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The effect of mechanical vibration and shock on a group of 500-ohm unsaturated 
standard cells has been investigated . Vibration studies were conducted at frequencies of 
10, 20, 30, 50, 70, 100, 200, 500, and 1,000 cycles per second wi th accelerations of 1, 2, 5, 7 . 
a nd 10 gravities (g). The shock studies were conducted wit h shock durat ions of 6.2 , 11, and 
18 milliseconds and shock accelerations of 10, 20, 30, and 40 g. The vibration of t he cells 
produced an alternating component in t he emf of t he cells at t he same frequency as t he 
freq uency of vibration and dependent on t h e magnitude of t he acceleration . At low fre­
quencies distor t ions and harmoni cs were found in t he alternat ing component of t he cell emf. 
In a ddi t ion to the alternat ing component a shift in t he cell emf was also observed du ring 
v ibrat ion which dependcd on t he magnitude of t he acceleratio n and t he fr eque ncy of vibra­
t ion . At all frequencies a nd at 1 g acceleration t he cell emf was wi t hin t he 0.01 percent 
limi t of precision usually assigned to unsaturated cells. A large t ra nsient emf often excced­
ing one mi ll ivolt was observed durin g t he sh ock studies. However, t he steady emf of t he 
cell d id not cha nge more t han two microvol ts in the shock stUdy. Neit her vibrat ion nor 
sh ock had a last in g effect on t he emf of t he unsaturated cells. Possible sources fo r t he 
observed transient cr-fects are considered. A method for moun ting t he standard cells so 
t hat mecha ni cal vibrat ion or shock is effici en tly t ransmitted to the test cell is described. 

1. Introduction 
I 

The increased demands of science and technology 
~ have continually forced the extension of the accuracy 

and precision of the standards of physical measure­
ment. Some of these standards such as the standard 
sample series of ch emical composiLion arc unafl'ected 
by vibration or shock. Other sLandards such as the 
standard cell for voltage reference may be influenced 
by m echanical vibraLion or shock. The standard 
cell is consider ed to b e a relatively delicate standard 
since glass is used for container construction, and 
t he electrodes, being partially liquid, are not struc­
t urally stable. The operational procedures using 
standard cells, whether the s tandardization of a 
potentiometer in a laboratory or the transportation 
of th e cells from one laboratory to another for in ter­
comparison w ith other standard cells, subj ect the 
standard cells to mechanical shocks and/or vibration 

~ of v arying intensity. The availability of informa­
tion of a quantitative nature on the effect of shock 
and vibration on the operating characteristics of 
t he standard cell would permit more effective use of 
t he cells. Also, knowledge of the stability of th e 
standard cells in ad verse environment should pcrmit 
a n evaluation of the reliability of the standard 

, cell as a vol tage refercnce SOurce. It. is the purpose 
? of this paper Lo report the results of a preliminary 
I inve Ligation of th e effect of mechanical shock and 

vibrfttion on the stability of the emf of 500-ohm 
unsaturated standard cells. 

2 . Experimental Procedure 

2.1 Standard Cell Mounting 

Two 500-ohm unsaturated standard cells from 
each of two manufacturers were used in this study. 
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The cells were mount ed Oil fI, one-piece fixture with 
the a id of an epoxy resin, A t~Tpical cell mounting 
is shown in figure l. The fixl u l'e was fabricated 
horn ft solid piece of 4 in. X 4 in. aluminum block. 
The details of Lhe fixlur e a rc shown in figure 2. 
Three ftluminUIll sides were placed ftround surface 
A of the fixtU re to f0 1' 111 a mold , so t hat with surface 
A in <1 horizo ll tal position , the three sides, surface 
A, and surface B forill ed a mold in which the cells 
and the mountin g scr ews cOllld b e potted with 
epoxy resin . Th e inside of the cavity was carefully 
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FIGURE 1. Fixltll'e for vibrati on and shock studies wilh lest 
cells moun ted. 
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FIGURE 2. Details of cell mounting fixtu re. 

