 
- e e 

where x amd B is varied to obtain the best fit. The chi squared of 

this fit ranges from 4 to 10 for the different drop lengths. Since 

there are 24 points for each drop length, it is felt that the fit is 

verJ good. Then the value of o2) is given by exp 

1/62 = 1/60 + x 

The value of o0 is calculated from 

The value of o0 is fairly insensitive to the ratio of V0 to V due to 

the logarithmic dependence of 6 on this ratio. The 20 percent error 
0 

in the voltage gives an error of al:out 20 percent in the value of 60 , 
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and thus 62• The erro:rzin the val.\le of the ratio can be accounted 

for by the error in reading the values of the voltage and time and 

the propagation of these errors in the subsequent calculations for 

60 and 62• The experimental values- are within an order of magnitude 

of the model values. 

The equation for the effective decay constant versus drop length 

is evaluated 'bJ using two points a..s ?. starting place to calculate 

the values of a and b in equation (7). The fit was so good from the 

use of these two points that no variation of the parameters was 

needed to fit the points. The ratio of the theoretical values to the 

experimental values are 

a exp = 1.2 + 0.1 
ath 

and \h 800 '! 20 = b exp 

The reliability of the fit can be checked by calculating the chi 

squared of the points. This calculation is ma.de by obtaining the 

deviation from the best fit value and squaring, then dividing by the 

square of the estimated error. The value of the chi squared for the 

144 points used is 24. It is felt that this implies that the fit 

is good. 

Equation (7) can be manipulated into the form 

Z: = 1 - ( a -262; 6 )2 = b/f 
0 
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The quantity l: should be a linear function of the inverse drop 

length, as shown in figure 12. 

The values of aexp and ath agree to within the accuracy of the 

model. The smaJ.l discrepancy can be explained by the error in the 

measurement of voltage and time read with the oscilloscope. However, 

the ratio of bth to bexp is off much more than can be explained by 

measurement errors. The theoretical value of b depends on the den-

sity, viscosity, and the surface tension. This parameter is also 

dependent on what is happening in the interface. We have ignored 

the fact that both mercury and acid exist in this region. Some 

adjustment of the surface tension could bring the value of this ratio 

down, but not enough to be close to one. It is thus felt that the 

model is deficient for use in calculating the value of this parameter. 

Lastly, the value of the slope in region I can be calculated. 

This can be done experimentally by just measuring the peak voltage 

and time to attain this peak. The ratio of the experimetnal value 

of the slope: to the theoretical value is 

AV) n exp -
r,.. v) -
l\ t th 

The accuracy of the experimental value for the slope is not better 

than twenty percent. In determining the experimental value of the 

slope the voltage is divided by a small value of time. This value 

of time, reliability to twenty percent, causes a similar error in 
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Figure 12. Shows the dimensionless quantity. versus the inverse 
drop length which· should be linear, 
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the slope. When calculating the theoretical value of the slope several 

assumptions are made. These assumptions are assumptions about the 

magnitude of the forces on both ends of the drop, the charge density 

in the interface, and the value of the surface tension. The value 

of the forces used was the pressure supplied by the air. The surface 

tension is assumed to be that of a water-mercury interface. Finally, 

the charge density in the interface is assumed to be one electron 

per unit cell of mercury. In examining these three assumptions the 

first two are felt to be reasonable while the other is poor. The 

charge density is considered to be too large. Adjusting this does 

alter the ratio of the value of the slopes in region I correctly. 

In conclusion the values of o2, ath andij,V/ _6t a.re within accept-

able limits to the respective experimental values. However, the 

value of bth can not be easily corrected and represents a real failure 

of the model. 

It is felt however that the model does qualitatively explain the 

experimental data and can be used to give an order of magnitude for 

most of the results seen. Thus, it is felt that the model is semi-

quantitavely correct. 

In contradiction to the theory of Kotowski et al. 7 which predicts 

that the voltage output for the mercury drops moving in the presence 

of an electrolyte depends on the acceleration of the drop, we find 

that the voltage depends on the velocity of the drop. The experimental 
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method used in this work avoids the Phase problem which makes the 
~ 

interpretation of results difficult for the A.C. methods. 

The reproducibility of the experiment was mostly within ten per-

cent, The glass capillary tubes were of precision bore and of small 

error. The errors are 1n finding the velocity and acceleration of 

the drop and 1n reading the voltage and time off the oscilloscope. 

Any further errors in the experimental values could come from the 

impurities in the mercury and perchloric acid and preparing the tubes 

in air rather than a vacuum. Impurities on the surface of the drops 
12 can affect the results dramatically. 

The experiment does also suggest that the Gibbs-Thompson affect 

is the mechanism for the coupling of the voltage to the distortion 

of the drop through the radius of curvature. 

Suggestions for further experiments would be to check the idea 

that the voltage comes from an excited surface mode by using lasers 

to measure the time dependent doppler effect to obtain the profile 

of the surface of the drop as it moves. A more exact study of the 

hydrodynamics could also be attempted.. 



