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AN ELECTRIC INTEGRATING 
SODIUM CHLORIDE CELL 

INTRODUCTION 

In many problems the data that are evolved can be 

represented as a curve, and many times the area under the 

curve is significant. Unless the function is known and 

analytically integrable, graphical methods using a piani- 

meter or numerical integration must be turned to; and in 

the case of a complicated curve having many maxima and 

minima much data must be taken to insure reliable results. 

This procedure requires much time. The presnt thesis is 

concerned with an analog integrator to evaluate certain 

integrals without the necessity of taking the data point 

by point. 

If the function to be integrated can be generated pro- 

portional to a current, 1(t), as a function of time, the 

integral of the function is then proportional to fi(t) dt. 

The area unier the curve is the total charge used to gen- 

orate the function. 

in current form is g 

a microwave antenna. 

means of a bolometer 

tional to the power. 

as a function of the 

An example of obtaining the function 

iven by the measurement of the power of 

The microwave power is recorded by 

which gives a voltage directly propor- 

This voltage is amplified and recorded 

angle of reception. Since the antenna 
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is rotated to change the angle of reception, the angle be- 

Cornos a function of time, The curves obtained are indeed 

cc-iplex with many irregularities, and one of the problems 

compares the area under two curves. The planimeter in this 

case could evaluate the areas with an accuracy of five per- 

cent. 

An article by Thomas M. Moore (3, pp. 3O3-L) on V-2 

rocket range control techniques suggested a method for re- 

cording and evaluating the amount of charge used to gener- 

ate the function. The method uses an electrolytic cell 

consisting of two silver electrodes immersed in a solution 

of sodium chloride. Starting with two clean silver elec- 

trodes, current is passed through the cell. The reaction 

taking place at the anode is 

Ag+ Cl -4 AgC1 -i 

Since silver chloride is insoluble in water, it will plate 

the electrode. At the cathode the reaction is 

2H-t- 2e- ) 

Thus in the reactions above, one electrode remains bare and 

the other becomes coated with silver chloride. 

If the direction of the current is reversed, the pro- 

cess at the first electrode will be 

AgCl+ e- )Ag+Cl 

and, sInce the other electrode remained bare during the 

passage of the first current, the process will be 

Ag + Cf - ) AgCl + e 
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The effect of the passage of the second current is, then, 

the transference of chlorine atoms from one electrode to 

the other to form silver chloride with the silver elec-. 

trode. 

As long as silver chloride remains on both elec- 

trodes, the voltage developed by the passage of the current 

villi be produced by the resistance of the cell and will be 

on the order of a tenth of a volt, depending upon the mag- 

nitude of the current, solution strength, and geometry of 

the cell. If the coating of silver chloride on one of the 

electrodos is depleted during the passage of the currents, 

the voltage will rise to about 1.5 volts. This voltage is 

the decomposition potential for the electrolysis of water 

and depends upon the current densities on the electrodes. 

The operation of the cell is as follows. Starting 

with two bare electrodes, a current is passed through the 

cell until sufficient silver chloride accumulates to in- 

sure that the coating will not be depleted during the in- 

tegration process. The cell is then conditioned with one 

bare electrode and one coated with silver chloride. A 

current representing the function to be integrated passed 

in the opposite direction to the conditioning current will 

effectively plate a quantity of silver chloride on the 

bare electrode in accordance with Faraday's law. The value 

of the integral is proportional to the total charge, q, 
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(ta 
passing through the cell, or q 

J 1(t) dt. Then re- 

versing the process, a timer is started at the same instant 

that a constant known current, I, is sent through the 

oeil. The voltage occurring at the end of the deplating 

process stops the timer and the current. The current I. 

has deplated all the silver chloride previously plated by 

the current, 1(t), and the charge, q, is then evaluated by 
('r 

the equation, q 
J 

I dt, where T is the tine required 
d'o 

for I to doplate the electrode. Since I is constant, the 

charge, q, equals the product of the standard current and 

the time needed to deplate the electrode. 

APPARATUS 

The first cell constructed was a Pyrex glass tube 

6 cm, 5n length, 2. cm. in diameter, and closed at one 

end. Two tungsten leads were fused into the sides about 

2 cm. from the top. To each lead was welded a 2. cm. 

length of number 18 Brown and Sharpe gauge silver wire. 