I" 

SURfACE A 

coated with silicone grease for later removal of the 
sides and eventually of the cells from the fixture. 
A small aluminum block for mounting the accelera­
tion pickup was bolted to the molding jig so that 
there was a 1/32-in. clearance between the accelera­
tion mount and surface A of the fixtme. The 
screws and the test cell were positioned in the mold 
and the epoxy resin 1 was poured into the mold to 

1 Tbe epoxy resin ,,-as prepared immediately before use from Ej}ou 815 resin 
and di-et.hylaminopropylamine catalyst in the ratio of 100 g of reSIn to 7.5 g of 
catalyst. 

POWER AMPLIfiER 

a depth of about 5/8 in. The test cell was almost 
completely covered with the resin. The resin cured 
slowly. The temperature of the reS111 and the test 
cell never rose above 35 °0 during the curing process. 
After the resin had set, the fixture was turned over 
and the molding procedure was repeated on the 
opposite face of the fixture. Two test cells, one 
from each manufacturer, were mounted on the 
fixture. This type of cell mounting proved to be 
rugged and a satisfactory means of mounting 
cells for the environmental studies. 

2 .2 . Vibration and Shock 

The vibration studies on the unsaturated standard 
cells were conducted using a Oalidyne Model 75B 
vibrator. Figure 3 illustrates the experimental 
arrangement for the vibration study. The vib~ator 
was driven with an oscillator and a power amplIfier. 
The frequency of the oscillator was monitored with 
an electronic counter. The aluminum standard cell 
fixture was mounted on the vibrator table with the 
center line of the fixture in the center of the vibrator c, 
table. The test cells were always in an upright 
position during this study. An accelerometer was 
mounted at the center of the fixture. Accelerom­
eters were mounted also on each of the acceleration 
mounts above the test cells. The output of the 
accelerometers was monitored -with a cathode 
follower network and a suitable voltmeter. 

The test cells were subjected to vibrations of 
10 20, 30, 50, 70, 100, 200, 500, and 1,000 cis. 
At' each frequency the cells were subj ected to ac­
celerations of 1, 2, 5, 7, and 10 g. Before and after 
the vibration program at each frequency, ~he 
vibrator was set to 1,000 cis and 5 g acceleratIOn 
in order to check the reproduciblity of the vibrator 
and the test cells. At the low frequencies the 

VIBRATOR 

FIGU RE 3. B lock diagram of experimental arrangement used to study the effect of vibration 
on standard cells. 
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maximum acceleration \-vas limited by the ability 
of the vibrator to produce an undistorted sinusoidal 
vibration . The accelerom eter on the center of th e 
fixture wa used to set the amplitude of the vibra tor . 
The acceleration. on th e center of the fixture an d 
t.he accelerations on the mounting block above each 
Lest cell were recorded simultaneously. TIl e lest 
cell were mounted on the vibrator the nigh t before 
Lh e test. The d-c power to the vibrator was aeLivated 
about 5 hI' before the test was begun to insure 
th ermal equilibrium of the vibrator table and th e 
te t cells. During the test the room temperature 
was 25 °C and the t est cell temperature was 35 °C. 

The shock investigations were conducted using a 
Barry 20 V.I. shock machine. The schematic of 
the experimental setup is shown in figure 3 with the 
shock machine replacing the oscillator, electroni c 
coun ter, power amplifier, and vibrator. The test cell 
mounting and t he positioning of the acceleration 
pickups were identical for both the shock and 
vibration studies. The temperature of the cells 
during shock studies was 25°C. The output of th e 
center pickup was used to monitor the character of 
the shock. The foul' test cells were subj ected to 
shocks of approximately 6.2 , 11 , and IS msec duration 
and to forces of a pproxim ately 10, 20 , 30, and 40 g. 
The cells were subj ected to each shock twice. This 
served to check t he r eproducibility of the shock and 
of the change in d-c emf of the test cells as a result 
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of the shock . The magnitude and duration of the 
shock was determined by varying the height from 
which the cells were dropped and the arresting means 
of the shock machine. 