Appendix A 

10 Electrical Double Layer at Interfaces. 

The electrical double layer is an a:r:ray of charged particles 

and orientated dipoles thought to exist at every interface. For a 

metal-electrolyte interface, it is thought that the double layer 

consists of a layer of electrons on the metal, then a layer of water, 

and then a layer of ions in an abnormally high concentration, falling 

to normal with distance from the surface. 

The study of interfaces is usually done with a mercury-solution 

interface since, mercury being a liquid, its surface is easily cleaned 

and free from mechanical strains. The low chemical activity and 

the large hydrogen overvoltage of mercury are also desirable prop-

erties. The latter helps prevent the solvent from being reduced 

to form hydrogen. 
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Appendix B 

Solving Model Eg uations 

The following model equations need to be solved a 

~ + 11i = Nl 
61 

~ + u2 + S(2y2-y1-y3) = N2 
62 

Taking the Laplace transforms (see Appendix C) with 

y(s) = s2y(s) - sy(O) - y'(O) 

and y(s) = sy(s) - y(O) , 

equation 1 becomes 

Yits)[82+ ~lJ =Ni+ Yi(o) + Y1(o)[s+ i~ 
equation 2 becomes 

(1) 

(2) 

.(J) 

y2(s{s2+ ~2 + 21!] - ~y1(s} - ~y3(s} = NZ + Y2(0} + y2(o>[s + iJ 
equation J becomes 

Y3(s{s2+ ij:J = Nj + Yj(O} + Y3(o{s + iJ 
Therefore a matrix equation can be set up in the form 

M(s) Y(s) = N'(s) + Y'(O) + R(s) Y(O) 

46 



where 

N' 1 

4? 

s(s + 1... ) 
61 

M(s) = -13 

0 

R(s) = 

s + l 
~ 

0 

0 

0 

0 

s +..1 
62 

-13 

s(s + 1...) 
61 

0 

0 

N' 3 0 0 s + 1... 

y1(o) 

Y(O) = y2(o) 

y3(o) 

Yi(O) 

Y'(O) = Y2(0) 

Yj(O) 

Y(s) 

y1(s) 

= y2(s) 

y3(s) 

These can be solved for Y(s) by finding the inverse of M(s) and 

multiplying through by this inverse to get an equation of the form 

Y(s) = M-1(s) N(s) + M-1cs) Y'(O) + t.C1(s) R(s) Y(O) 

where 

1 0 

0 0 

0 

2 s(s + 1.J(s + .§.... +2S) 
61 62 

1 
s(s + D 

61 

61 
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-1 The zeros of M are the poles of M·" for use in taking the inverse 

transforms and getting the frequencies. Therefore, 

M = s2(s + 1J2(s2+ .:L,+ ZS) 
01 02 

setting M = O implies 

and 

Defining 

gives 

s = 0 , s = -1 
01 

s = o, -1 , -1 (1 + y) • 
01 202 

When the hammer is moving, Y'(O) = 0 and Y(O) = 0 (that is in 

region I); when the hammer has stopped (region III), N = O. 

First, working with the case where the bulk motion of the drop 

has stopped (region 111), N = o, one obtains 

Y(s) = M-1r·(o) + M-1a Y(O) 

This gives the following equations: 

+ y1(o) 
s 



2 s(s + .h_)(s + .§_+ 2S) 
61 62 

+ S y1(o) + y3(o) 

s(s2+ .§_+ 2S) 
62 

+ 

+ y2(o) (s + 1/62) 

s 2+ s + 2S 
~ 

These eq uatians can be solved (using Appendix C) • First, 

Secondly, 

Lastly, 

- 61] 
2S 



-01] l 
2S J 

The deformation of the front end of the drop is given by y J - y 2 

and the deformation of tlfle · back" end ; of. the drop is.;, given by y 2 - y 1 • 

The voltage out is assumed to be do the the difference between the 

deformation of the front and rear of the drop. this gives 

Substituting the expressions for y1 , y2 and Y·y one obtains 

vor. J 20Myi(o) + Yj(oj 
l (1 + o1/02+ 2soi ) 

- 61Yj(O) - 61Yi(O)} .-t/61 

+ o~ ~i(o) + Yj(o]J 
(1 + o1/02+ 2Soi) 
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This can be rewritten as 

-t/61 -t/262 [ 
V = Ae + Be sinh.J1 + 

262 
C cosh.J1 J . 

262 

where A, B, and C are constants representing the factors above. 

Now, solving the case where the drop is being accelerated 

(region I) by the fall of the hammer. In this region Y(O) = 0 and 

Y'(O) = O, however, there is now a pressure gradient across the 

drop; N = O. The pressure gradient is taken to be constant since 

the acceleration of the drop is a constant. 

Since 

the equation for y can be written as 

f::::..Y = (N1 + N3)(s + 1/62) 

s(s + l_ )(s2+ ~ + 2S) 
61 62 

This can be solved by taking the inverse Laplace Transform of the 

above equation' becomes 
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The solution for. y(t) can be expanded and the first order term 

can be kept and the rest dropped since, in region I the time t is 

short compared to o1, o2 and 1/y, Upon doing the expansion the 

coefficient of time is 

f 1Ji (~ - l)~y2 
01 

This gives the value for the difference in the radii of curvature 

for the drop as it moves through the capillary tube, 



Appendix C 

Laplace Transforms and Often Used IntegraJ.s lJ 

Laplace transform methods have been used throughout the deri-

vat ion of the model to convert a set of coupled differential 

equations, which can be difficult to solve, to set of aJ.gebraic 

equations, which in principaJ. are easier to solve. Another ad.van-

tage pf using the Laplace transform method is that the initiaJ. vaJ.ue 

of the function and its time derivative are easily extracted from 

the solutions. 