Since the electrodes could not be cleaned efficiently with- 

out removing and rewelding the electrodes each time, a 

different method of mounting the electrodes was tried. The 

cleaning consists of dissolving the silver chloride with 

concentrated aimnonium hydroxide, using a small piece of 

cloth to rub and polish the electrodes when necessary. To 

allow more flexibility in the number of electrodes, a cork 

was placed in the top of the tube with holes drilled in the 
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cork to hold the electrodes. Electrodes 6 cm. in length 

were used and were spaced 1.7 cm. apart. Twenty four mil- 

liliters of solution were placed in the cell, and four cm. 

of length of each electrode was covered. The electrodes 

were connected to other parts of the apparatus by clip 
leads. All determinations were nade using one pair of 

electrodes except where noted to the contrary. 

The constant current source was devised by placing the 

cell in the cathode circuit of a 6V6-GT beam power tube. 

With a screen voltage stabilized by a VR-150 voltage reg- 

ulator tube, the 6v6-GT is essentially a constant current 
generator. To further stabilize and to control the amount 

of current, a serLes of potentiometers was placed in the 

cathode circuit. The inverse feedback offered by these 

resistors aided in keeping any variations in the current 
small. 

The currents through the cell were measured by a Vies- 

ton model 1 rnicroammeter with a full-scale reading of 300 

inicroamperes and a Vieston model 1 millianimeter, with two 

scales having full-scale readings of 10 and 500 milliam-. 

peres respectively. These meters have an accuracy of 3 

of full-scale deflection as stated by the manufacturer, 

and a calibration test, using a standard cell, standard 
resistors, and a type K potentiometer showed the accuracy 

to be within 0.1% of full-scale deflection at all points. 
The time measurement of the integral evaluation was 



made by counting the pulses derived from the 60 cycle per 

second powerline, using a 6.3 volt filament transformer. 

The counting was performed by using the first two stages 

of an eight-stage binary counter in order to scale the 

pulse rate down by a factor of four to where a mechanical 

counter could operate accurately. The input to the me- 

chanical counter was fifteen counts per second, and, by 

using the neon indicator bulbs on the first two stages, 

the timing could be accurately determined to 1/60 of a 

second. A description of the scaler is given in the PhD. 

thesis presented by William R. Jewell(l,pp, 2g-30). To 

simplify computations, all timing notation was made in 

terms of counts. A charge of one coulomb in this case is 

equal to l,000 milliampere counts. 

The deplating end point detector to stop the timer 

was a two-stage direct coupled amplifier using two 6SJ7 

tubes. The grid of the first stage was connected directly 

across the cell, and, when the voltage across the cell 

rose to a desirable level, the voltage was amplified to 

fire the 2050 thyratron which closed the relay RL, a nor- 

mally open relay. The closing of RL1 opened RL2, a nor- 

mally closed relay, which stopped the timer and the current 

through the cell simultaneously. A switch in the plate 

circuit of the thyratron cut off the plate voltage on that 

tube so that RL1 could open. With RL1 open RL would close 

and start the timer and the current through the cell. The 
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leads to the timer connect a 6.3 volt transforner and 

counter in series. The 6.3 volts was obtained from the 

source which supplied the filaments of the tubes in the 

amplifier. A potentiometer in the cathode of the first 

6S37 stage controlled the bias of that tube which varied 

the voltage at which the cell shut the timer off. The 

circuit diagram for the amplifier is shown in figure L. 

RSULTS 

The procedure used in checking the accuracy of the 

cell was to allow a constant current to flow through the 

cell for a known length of time and then to evaluate this 

charge at the same current when flowing in the opposite 

direction through the cell. Since the same current was 

used in both procedures, the error would appear in the dif- 

ference between the time required for the first operation 

or integration process and the time required for the second 

operation or integral evaluation process. This method 

gives a simple and convenient check of the celits accuracy. 

The method of using the same current gives more reliable 

presentation of the accuracy, for the potentiometers con- 

trolling the current did not have to be changed between the 

integration process and the evaluation process, with the 

result that the currents were the same within a microamper 

Presumably if different currents were used in the two pro- 

cesses, further errors would appear because of the limits 
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of the meter accuracy. 