2 .3. Electrical Measurements 

Th e details of the circuit used for the electrical 
measurements are shown in figure 4. Th e same 
circuit was used for both the vibration and shock 
studies. Shielded leads were used throughout and 
all switch es and standard cells except the test cells 
were shielded. The fixture and vibrator or shock 
table were bonded electrically and were grounded to 
the oscilloscope. The oscilloscope was used as the 
point of grounding for the entire circuit in figure 4 as 
well as and for all electrically power ed instruments 
used in the study. All the electrical instruments 
were plugged into a common source. The leads from 
th e test cells were co nnected to the elector switch. 
A common negative was used for bo th cells. 
Although the negative lead of the Le t cells was at 
ground poten tial, a separate n ega Live lead was run 
from the cells to the selector switch and th e connec­
tion to ground wa made at the selector switch. The 
output of the test cells, Xl or '/Y2, was compared 
individually with the reference cell, H. The differ­
ence in em f between the test cells a nd Lhe reference 
cell was determin ed with a L eeds and Northrop 
T ype K -3 poLentiometer. A ]Gntel Model 204A 
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FlGURE 4. Schematic diagram of electl'ical circuit used to study the effect of vibration on 
standard cells. 
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electronic galvanometer was used as a null indicator. 
The emf of the reference cell was checked periodi­
cally against the emf of the standard cell, S. Rand 
S were placed in a copper box which provided both 
electrical and thermal shielding. Both Sand R 
were new unsaturated cells which were known to have 
an excellent short-term stability. 

The a-c signal from X - R was amplified by a 
calibrated 1,000 gain Tektronix Model 122 preampli­
fier. Tb e amplifier had a pass band of 0.8 cycle to 40 
kc/s ltnd ltD input impedance of 10 megs paralleled by 
50 pf. Th e amplified signal was displayed on a Model 
533 T ektronix oscilloscope equipped with a Type OA 
preamplifier and was also measured with a Hewlett­
Packard Model 400H voltmeter. The latter instru­
m ent responded to the average a-c voltage. The a-c 
noise level as measmed with the voltmeter was 
always less than 3 /-LV or essentially the noise level of 
the preamplifier. Tbe signal from the accelerometer 
was also displayed on the oscilloscope simultaneously 
with the a-c output of the test cell. For each fre­
quency and acceleration studied, a photograph of the 
oscilloscope traces was made and reading of the volt 
meter was takCll at the same time. A permltnent 
record of the test cell output and the ouptut from 
t he accelerometer was thus obtained. 

After the vibration tests were conducted, the test 
cells were replaced by a dummy load of equivalent 
resistance and loop area. The field of the vibrator 
was activated at the frequencies encountered in this 
study, and the dummy load, used as a probe, was 
moved about on the vibrator table as well as under 
the vibrator table and in the space surrounding the 
test cells. Th e effects of the magnetic fi eld Jrom the 
vibrator detected in this fashion were less tlmn the 
noise level in the circuit. 

3 . Results and Discussion 

3 .1. Cell Mounting Evaluation 

An important aspect oJ this study was to estimate 
th e efficiency of transmission of the vibration force 
from the aluminum block to the test cell . In this 
evaluation the center accelerometer was used as the 
reference for the acceleration. The accelerometer 
mounted in the epoxy r esin above the standard cell 
was used to indicate tIle acceleration on the standard 
cell. Although there is a difference in weight and 
binding of the resin to the cell and acceleration 
mount, th e acceleration determined by the accel­
erometer above the cell should be a good indication 
of the accelerlttion on the test cell. The acceleration 
measured by the pickup on the epoxy resin is plotted 
as the ordinate and the ltcccleration measured by 
the pickup on the aluminum block is plottcd as the 
abscissa in figure 5. If there is ideal transmission 
of the force Jrom the aluminum block to the standard 
cell, the slope of th e plot should be 1, corresponding 
to the solid line drawn on the figure. In order to 
ascertain whether or not this condition was met, the 
data of figure 5 were fitted with the best straight 
line using the IBM 704 computer. The slope, 
intercept and their standard deviations were com-
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FIGURE 5. Correlation between center pickup and pickups 
mounted over the test cells. 

puted for each cell . The slopes for the four cells 
were calculated to be 0.999 , 1.035 , 1.010, Hnd 1.050 
and the pooled standard deviation of the slopes was 
0.0099. If the difference between the center pickup 
and the pickup above a particular cell was due 
entirely to random variations, one would expect the 
slope of the line for any given cell to be 1.00 ± 0.02 
(using the 95% confidence limit). It can be seen 
that two of the cells fall into this interval while two 
do not. It must therefore be concluded that there 
is some variability in the mounting technique. The 
worst deviation from the ideal noted is no greater 
than 7 percent. However, as will be seen later, 
this deviation is small compltred to the overall 
variability of the results. 