By definition the Laplace transform of y(t) is 
00 

L y(t) = y(s) = J e-st y(t) dt 
0 

By definition the inverse Laplace transform of y(s) is 

L-l y(s) 
c+iT t = y(t) = !..... lim J es y(s) ds 

21Ti T+x> C-iT 

where C is chosen so that aJ.l of the poles of y(s) lie to the left 

of the line Re s = C in the complex s plane. 

The following notation for Laplace transforms is used through-

out the dissertations 

function 
y(t) 
y'(t) 
y"( t) 

1 
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transform 
y(s) 

sy(s)-y(O) 
s2y(s)-sy(O)-y'(O) 

! 
s 



where y(O) is the initial value of y(t) (at t = o) and y•(o) is the 

value· of the time derivative of y(t) at t = o. 

The following integrals have to be evaluated in order to take 

the inverse Laplace transform so that a solution may be obtained 

J st I = 1 e ds = 1 
o 21Ti C' s 

J st 
I 1 = -1... ! ds = 1 

2'!Ti c' s 

r 2 = ...L J est ds ds = 6 (1 - e-t/o) 1 
2'!Ti C' s(s + 1 ) 

0 
where C' is the contour previously indicated -for the inverse Laplace 

transforms. Using y=l - 8~~ , we obtain the following; 

J st IJ = _L e ds 
2'!Ti 2 s + !! + 213 

62 
-t/262 = 2~2 e sinh.Ji -y- 262 

J est ds 

s(s2+ !! +213) 
02 

2 -t/202 
= 46 2 e [ycosh.Ji + sinh.JiJ-rl.. 

2 262 26 213 
y(y -1) 
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= ~ 2 y cosh,Y! + sinh,Y! -t/20 [ J 
y 262 262 

3 -t/01 = o1 - .... o_e __ 
2S (1 + o1 + 2S) 

02 

-t/202 
+ e 



Appendix D 

Mechanics of the Apparatus 14 

The equation for the velocity of the carriage C can be determined 

by considering seperately the linear motion of the carriage, and the 

·1inear motion and the angular rotation of the screw, lever arm and the 

hammer with mass attached to it. 

a) Linear Motion of the Carriage 

The forces acting on the carriage are shown in Fig. D 1. Newton's 

equation for the motion of the carriage of mass me having velocity v is 

m dv = F - F - f c dt s ap (1) 

where F is the force exerted by the screw on the carriage, F is the s ~ 

force due to the air pressure, and f is the frictional force. This 

frictional force f consists of two terms; 

l) the friction due to the carriage sliding on the bars, given 

by i'kcmcg' where "1tc is the coefficient of sliding friction. 

2) the friction between the teflon pistons and glass given by 

bv, where b is a constant. 

Hence, equation 1 becomes 

m dv = F -F -/i;.k m g-bv c dt s ap c c (A) 

b) Linear Motion of the Screw, Lever Arm and Hammer with Mass Attached 

to it 

The linear acceleration of the screw xs is given by the equation 

56 
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(2) 

where m6 is the mass of the screw, mA is the mass of the lever are, llj-r 

is the mass of the hammer, m is the mass attached. to the hammer, ~ is 

the force exerted by the screw threads of the holder H, and F ' is the c 
force exerted by the carriage on the screw. 

But, by Newton's third law, the force exerted by the carriage on 

the screw is equal and opposite to the force Fs exerted by the screw 

on the carriage, and thus equation 2 becomes 

{ms+~+D\{+m)xs = NH-Fs (B) 

c) Angu1ar Rotation of the Screw, Lever Arm and Hammer w1 th Mass 

Attached. to it 

Fig. D 2 shows the cross section of the screw of radius Rs with 

the lever arm and hammer with mass attached to it. The equation of 

motion for the angular acceleration e of this screw asswuing RA and a. 

remain constant is 

where Is is the moment of inertia of the screw, RA is the length of 

the lever arm, a. is the angle between the lever arm and the hammer, 

and r i is given as 

r i = khRsNH + fknref-? s (D) 

wheref"kh is the coefficient of sliding friction of the screw in the 

holder H, !'kn is the coefficient of sliding friction of the screw in 
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the notch N, and reff is the effective radius of the part of the screw 

that is in the notch u. 
The acceleration of the carriage is equal to the linear acceler-

ation of the screw which in turn is related to the angular acceler-

ation of the screw by the pitch p, so that 

dv = x = p e Cit s 
(4) 

Using this relation, equations A, B, and C can be combined to give the 

equation of motion of the carriage C as 

f if Is +mA (RA/2)2+(m+ll\t)R~]+ ~Rs( ms +mA +ll\t+m)+fkcrefr1~ ~~={(m+mH)gRA sina. 