The solution strength used was a 3% by weight water 

solution of chemically pure sodium chloride. This solu- 

tion strength was found to be optimum; for the error in 

evaluation was smallest and constant for a solution stren 

range from 1.2% to 6%, and the 3% solution was in the mid- 

die of this plateau as shown by table 1. A solution 

strength higher than 6% caused the evaluation time to be 

low, being about i% or more for a 12% solution. For solu- 

tion strengths lower than 1.2%, the evaluation time was 

about 1% or more high. 

For accurate and consistent operation of the cell, 

the electrodes must be carefully conditioned. The primary 

step in properly preparing the coating of silver chloride 

is to pass a current, which gives a current density on the 

electrodes from two to four milliamperes per square centi- 

meter, in the direction of the evaluation process for five 

minutes. This action will coat the supply electrode with 

silver chloride equivalent to O.L coulomb per square centi- 

meter. If the cell is used in this condition, the evalua- 

tion process will be about 1% low, as shown by table 2. 

This result is probably caused by gas being trapped in the 

coating of silver chloride and by the degree of smoothness 

of the coating. These two factors affect the rate of volt- 

age rise at the end of the deplating process. 

To minimize these sources of error, the silver 



Table 1 

VARIATION OF THE ERROR IN PERCENT 

WITH SOLUTION STRENGTH 

Current 1.00 ma. L.O0 ma. 

Tripping 
Voltage 0.30 O.IO 0.30 O.LO_ 

Solution Time in 
Strength Counts 

200 .-a. -1.5 -1.1 -1.0 
12% 

1000 -2.1 -2.1 -1.0 -0.7 

200 l.Ì 5.1 0.2 0.5 
6% 

1000 -O.L1. O.t. -0.2 -0.2 

200 1.7 6;0 0.5 0.8 
3d /0 

1000 -0.3 0.8 -0.1 -0.2 

200 1.2 6.5 0.3 0.5 
1.2% 

1000 O.L. 1.3 0.3 0.]. 

200 2.5 6.8 0.6 0.6 
O. 6% 

1000 0.9 3.5 0.3 0.3 



Current 
2.00 rna. 

Current 

Table 2 

ERROR IN PERCENT 

AFTER CONDITI OWING 

After primary After secondary 
condi t1on1n conditi oni ng 

Time in 
Count s 

200 0.2 1.3 

1000 -0.7 0.2 

LOOO -1.2 -0.2 

Table 3 

VARIATION OF THE ERROR IN PERCENT 

WITH THE TRIPPING VOLTAGE 

0.286 nia. 

ma. 

10 

Tripping 
Voltage 0.10 O.1 O.2P 0.30 O.L40 O.O 

Time in 
Counts 

200 1. 3. 6. i )4. 

1000 -0.3 0.5 1.0 6. 23 

LOOO -0.2 -O.L1. -0.2 1.7 13 

200 0.5 0.7 0.7 0.7 

1000 -0.2 0.1 -0.2 0.2 

LOOO -0.3 -0.. -0.2 
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Table 14 

VARIATION Oi? ACCURACY 

WILl CURRENT 

Current 
in ma. 0,l)4 0.286 1.00 L.00 8.00 2.0 

Time in 
Counts 

200 1.5 1.5 0.7 0.5 0.5 -1.2 
One pair of 

1000 -0.3 -0.3 -0.2 -0.1 -0.5 
electrodes 

!.00O -0.2 -0.2 -0.2 -1.2 

200 0.5 0.5 0.0 
Two pair of 

1000 -0.2 0.1 
electrodes 

L..000 -0.3 -1.2 

200 1.6 
Four pair of 

1000 0.3 
Electrodes 
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chloride must be entirely plated from the coated electrode 

to the bare electrode and then replated back again to the 

original electrode. Current densities of 2 milliamperes 

per square centimeter were found to be optimum for this op- 

oration as far as accuracy of the results and time required 

are concerned, If current densities of less than 2 mliii- 

amperes per square centimeter or less are to be used to 

evaluate the integrai, this secondary plating and depiating 

must be repeated at least twice for 30 seconds at the cur- 

rent to be used in each direction to give the voltage rise 

at the end of the depiating process its most rapid rate. 