Measurements of the phase difference between 
ltccelerometers on the aluminum block ltnd on the 
resin mount indicated t h at the two outputs Jrom 
the accelerometers were approximately in phase. 
The significant deviations from expected behavior 
(in fig. 5) are always in th e direction of a largcr 
acceleration on the resin than on the aluminum 
block. If the resin has ,1,11 elastic modulus that is 
smaller than the aluminum, deviations from expected 
behavior should be thus in the direction of larger 
vibration amplitude with a corresponding larger 
acceleration. The smaller elastic modulus of the 
resin should also cause the output of the resin 
mounted accelerometer to lag behind the aluminum 
block pickup but the phase meltsurements were not 
sufficiently precise to confirm this. It may, there­
fore, be concluded that the force is transmitted with 
good efficiency from the vibrator to the test cell. 
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3.2. Reproducibility 

In order to es timate the r eproducibility of the 
individual cells and to serve as a control , the cells 
were subj ected to a vibration of 1,000 cis with n 
m nximum force of 5 g b efore and after th e vibration 
study at each frequency. The r esults o( these 
ch ecks are presented in t able 1 for the foul' cells.2 

The standard deviation, 8n" is repor ted b oth in 
microvol ts and as a percentage of the menn o Th e 
latter standard deviations for the four cells h nve 
been pooled to give an overall es tima Le of th e re­
producibility for both the n-c and d-c measuremen ts; 
the pooled estimates of the reproducibili ty arc 8.4 
nnd 32.3 percent, respectively. Since i t was possible 
to set the frequency and ncceleration wi th a pre­
cision of b etter than 1 percent, the cause for the 
large standard d eviation of the mean repor ted above 
must reside witl)in the test cells themselves. Only 
one cell showed a system ntic vnrintion in the repent 
tests at 1,000 cis and 5 g. In this case the a-c 
ou tpu t decreased steadily as thc vibration studies 
continued. The oth er cells showcd no such syste­
matic variation. 

TABLE 1. R eproducibili ty oj the measw'ements at 1,000 cis 
and 5 g 

Cell No. 

Mean 

p O 
927 
207 
207 
84 

AC ' 

p O 
40 
25 
27 
3.5 

,IJ ,n Mean 

% ,,0 
3.88 - 50. 1 

10.87 -9. 4 
11. n -8. 7 
3.80 -9.7 

DC 

8," 

p O 
9.3 
3.7 
a .7 
2. 1 

% 
18.56 
a9.36 
42.52 
21. 64 

- -----'-----'--- ---------- - ---
Pooled 8m- ___ ____ ____ __ ________ ___ _ . 44 . ___ ______ ______ __ __ 32. 3 

' Sec footnote 2. 

3 .3. Results of Vibration Studies 

The ari thm etic means of the a-c and d-c ouLpu ts 
of t he test cells during the vibration studies nre re­
por ted in table 2 along wi th the standard devia,t ion , 
8m , for bo th the a-c and d-c measurem en ts. The 
standard devintion expressed as percen t oJ the mean 
was calcula ted u sing the form ula: 

(1) 

where w is th e r ange and M is the mean a-c or d-c 
ou tput of the four cells. The d-c resul ts below 100 
cis are omi tted since the null detector used with the 
po ten tiom eter was sensitive to an a-c input at low 
frequency. T ypical oscilloscope pho tographs of the 
ouLput from t he tes t cells during vibrnt ion is shown 
in figure 6 along with the output from the accel-

2 All a-c measurements arc reported as a,'erage voltages. 

el'ometer. At low frequency some of the waveforms 
produced by the vibrator were not truly sinusoidal. 
However , the resul ts, in these inst ances, may be used 
to estimate the m agnitude of the effect of vibra tion 
on the test cell emf. It is significan t that the d-c 
effects are always in t he direction to produce a 
decrease in the cell emf during vibration. 