+ m'Ag(RA/2)sina-~khR (F + k m g)-M r ff(F + k mg~ -#khR bv (D) s ap cc 'kc e ap cc 1 s 

or 

(E) 

where meff is the curly bracket on the left side of equation D and K 

is the curly bracket on the right hand side of equation D. 
6 Now K and meff are of the order of 10 and khRsbv is of order 

of 10. The second term on the right hand side of equation E is ver.1 

small (since meff is vezy large) compared to khRsbv and hence can be 

neglected. Thus, 

dv = K = a. (constant) 
Cit meff 

(F) 

where a. is the acceleration of the carriage. 
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Equation F was experimentally verified as followss In equation D 

the only variables are the mass attached to the hammer, the length RA 

of the lever arm and angle n which this lever arm makes with the 

hammer. By keeping RA and n fixed and varying M, the acceleration of 

the carriage can be varied. This was done experimentally and table D.l 

shows the values obtained for the acceleration of the carriage with 

different mass m attached to the hammer. 

For the evaluation of equation F, reff was obtained from equation 

D, by applying the condition for no turning of the screw. For this 

case equation D becomes 

O = (m+~)gRAsirn + mAg(RA/2)-f'~Rs(Fap+f~cmcg)-f'~creff(Fap+~~cmcg) 

from which reff can be found. In the above equation_µ~ are the 

coefficients of static friction. The agreement between the values 

obtained from experiment and from evaluation of equation F (theory) 

is also shown in table D.l. 

Thus the acceleration of the carriage can be kept constant by 

attaching the same mass to the hammer, while the velocity of the 

carriage can be varied by letting the hammer fall from different 

heights (this would change the time of fall), for fixed values of RA 

and n. 

Since the pistons were attached to the carriage they would move 

with the same velocity v as the carriage while the mercury drop in 
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the capillary would have a velocity v given by: m 
v A = vA mm 

where Am is the cross-sectional area of the capillary and A is the 

cross-sectional area of the glass cups. 

For evaluating equation E the following values were used: 

Is = 16.0l gm-cm2 Moment if inertia of the screw 

ms = 142 gms 

Rs = 0.47.5 cm 

p = 0.15/2 

m = 416 gms c 

11\t = 528 gms 

mA = 68 gms 

F = 6.705xio6dynes ap 
R = O.J75 cm p 

2 AP = 0.44 cm 

Rc = 0.665 cm 

Ac = 1. J89 cm2 

f'kc = 1.4 

f'~c = 1.05 

µkh = o.44 

P~h = 0.51 

Am= o.44 

reff = 0.0785 cm 

Mass of the screw 

Radius of the screw 

Pitch of the screw threads 

Mass of the carriage including pistons 

Mass of the hammer without weights 

Mass of the lever arm 

Force due to air pressure of 70 lbs/in2 

Radius of tenon pistons 

Cross-sectional area of tenon pistons 

Radius of air cylinder 

Cross-sectional area of air cylinder 

Coefficient of sliding friction of Al, on Al. 

Coefficient of static friction for Al. on Al, 

Coef, of sliding friction for steel in brass 

Coef, of static friction for steel in brass 

Coef of sliding friction for steel in brass 

Effective radius of screw in notch N 
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Table D.l. Values of Acceleration of Carriage 

and Mass Attached to the Hammer 

Mass Acceleration of Carriage in cm/sec2 

m in gms Experiment Theory 

87 1.77 1.915 

174 1.85 2.04 

261 2.01 2.15 

J48 2.15 2.28 

439 2.30 2.305 

530 2.41 2.46 
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Method for Measuring the Velocity and the Acceleration of the 

J·lercury Drop 

Two metal flags were attached to the hammer. These flags were 

ma.de to pass through the slits in wooden blocks to which a light 

pipe and a photo diode were inserted in the holes at either side. 

When the flags pass by the holes they would block the light and change 

the resistance of the photo diode which in turn would trigger elec-

tronic timers. The first would start the timer at the instant the 

hammer was released from some height and to stop the timer at the 

instant the hammer came to a stop. Thus, this timer measured the 

time it took the hammer to drop. Another timer was used to measure 

the time it took a second flag (0.5 cm. in breadth) to pass the hole, 

just before the hammer started to deaccelerate. This gave the 

maximum velocity of the hammer. This velocity of the hammer was 

related to the maximumdrop velocity by a coupling constant k; which 

is the ratio of the distance the hammer moved to the distance the 

drop moved. Thus by knowing the velocity of the drop and the time 

it traveled the acceleration was computed using equation F of 

appendix D. 