If this procedure is not followed, the evaluation time will 

tend to be 0.3% to O.L low, On the last deplating cycle 

before using the cell, the amplifier must be set so that 

the current is stopped at the desired voltagewhen the de- 

plating is finished in order that the integration begin at 

the same point at which the evaluation stops. 

After the completion of the conditioning, the cell is 

ready for use and can be used without further recondition- 

ing, still keeping its accuracy. Thero are two exceptions 

to this: when the evaluation current is chaiged to a lower 

value, the secondary plating and deplating must be repeated 

at the lower current; when the charge through the cell de- 

plates 60% or more of the supply of silver chloride iom 

the supply electrode, the secondary process must also be 
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repeated. If this is not done future determinations will 

be low. 

The voltage near the end of the deplating process 

begins by rising slowly and then increases rapidly from 

about 0.1 volt, rising to about l. volts. A typical 

voltage rise curve is shown in figure 1, and the voltage 

at which the rapid rise portion begins and the rate of 

rise are shown in figures 2 and 3. The position of the 

tripping voltage, the voltage across the cell at which the 

timer and current through the cell are cut off, on this 

curvo is an important part of the operation of the cell. 

The optimum position for the tripping voltage is as near 

the lower portion of the rapid rise section of the voltage 

rise curve as possible. The deplating process apparantly 

does not end abruptly; but as the deplating is nearly fin- 

Ished, not all the current enters into the removing of 

silver chloride from the electrode. This effect is espe- 

daily noticeable when low currents of one milliampere or 

less are used. If the end of the deplating were abrupt, 

the error as the tripping voltage is raised above the end 

of the deplating would be easily calculable. For example, 

at 0.286 milliamperes current with a voltage rise rate at 

the end of the deplating of 0.002 volts rise per count, the 

error for one evaluation time of 200 counts should be 25 

for each 0.10 volt rise in the tripping voltage above the 

end of the deplating process. The actual average error 
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rise for a tripping voltage between 0.15 and 0.20 volt is 

8 per 0.10 volt rise; and for tripping voltages between 

0.30 and 0.L0 volt, the average rate of increase of error 

is i5; per 0.10 volt rise. This error is inversely pro- 

portional to the time used for evaluation of the integral. 

At 1000 counts for a tripping voltage between 0.15 and 

0.20 volts, the average rate of increase for the error is 

J4 for each 0.10 volt rise in the tripping voltage which 

is about one fifth the error at 200 counts. For other 

tripping voltages this inverse relationship does not hold, 

but for voltages below 0.20 volt, the error is less than 

calculated error. The rapid Increase in error for voltages 

of 0.30 volt seems to indicate that most of the silver 

chloride has been removed. At large currents, for example 

L milliamperes or more, the voltage rise is rapid enough 

to make this trpe of error small. 

In general the setting of the tripping voltage about 

0.03 to 0.05 volt above the voltage at which the rapid rise 

portion begins gives the best results. For currents of 2 

milliamperes or less, 0.03 volt setting above the rapid 

rise portion is sufficient; whereas for larger currents, 

0.05 volt .s usually necessary as this gives a margin in 

case there is a slight deviation in the voltage at which 

rapid rise begins. If the tripping voltage is set too 

low or below the voltage at which the rapid rise begins, 

a slight deviation in the start of the rapid rise will 



cause a large variation in the evaluation because of the 

slowness of the voltage rise in this region. It is impor- 

tant to keep the tripping voltage on the rapid rise portion 

of the curve to prevent variations in the voltage rise from 

causing variations in the timing. 

The difference between the integration tine and the 

evaluation time for the cell using a sodium chloride solu- 

tion that had been in use for three days and a fresh solu- 

tion ws not noticeable, the difference between the errors 
being less than O.l'. Also the use of electrodes for more 

than three days without cleaning did not affect the accu- 

racy over freshly cleaned and conditioned electrodes. The 

'1entrodes were given the complete conditioning process if 
they were left unused overnight and were given only the 

secondary process if the electrodes were unused for a half 

hour or more. This reconditioning is necessary since the 

voltage rise rate at the end of the deplating decreases, 

and the rise begins prematurely with the time lapse, caus- 

ing the evaluation time to be too low by several percent 

depending upon the time lapsed. 