The standard deviations in table 2 are qui te large. 
In view of the fact t hat the reproducibility studies 
at 1,000 cis and 5 g gave standard deviations sub­
stan tially less t han those found in table 2 for bo th the 
a-c and d-c res ults, i t mus t be concluded that a large 
portion of the va.riability in the results must be 
ascribed to the individu al cells. Although it is no t 
possible on the basis of two samples to draw firm 
conclusions, there do es no t appear to be a marked 
difference in the transien t ou tpu t of cells from the 
two manufacturers. 

TABLE 2. lv/ean avemge (!-c output und doc change Jor Jour 
500-ohm unsaturuted standard cells 

lq 2 (I 5 q 
Frequency 

~ean l 8,.- ~[ea l1l-:- Meanl-:-

AC 

1' / 8 p " % p O % p O % 
10 1018 85.0 - ----- ------ ------ ------
20 1339 80.6 3632 57. 2 ' 3994 69. 4 
30 a94 52.7 2021 50.8 53 12 59.3 
50 316 70.6 547 37.2 2583 47. 0 
70 J39 52. 3 309 41. I 1500 49.5 

100 56 61. 6 152 49. 7 592 28. 9 
200 32 54.3 87 30. 9 310 28. 6 
500 14 18.8 33 5.4 128 17.2 

1000 24 51. 8 66 57.5 321 62.5 

DC 

100 - .13 48.5 - J8 67.8 - 135 54.8 
200 -6 80.0 - 17 Si.O - 39 43.6 
500 - 10 48. 0 - 14 57. I -22 45, 4 

1000 -3 96.7 -6 41. 7 -25 68. 0 

Nole: For t he de only t he pooled 8m is 65.0 perccnt. 
*4 g. 

7 q 10 9 

Mean 1--:- Meanl 8m 

p O % p V % 
------ ------ ---- - - -- ----
--- -- ----- - -- - --- ------
593G 58.4 -- ---- ------
44 17 51. 0 9900 66.4 
1975 48.7 4725 39.6 
1020 21. 7 1808 30.9 

443 23.4 729 20. I 
184 23.5 366 6. 0 
496 55.4 795 50. 3 

- 192 56.2 -20G 14 1. 7 
-61 31. 8 - 146 52.3 
- 42 39.3 -68 49.0 
- 48 61. ,1 - 79 70.9 

At low frequencies v isual observations of th e Lest 
cells often revealed th e presence of mercury drops 
suspend ed above t he electrodes andlor the sep ta. 
At approximately 30 cis ofttimes a large drop of 
mercury would rise from the amalgam in a form a­
tion resemblin g a toadstool. At other times ripples 
would appear on the amalgam surface. Whenever 
th e drops or ripples a ppeared both the a-c and d-c 
ou tputs from the cells wer e erratic. At the low 
freq uencies harmonics and distortions were usually 
found in the photographs of th e cell output . The 
a-c and doc output of th e cell appeared instan ta­
neously when t he vibration star ted. The a-c and 
d-c ou tput also disappeared instan.tly when the 
vibration ceased. In som e instances th e doc change 
would b e very rapid in Lhe ini tial mom en ts of vibra­
tion then build up s ligh tly in an exponen tial manner 
for 2 or 3 min. When th e vibration s topped, the 
d-e emf '\Tould decay in the sam e fashion as it built up. 
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FIGURE 6. Oscilloscope tmce of the a-c output and acceleration picku p at various frequ encies and applied forces. 
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3 .4. Results of Shock 

The results of the shock investigations are given 
in table 3. The standard deviations were calculated 
using the formula given in eq (1). Photographs 
typical of the actual cell output and the accelerom­
eter output are displayed in figure 7. The sh?ck 
as determined by the accelerometer was reproducIble 
to ± 10 percent. Since the standard deviations of 
the cell output are considerably larger than the 
reproducibility of the shock machine, it must be 
concluded that variations in the individual cells 
are responsible for the variability in the results . 
Sometimes a transient would be observed at a con­
siderable time after the cell had received a shock. 
A close observation of the cell after shock revealed 
that these transients were the results of the coalescing 
of small mercury drops into larger, more stable 
drops. When the cell was shocked, the large drop 
was broken into several smaller drops. This process 
of dispersion and coalescence of the mercury drops 
could be repeated endlessly . Cells which contained 
large amounts of free mercury produced larger 
transient outputs than cells without free mercury 
drops. A similar phenomenon has been reported 
previously [IV 

TABLE 3. Maximum tmnsient output and the standard 
deviation 

Shock 
duration 

71lsec 
6.2 ........ . 
lL ........ 
18.. ........ 