AppendixE 

Electrochemistry and Thermod.ynamics 

The following is a study of the electrochemisrty and thermo-

dynamics of a mercury-perchloric acid interface. 
10 

Bockris gives, for a metal ion-metal reaction of the form 
+ 

M # Mz + Ze- , 

where l1 stands for a metal, Z stands for the number of the charge of 

the ion, the electrochemical potentials for the reaction have to be 

equal. Thus, 

where~· s are the electrochemical potentials. The electrochemical 

potential is just the chemical potential/' plus a term proportional 

to the charges, Z, times the inner potential. The three electro-

chemical potentials are 

Jim= fm 
fl.z+ = f'z+ + ZF ~s m m 

JJ =/". - F {> I e e m , 

where {Js is the innerpotential of the solution side and tjJm is the 

innerpotential of the metal side. The potential difference across 

the interface is 

= ( ,D - ,() ) = 1 <fl.. z + + )! - ,u) = -AG 
Ts 'rm ZF m e Fm ZF • 
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The chemical potentials are related to the activities ai by 

f'i =fl~ + RT lnai • 

Using this in the expression for ~ fe and the usual chemistry conven-

tion of a = 1 for the pure metal and a = 1 for the free electron, m e 
this gives 

0 0 0 
D. <Pe =!-'. z+ + µe -J-<m + fil'. ln a. z+ 

m ZF m 
ZF 

15 Following an article by David Turnbull, the Gibbs-Thompson 

boundary conditions can be developed. With a Gibb's surface of area 

A seperating two phases a.,a with volumes Va. and Va; the change in 

the energy of the system is 

dU = TdS ... Pa.dya. - PadVa + t µi ni + crdA , 

where a is the surface tension,fli the chemical potential, T is 

temperature, P is pressure and S is the entropy. Displacing the 

interface infinitesimally normal to· itself at constant total volume, 

total energy, entropy and composition gives 

(pa_pa.)dV = adA • 

Since 

where K1 and K2 are the sums of the two principal curvatures of 

th surface, 
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~-Pcx = a(K1+ K2) 

=a( ! + ! ) 
Rl R2 

Looking at a single phase droplet of phase ~ and radius r, the chem-

ical potential~(r) is the same as the bulk phase with a hydro-

static pressure. At a constant temperature for the bulk phase 

for a single phase G = nf'• 

Thus, 

Therefore, 

Assuming the phase is incompressible, that is, V = constant, gives 

fSCr) = /§(oo) + vl3 [ P13 (r) - P13 (oo8 

Using 

the following result is obtained: 

JSCr) =f'a(oo)+vl3 ~ + vS(Pcx - pS(oo)) 
r 

In applying this result, the chemistry of mercury ions in perchloric 

acid will have to be investigated. 



6? 

The chemistry of mercury in an acidic solution has been studied 

by Edwin Gould1;6 At the interface, 
+ -Hg~ Hg + e 

which means that mercury and mercury ions reach an equilibrium con-

centration across the interface. Experiments at 18°c indicate that 

the mercury present in acidic solution is Hg++ , since 

[Hg++) = ll6 
[Hg~] 

10 According to Bockris, the Butler-Volmer equation describes the 

behavior of currents and potentials at the interface. The equation 

can be derived by looking at the current passing through the inter-

face. Figure E 1 shows the interface region including the inner and 

outer helmholtz layers. 10 Following Bockris, the current passing 

from the metal to the solution shaould be 

and passing from the solution to the metal is 

-AGO 

is~m = (kT/n) C::g+ e kT 

The net current is 

i = i sm m.,s 

=~ 
n 
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Fig. E.l. Diagram of interface showing the inner and outer 
Helmholtz layers. 
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Assuming the surface has a capacitance, the net current through 

the interface would be 

i = ~!!,1+ i ('\,t) -h dt sm 

where '1 is the overpotential and i.f° is the equilibrium potential 

difference across the interface. ~gO is the surface concentration 

of ions on the metal, cttg+ is the surface concentration of the ions 

in the solution phase, and AG isthe free energy. The potential diff-

erence across one of the metal solution interfaces isf0 + 1 . Since 

the external current is zero in the experiments, 

Because this equation is homogeneous, the 1 is expected to decay to 

zero. Using i 0 to define the equilibrium exchange current we obtain 

or 

where 

~ -~ 
O = cm £r + 10 [ e'.<r - e ¥:r J 

0 = ~ + ei0 (S+S') ~ 
dt c kT 

m 

=!tl +1 
dt 't 



Appendix F 

The data for the experiment is given in this section. Table Fl. 

gives the data for voltage versus velocity, tablr F2. gives the data 

for the electrochemical relaxation time, tables FJ. through F8. gives 

the data for volt8€;'e versus time for different drop sizes, table F9. 

gives the effective decay constant versus drop length, and table 

FlO. gives data for acceleration versus velocity for different 

acceleration weights. The following values are used throughout the 

experiment and model to calculate different parameters. 