If there is a time lapse between the integration 

process and evaluation process, the evaluation time will 

be low at the rate of 1/3 of a count for each minute of 

delay. This value seems to be independent of the charGe 

that was passed through the cell, the evaluation time, and 
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the number of electrodes used. The voltage rise starts 

early and has a slower rise rate after a delay in the eval- 

uation process. The early rise outweighs the slower rise 

rate and stops the timer prematurely. 

Since in all the determinations made thus far, the 

integration current was the same as the evaluation current, 

a series of determinations was made using different cur- 

rents for the integration and evaluation processes. These 

determinations would give a check on the validity of using 

the cell to record a varying current. The results are 

tabulated in table 5. The size of the errors can be attri- 

buted to the inherent inaccuracy of the meters. As a sec- 

ond. check, a 6.3 volt sine wave from a filament transformer 

was applied to the grid of the 6V6-GT, which gave a current 

composed of a sine wave superimposed on a direct current. 

This was passed through the cell as the Integrating current, 

and the evaluation was made by a constant current equal to 

the average of the varying current. The times agreed within 

0.2 for currents ranging from 2 to 10 milliamperes. 

The total charge that can be passed through the cell 

depends directly upon the electrode area. Increasing the 

electrode area increases the charge capacity proportionally, 

The range of areas tested ranged from one pair of elec- 

trodes Immersed 1 cm. in solution to four pairs Immersed 

cm. in solution. By using conditioning current densities 
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Table 5 

Integration Evaluation Charge Error 
Current Current 

ma. ma. ma.-counts percent 

0.271 2.00 1080 -0.8 

2.00 0.261 l0LO 0.6 

L.53 2.03 2265 -0.5 

1.99 'L1..08 3990 0.3 

8.63 1.98 t1801 

2.01 52.6 13731 0.3 

52.0 1.98 lOL0O 0.3 

52.5 L.17 10600 0.6 
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of 2 to 1g milliamperes per square centimeter for five mm- 

utes, a capacity of O.L.O coulomb per square centimeter can 

be achieved. I the current density is increased to 10 

mm11iaperes per square centimeter for 10 minutes, the ca- 

pacity ncreasos to 0. coulomb per square centimeter. 

The reason for the limit on the capacity is the layer of 

silver chloride hindering further action by the chloride 

ions on the silver. 

Using the cell to the limit of its capacity has an 

adverse effect upon the accuracy obtained. If 80 of the 

capacity is used, the evaluation time is low by O.6, and 

the error increases as more of the capacity is used. For 

an accuracy of 0.3 or better, the charge stored by the 

cell should not exceed 60 of the cell's capacity. This 

deterioration in accuracy is caused by the thickness of 

the layer of silver chloride which prevents some of the 

chloride ions from reacting with the silver of the elec- 

trode. The thicker the layer, the greater the number of 

chloride ions not entering into the reaction. 

CONCLUSIONS 

By proper choice of the evaluation time, within lim- 

its, the accuracy of the cell is O.3 or better for current 

values from 0.25 to at least 50 milliamperes. For this 

range of current the optimum time for evaluation is 1000 
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counts or moro; for times shorter than this, errors aris- 

ing fror the tripping voltage creep in. The maximum time 

bound is limited by only the condition that not more than 

6O; of the cell's capacity can be used. By adding more 

electrode area this limitation may be extended indef in- 

itely. 

Tho most restrictive limitation upon the precision 

of the determinations is the accuracy of the meters measur- 

Ing the current. Calibration of the meters with standard 

resistors and standard cells eliminates a major portion of 

the error, but the accuracy of reading the meter (espe- 

cially low values of the scale) causes errors as great as 

those from the cell and its associated circuits. 

Perhaps the most useful aspect of the cell is its 

application to problems where comparison of magnitudes be- 

tween two quantities is important and the actual magni- 

tudes are not needed. This problem was significant in the 

microwave project where comparison between areas under two 

curves was the data required. The saving of time and in- 

creased precision with the cell gives a distinct advantage 

over the planimeter method. 
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