::\fominal shock, g 

10 20 30 40 

~Mean 8 m Menn 8 m Mean 8 m lvlean 8 m 
ou tput output output output 

1''' % p.V % p.V % 1'1' % 
------- - -------- -------- 24000 45. S -.--- --- ---_ . - --

4425 34. 0 13050 40 8 21500 25. 2 31000 19. 4 
4200 39. 0 12500 34.8 16625 33.0 -------- ---- -- --

P ooled 8 m = 34 .9%. 

The d-c emf of the test cells was remarkably 
constant during the shock studies. The change in 
d-c emf for all cells in this study did not exceed 
2 )LV. This variation is slightly larger than the 
ability of the potentiometer to determine the dif­
ference in emf between the test cell and the reference 
cell. The overall precision of the d-c measurement 
for the vibration and the shock was ± 1 )LV. 

3.5. Transient A-C EMF Effects 
There are four possible sources of the transient 

a -c emf effects observed when the test cells were 
subj ected to vibration or shock. The only source 
which appeflrs to account for the observations is 
the so-called "D-effect ," or the electrokinetic prop­
erties of interfaces. Other possible sources of the 
observed transient are the effect of pressure on the 
cell reaction, the effect of pressure on the compres­
sion of the electrical double lay er at a mercury 
surface, and the effect of temperature on the cell 
emf as a result of heating of the cells during vibra­
t ion and shock. 

, Figures in brackets indicate t he literature references at the end of this paper. 
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The effect of pressure on the cell emf, E, is given by 

where 6.G is the change in free energy of the cell 
reaction, 6. Vm is the change in molar volume as a 
result of the cell reaction , dP is the change in pres­
sure, 6.8 is the change in entropy for the cell reaction, 
n is the number of electrons transferred in the cell 
reaction, F is Faraday'S constant, and dT is the 
change in temperature. The rate of change in cell 
emf (OE/OP)T with pressure at constant tempera­
ture is given by 

(oEjoP)r= - 6.V m/nF. (3) 

For the purpose of calculation the molar volume of 
CdS04 (solution) was taken to be the molal' volume 
of CdS04 (solid), 44.440; of Cd, 13.007; of Hg, 
14.810, of Hg2S04 , 65.778; and the cell reaction was 
taken to be 

From these data then the influence of pressure is 
(oE/OP)r= 2.5 X 10- 6 v/atm for the cell . The change 
in cell emf expected as a result of a 40 g shock 
assuming an average density of the material above 
the electrodes of 2.00 g/cm3 and the height of the 
material above the electrodes to be 3.00 cm, is 
dE~0.6X I0-6 v. The effect of pressure on the cell 
reaction is therefore small even at the largest 
acceleration encountered in this study. 

The effect of pressure on the compression of the 
electrical double layer at the electrode-solution 
interface may be calculated using the equation 

(5) 

where Q is the surface charge density on the elec­
trodes, F is the applied force, dx is the change in 
thickness of the electrical double layer as a result 
of the compression by the force, and Ed is the poten­
tial drop across the electrode solution interface. 
The compressibility of CdS04 solution may be taken 
to be approximately 50 X 10- 6 cm3/atm (the com­
pressibility of water). The thickness of the elec­
trical double layer is approxinlately 5 X 10- 8 cm. " 
The change in the cell emf as a result of compres­
sion of the electrical double layer at the maximum 
applied force, 40 g, is dE~O.l X 10- 7 v . The effect 
of compression is small. 