Surface Tension = 370 dynes/cm2 

Density of Mercury = lJ.J gm/cm3 

Density of Acid = 1.07 gm/cm3 

Tube Diameter = 1.0 mm 

Viscosity of Mercury = l.95xio-2 cm/gm/sec 

Viscosity of Acid = l.078xl0-2 cm/gm/sec 

Capacitance of Layer = 16 microfarad/cm2 



TABLE Fl. DATA FOR VOLTAGE VERSUS VELOCITY 

Drop length= 1.7 cm acceleration • 51.2 cm/sec 2 

Velocity Voltage Velocity Voltage 
~ cmLsec~ (mv) (cmLsec2 (mv) 

1.96 80 J.56 150 
2.00 78 J.50 145 
2.02 85 J.60 145 
1.95 78 J.55 142 
1.98 79 J.60 142 
1.96 80 J.55 147 

average 1.98 80 aver~e 2·26 14Z 
4. 70 186 5.85 240 
4.74 185 5.95 240 
4. 80 180 5.79 2J5 
4.81 180 6.05 2.'.30 
4.70 190 6.06 22.5 
4.69 189 6.oo 240 

average 4.74 185 average 2·2.2 240 
7.70 J05 8.JO JJJ 
7. 80 J09 8.80 328 
7.82 Jl5 8.60 JJO 
7.95 310 8.J5 J55 
8.00 320 8.45 .)60 
7.65 JOl 8.48 J40 

average 7.82 310 aver~e 8.,20 J!±l 
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TABLE Fl (continued) 

Velocitl Voltage 
(cmLsec (mV) 

10.2 400 
10.2 390 
10.0 J85 
10.0 405 
10.7 415 
10.0 405 
10.2 400 

Average Values (Standard Deviation) 

Velocity 
(cmLsecl 

1.98( .OJ) 
3.56( .04) 
4.74(.05) 
5.95(.11) 
7.82(.14) 
8.50(.18) 

Voltage 
(mV) 

80( 2. 6) 
145(J.l) 
185( 4. J) 
235( 6.J) 
310( 6. 8) 
341(13.5) 
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TABLE F2. DATA FOR ELECTROCHEMICAL RELAXATION TUIE 

Number of Ratio 
dro:es 

25 
22 
19 
16 
13 
11 

8 
6 
4 
2 
1 

(VoltsLAm:es) 
3,18 x io6 

3.18 x io6 

3,18 x 106 

3,18 x 106 

3,07 x 106 
2.82 x 106 

2.57 x 10 6 

2.33 x 106 
2.06 x 106 

1.84 x 106 

1.59 x 10 6 

Slope = 1.089 x 105 ohms 

! = 1.368 x 10-2 = .01368 seconds 
0 
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TABLE FJ. VOLTAGE VERSUS TIME 

O. 745 cm drop 
Region III 

Time Volt Volt Volt Volt Volt Volt Volt Volt 
(secs} (mv} (mv} (mv} {mv} {mv} (mv) (mv) {mv} 
o.o -157 -160 -155 -155 -165 -157 -155 -155 
0.045 170 165 170 180 170 170 175 170 
0.075 200 210 200 200 195 200 200 195 
0.1 180 175 180 200 175 170 180 180 
0.17 l.JO 125 140 125 l.JO l.JO 125 13.5 
0.24 75 7.5 70 7.5 73 78 7.5 70 
0.295 39 40 JS 40 J.5 40 42 40 
O.JJ5 26 25 .JO 25 24 26 25 26 

Average Values 
Region III 

Time Volt Volt V = -1.57 e-l8Jt + l.48xio4 e-lJ.5tsinh(0.5t) 
(secs) (mv} Cale. 
o.o -157(4) -157 1 = 13.0 0 
0.045 171(4) 178 0 

0.075 200(.5) 200 Region I 
0.1 180(9) 185 Time Volt Slope 
0.17 130(5) 126 (secs) (mV) (volts/sec) 

0.24 74(3) 74 0.055 200 J.64 

0.295 39(2) 37 0.058 210 J.62 

0.335 26(2) 24 0.055 200 J.64 
0.053 200 J.77 
0.058 220 J.79 
0.056 210 J.75 
0.058 200 J.45 
0.055 205 3.73 

average slope= J.67(.11) 



75 

TABLE F4. VOLTAGE VERSUS TIME 
1.139 cm drop 
Region III 

Time Volt Volt Volt Volt Volt Volt Volt Volt 
(secs} (mV} (mv} (mv} (mv} (mv} (mv} (mv} (mv} 
o.o -137 -140 -140 -135 -135 -140 -133 -137 
0.03 40 40 35 50 40 35 40 42 
0.07 60 6o 60 60 55 58 65 62 
0.08 60 60 60 55 60 60 60 58 
0.105 58 55 60 58 57 58 60 55 
0.15 47 50 45 45 50 48 47 48 
0.21 30 30 28 30 30 30 35 30 
0.26 20 20 20 20 20 20 20 20 
0.31 15 13 15 18 15 13 16 15 
0.36 10 10 10 9 10 12 10 10 
0.425 6 5 6 5 5 6 8 6 

Average Values 
Region III 
Time Volt Volt V = -137 e-l7lt+ 784 e-12•6t sinh(2.6t) 

(secs} (mv} Cale. 
o.o -137(3) -137 ! = 10.0 
0.03 40(5) 39 60 

0.07 6o(3) 59 Region I 
0.08 59(2) 60 Time Volt Slope 
0.105 58(2) 58 (secs) (mV) (Volts/sec) 

0.15 47(2) 47 0.085 200 2.35 

0.21 30(2) 33 0.08 210 2.63 

0.26 20(0) 21 0.08 200 2.5 
0.31 15(2) 14 0.078 210 2.69 

0.36 10(1) 10 0.083 230 2.77 

o.425 6(1) 5 0.08 200 2.5 
0.08 210 2.63 

average slope= 2.58(.13) 0.079 200 2.53 
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TABLE F5. VOLTAGE VERSUS TIME 
l.765 cm drop 
Region III 