The observed transient emf may be the result of 
frictional heating. If it were one would expect the 
initial and final d-c emf's of the cells to be differ­
ent on both the shock and vibration tests . They 
were for the most part not different. For the vibra­
tion the d-c emf immedia.tely after shutting off the 
vibrator was in most instances the same as at the 
beginning except for a few runs in which several 
minutes were required for the d-c emf to stabilize 
during the vibration 11,1)d after the vibration was 
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terminated for the cell to return to its original 
value. The d-c emf's immediately before and after 
the shock differed by less than 2 MV or within the 
experimental error. It appears that heating may 
be ruled out as a major cause of the observed be­
havior. However, since a t ime effect was observed 
in some cases, the possibili ty that local heating may 
occur cannot be dismissed lightly. 

vVhen the test cells are subjected to vibration or 
shock, the shock waves generated in the cells impinge 
on the surface of the electrodes. These shock waves 
are capable of disrupting the smface of the elec­
trodes to form small drops of mercury. It is the 
formation or destruction of a mercury surface that 
is the underlying phenomenon of the "U-effect." 

vVhile an excellent discussion of the "U-effect" is 
available elsewhere, a brief account will be given 
for the benefit of the reader [2]. The interface be­
tween the CdS0 4 solution and the mercmy surface 
in an idealized form may be considered to be equiv­
alent to a series combination of a capacitor and a 
resistor with a source of potential difference (Ed) as 
shown in figure 8. 

The capacitance of the interface c is given by 

c= a/47rx= 00 (1 + pa) (6) 

where Oo=(~Ao/47rx), a= Ao(l + pa) , x is the thick­
ness of the electrical double layer , ~ is the effective 
dielectric constant of the capacitor, a is th e area of 
the electrode-solution interface in terms of A o, the 
area at rest, and p is a periodic function represent­
ing the mechanical vibration of the interface. In 
the section above an approximate calculation re­
vealed that the thickness of the electrical double 
layer, x, did not change appreciably as a result of 
the vibration or shocks encountered in this study. 
If this approximation is not valid, a term represent­
ing the periodic function of x m ust be included in 
eq (6). 

R 

FrG URE 8. Equivalent ciTwit for analyzing the" U·ej)"cct." 

From eq (6) and the definition of capacitance 

c= 0 0 (1 + pa) = Q/V (7) 

where Q is the charge on the plates and V the poten­
tial difference between the plates. Solving eq (7) 
for Q gives 

Using Kirchoff's law 

V = Ea- iZ 

(8) 

(9) 

where i is the current and Z = R + ZL (see fig. 8). 
Substituting eq (9) into eq (8) gives 

(10) 

Diffcrentiating eq (10) gives for the current 

dQ/dt = i= it 00 0 + pa) (Ea- iZ). (ll) 

Defining the variables i and p as 

i= I exp (jwt ) 

p= P exp (jwt ) , 

(12a) 

(12b) 

and using these definitions in eq (11) gives, after 
?arrying out indicated differentiation and rean·ang­
ll1g 

PE I a 

RL+R+j(XL-w~J RL+ R + j( XL-w~J 
(13) 

where Z = R + ZL= R + RL+.iXL and PEa = V ac is, 
so to speak, the a-c electromotive force of the 
"U-effect." 

One notes that the "U-effect" is directly propor­
tional to the amplitude of the periodic function. At 
a given frequency the g force of vibration is directly 
proportional to the amplitude of the vibrator. 
Examination of table 2 reveals that proportionality 
between g force (vibration amplitude) and Vac is 
confirmed especially at the higher frequencies where 
resonance effects are not predominant. 

The similarity in the test cell output and the 
"U-effect" is noted in figure 9 where the cell output 
at 1 g force is plotted as a function of frequency 
together with the "U -effect" of mercury. No 
attempt has been made to analyze the test cell output 
to determine the size of the mercury drops in the 
cells, although the characteristics of the "U-effect" 
have been shown to be related to the drop size. 

3.6. Transient D-C Effects 
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The change in d-c emf of the cells during the vibra­
tion studies mav be the result of an intense local 
heating of the electrode material. However, both 
the a-c and d-c emf effects appeared and disappeared 

i 
\ 
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instantaneously and in. most cases did n?t exhibi.t a 
time dependence as mlght be expecte~ lf a heatll1g 
effect were dominating the cell behavlOr. A more 
reasonable cause for the d-c emf effect resid es in the 
properties of the elect rodes w~ich. are responsible 
for the cell emf. A close exammatlOn of the photo­
graphs in figme 6 re:reals tha t the output wav~form 
may not be symmetrIcal, he~cc the ave~'~ge emf may 
not be zero . The r esult will be a sluIt 1U the d-c 
electromotive force. Unfortunately, the zero line in 
the photographs is not known since a-c amplifiers 
were used in this study. 

Another som ce of the shift in d-c emf may be 
faradaic rectification. The current-potential char­
acteristics of electrode processes are normally con­
sidered to be symmetrical about the equilibri~m 
electrode potential. Actually, the current-p.o.te~tlal 
curves are asymmetric with respect to the equillbrmm 
potential. As. a r~sult ?f thJs asy~nmetry, when the 
electrode-solutIOn ll1terlace IS subj ected to an alter­
nating field, a sligh t shift from the equilibrium 
electrode potential will occm . The magmtude .al~d 
direction of this shift is governed by the characten stlC 
parameters of the electrode processes [3]. This shi~t 
from equilibrium poten~ial whel: an electrode ~s 
subjected to an alternatmg field IS termed ~arada~e 
rectification. Any change 111 cell emf due to faradalC 
rectifica tion is related directly to the kinetic parame­
ters of the two electrode reactions in the cell. The 
l;:inctics of the Hg-Hg2++ electrode have been studied 
by Oldham [4]. An.alysis of his ~at~ reveals that 
the ratio of the a-c sIgnal to the shIft 1U the d-c emf 
of t he electrod e was about 10. Examination of table 
2 reveals that the a-c/d-c output of th e test cells is 
almost 10. Unfortunately, similar information for 
the cadmium electrode is not available and a calcu­
lation of the expected faradaic rectifi~ation. for ~he 
cell as a unit is not possible. FaradaIC r ectIficatIOn 
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may OCClli' in both the test and reference cell . It 
is also possible that the d-c shift is a result of non­
equilibrium conditions in the cell. 

4 . Conclusion 

A preliminary report of the effects of vibration 
and shock on fom unsaLurated tandard cells h as 
been given. The results of this investigation should 
apply qualitatively to unsaturated cclls of other 
sizes shapes, and construction . The cells are 
affected by both m echanical vibraLion and shock 
as illustrated by the a-c and d-c transient eff ec ts 
which were observed. The transient a-c and d-c 
cell output depended on the magnitude of t he acc~lel'­
ation encountered and the frequency of the vibratIOn. 
The observed shift in d-c emf in the cells was wiLhin 
the 0.01 percen t linlit of precision for all frequ~n.cies 
at 1 g acceleraLion . For the more severe. condIt.IOns 
at 10 g acceler ation the a-c and cl-c tranSIent e~ ~cts 
exceeded the 0.01 percent level of cell preCISIOn . 
The a-c ou tput of the cell was large and exceeded 
0.1 mv on many occasions. The shocks were almost 
without effect on the d-c cell emf. The cells were 
witbin the 0.01 pereen t level of precision durin g the 
shock studies; indeed, the shift in d-c emf was less 
than 2 IN . However , test cell output tr ansients 
durin g t he shock study oftentim es exceede~ 1 ~nv . 
AHer t Ile cells were subj ected to shock or vIbratIOn, 
the cells recovered within the 0.01 percent level of pre­
cision almost instantaneously, and the cells returned 
to the preshock or vibraLion condit ion in less than 
3 min. The au thors wer e conLinually amazed by the 
ruggedness and dependability of th e cells u~ed in 
this study. The unsaturated tandard cell (bd not 
beh ave as a " delicate" standard. 

The observed transient efrects were interpreted 
qualitatively using the concept of the "U-effect" 
and the principle of faradaic rectification. A con~ 
tinuation of t IllS study to include other types of 
cell construcLion as well as the effects of cell orien ta­
t ion with respect to the direction of the acceleration 
is suggested by Lhe au thors. 

The authors thani~ Dr. W . J. Hamer for his support 
and helpful suggestions during the work, an~ L .. K. 
Irwin T . Dim off, and B. Payne of the Engll1eerrng 
Mech~nics Section for their assistance in conducting 
the vibration studies. 
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