Time Volt Volt Volt Volt Volt Volt Volt Volt 
(secs2 (mv2 (mv2 (mVl (mvl (mVl (mVl (mVl (mV2 
o.o -19.5 -190 -200 -200 -19.5 -190 -19.5 -200 
0.065 .59 60 60 60 .5.5 .58 60 60 
0.120 70 70 7.5 70 70 7.5 70 68 
0.2 60 6o 6o 60 65 .58 .58 6o 
o. J4.5 JO JO 2.5 JO JO JO JO JO 
0.54 1.3 15 10 15 12 lJ 10 lJ 
0,74 J .5 1 J J 1 J 2 

Average Values 
Region III 
Time Volt Volt V = -196 e-ll6t+ 1722 e-8•4tsinh(l.8t) 

(secsl (mVl Cale. 
o.o -196(4) -196 1 = 7.5 60 
0.065 .59( 2) 59 
0.12 71(3) 70 Region I 

Time Volt Slope 
0.145 67(2) 68 (secs) (mv) (volts/sec) 
0.2 60(2) 6o 0.066 200 J.OJ 
o. J4.5 29(2) JO 0.05 200 4.oo 
0 • .54 1.3(2) 11 0.0.58 200 J. 45 
0.74 .3( 1) .3 0.058 200 J,45 

0.06 200 J.JJ 
0.06 210 J • .50 
0.058 200 J.45 
0.058 205 J,53 

average slope= J.47(.27) 
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TABLE F6, VOLTAGE VERSUS TIME 
4,101 cm drop 
Region III 

Time Volt Volt Volt Volt Volt Volt Volt Volt 
(secsl {mVl {mv) (mv) {mv) (mVl (mv) (mv) {mVl 
o.o -270 -26o -275 -275 -265 -270 -280 -270 
0.04 38 35 40 40 35 40 35 38 
0.1 56 55 57 c;55~ 60 55 65 55 
0.11 57 57 60 60:' 55 60 57 58 
0.13 55 55 55 55 57 55 57 55 
0.23 44 45 45 40 45 4J 45 45 
0.33 28 JO 25 25 JO 28 JO 26 
0.43 17 20 15 15 20 17 18 17 
0.48 12 10 15 12 13 12 13 12 

Average Values 
V = -27le-116t+ 173 e-8•4tsinh(2.9t) Region III 

Time Volt Volt 1 = 5,5 (secs) {mVl Cale, 00 
o.o -271(6) -271 Region I 
0,04 38(2) 37 Time Volt Slope 
0.1 57(4) 57 (secsl (mv) (voltsLsec) 

0.11 58(2) 58 0.075 340 4,53 

0.13 55(1) 56 0,075 340 4.53 

0.23 44(2) 42 0,08 340 4.25 

0,33 28(2) 27 0,08 340 4.25 

o,43 17(2) 16 0,075 340 4,53 

o.48 12(2) 12 0.07 320 4,57 
0,07 320 4,57 
0,08 345 4.31 

average slope= 4,44(,15) 
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TABLE F7, VOLTAGE VERSUS TIME 
6, 873 cm drop 
Region III 

Time Volt Volt Volt Volt Volt Volt Volt Volt 
{secs2 {mV2 {mV2 (mv) {mv) (mv) 'mv) {mv) (mv) 
o.o -235 -240 -240 -2JO -225 -235 -235 -240 
0,035 56 55 50 6o 55 56 55 55 
0.085 93 90 95 90 90 95 95 93 
0.13 105 100 100 llO 108 105 104 107 
0.185 90 95 93 95 90 96 100 90 
0.285 70 75 75 70 65 75 75 70 
0,385 50 50 50 45 50 53 50 50 
o.485 30 35 JO JO 35 JO JO JO 
0,53 28 25 30 JO 28 JO 25 30 

Average Values 
V = -235 e-ll6t+ 586 e-8•4tsinh(J.9t) Region III 

Time Volt Volt ! = 4.5 'secs) (mv) Cale. 60 
o.o -235(5) -235 Region I 
0.035 55(3) 56 Time Volt Slope 
0.085 93(2) 96 {secs) (mv) (voltsLsec) 

0.13 105(4) 104 0.055 200 3.64 

0.185 94(4) 96 0.055 200 3,64 

0.285 72(4) 73 0.055 200 J.64 

0,385 50(2) 49 0.057 200 J.51 

o.485 31(2) 32 0,055 200 3,64 

0.53 28(2) 27 0,055 200 J.64 
0.057 200 J.51 
0.057 200 3.51 

average slope.= 3,59(.07) 
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TABLE F8. VOLTAGE VERSUS TIME 
7.818 cm drop 
Region III 

Time Volt Volt Volt Volt Volt Volt Volt Volt 
(secs} (mv} (mv} (mV2 (mv} (mV2 (mV2 (mv} (mV2 
o.o -100 -95 -100 -110 -95 -105 -105 -90 
0.045 73 70 75 80 70 70 75 70 
0.1 105 100 103 105 109 105 97 111 
0.13 108 no 105 112 105 109 106 109 
0.145 105 100 102 106 109 105 100 108 
0.25 80 80 75 75 90 80 81 78 
0.36 60 6o 55 55 68 60 60 6o 
o.46 37 35 40 37 35 40 35 36 
0.565 24 25 20 25 25 25 23 25 

Average Values 
V = -100 e-ll6t+ 586 e-8•4ts1nh(4.0t) Region III 

Time Volt Volt 1 = 4.4 (secs2 (mv} Cale. 60 
o.o -100( 6) -100 Region I 
0.045 73(4) 72 Time Volt Slope 
0.1 104(5) 105 (secs} (mv} (voltsLsec} 

0.13 108(3) 108 0.065 280 4.31 

0.145 104( 3) 106 0.068 290 4.26 

0.25 80(5) 83 0.07 295 4.21 

0.36 60(4) 58 0.073 JOO 4.ll 

o.46 37(2) 37 0.073 285 3.90 

0.565 24(2) 25 0.065 265 4.08 
0.07 285 4.07 
0.07 290 4.14 

average slope= 4.14(.13) 
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TABLE F9. EFFECTIVE DECAY CONSTANT 
VERSUS 

DROP LENGTH 

Effective Experimental Calculated 
Decay Constant Drop Length Drop Length 

{sec-1) {cm) {cm) 
13.0 0.745 0.851 
10.0 1.139 1.14 
7.5 1.765 1.75 
5.5 4.101 4.08 
4.5 6.873 6.88 
4.4 7.818 7.82 

1/60 I 
1/262 = 1.195 - \ 1.0 - o.629/L 
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TABLE FlO. FATA FOR ACCELERATION VERSUS 

VELOCITY 

FOR DIFFERENT WEIGHTS 

Number of Acceleration Velocitl 
Wei~ts (cmLsecLsec} (cmLsec 

5 J3.0 7.7 
29.0 6.J 
32.0 6.5 
29.0 5.2 
30.0 4.7 
27.0 3.4 

3 18.2 4.61 
17.J 2.68 
16.8 2.24 

1 11.3 3.29 
11.0 3.10 
12.9 2.80 

0 6.20 2.40 
5.7 2.10 
7.4 1.7 

2 17.0 3.6 
lJ.O 4.3 
16.o 2.8 
14.o 1.6 
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TABLE FlO. (continued) 

Average Values of Weights 
versus Acceleration 

Number of Acceleration 
Weights (cmLsecLsec) 

5 J0.0(2.2) 
3 17.0(0.7) 
2 15.0(1. 8) 
1 12.0(1.0) 
0 6.4(0.8) 



Append.ix G 

The following is the two mass - one spring problem which repre-

sents a single interface. This problem will not give quantitative 

agreement since the coupling terms; are not all in one equation 

as in the model used; however, it should show the general charac-

teristics as seen in the experiment. Figure G.l. shows the system 

from which the following equations are obtained; 

~x1 = -m1x1 - k(x1- x2+ a) 
61 

mtC2 = -~x2 + k(xl- x2+ a) 
62 

Let y1 = x1 + a and y2 = x2 ; thus, equations l becomes 

•. . 2 ( ) ( ) y l + y l + w l y 1- y 2 = gl t 

61 

Y2 + Y2 +VJ~ (y2- Y1) = -g2(t) 
62 

(la) 

(lb) 

(2a) 

(2b) 

After taking the Laplace transform of the above equations and placing 

them in matrix form and allowing the initial condition terms to 

vanish, the following is obtained 

f ~] 
2 ~ 
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K 

Fig. G.l. Two mass system from which the equations for Appendix 
G. 
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where f 1• s(s + 1/61) and f 2 = s(s +1/62). For simplicity in solving 

for the zero's of the determinant 61 will be set equal to 62• Multi-

plying through by the inverse of the determinant and solving for 

where 0J<1/26) 2 -w ilV ~ . 
The inverse Laplace transform can be taken and the value of y(t) 

can be obtained. Figure G.2 gives a series of curves showing y(t) 

versus time for different relative values of T1 (the time the accel-

eration force is turned off) and T2 (the time the deacceleration is 

turned on). For our case T1 = T2, which is the third graph, Notice 

the basic feature are the same as the experiment. The overall 

sign comes from how 4 y( t) is defined. 
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a) Tf = ~ = '.:.1 
2 3 

86 

t 

t 

t 

Fig. G.2. Figures show solutions for the equations for different 
values of T1 , T2 , and T3• 
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VOLTAGES PRODUCED AT THE 

POLARIZED MERCURY-ELECTROLYTE INTERFACE 

by 

Robert C. Mania Jr. 

(ABSTRACT) 

The electrical potential differences which arise across the 

length of capillary tubes containing 1 N perchloric acid and mercury 

drops are studied experimentally and theoretically for constant 

acceleration and different lengths of the drops of mercury. A rela-

tively simple theory explains many features of the voltage on the 

experimental parameters. The results suggests that surface modes 

exist on the mercury drops which, in association with the Gibbs-

Thompson effect, is the coupling between the mechanical and electro-

chemical phenomena. 
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