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ABSTRACT
This project supports a research project to determine the configuration for heat exchanger welds in a space reactor.  The reactor is a sodium-potassium (NaK) cooled reactor for use on future missions on the lunar surface or on Mars.  Various types of welds in Type 316L stainless steel have been positioned in a furnace which is part of a NaK test loop.  The specimens are bathed in circulating NaK at 600°C.  

Since the oxygen concentration in the NaK is a major factor in corrosion of the weld specimens, it must be carefully monitored and controlled.  However, few techniques are available for analysis of oxygen in alkali metals, and perhaps only one is reasonably available for continuous monitoring of oxygen.  Electrochemical potential is the method selected to monitor oxygen concentration in the NaK loop, and this research project is to design and fabricate an electrochemical sensor to determine the oxygen concentration in NaK.

An existing automotive oxygen sensor was extensively modified for use in the NaK system.  It incorporates a reference cell consisting of Bi/Bi2O3 and molybdenum electrodes.  A system for calibration of the sensor at elevated temperatures was developed, and a calibration curve generated for use in the NaK test loop.
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CHAPTER I 

Introduction and General Information
OVERVIEW

The research being conducted is to develop a Fission Surface Power system for space applications and missions to the moon and Mars.  The current design uses NaK as the material for the primary and secondary loops which drive two Stirling converters.  The primary loop of the reactor will operate at 600°C.  The alloy selected for these heat exchangers is 316L stainless steel.  

The weld integrity of the heat exchangers is unknown for the projected lifetime of eight years [1].  A test loop has been constructed which allows weld samples to be exposed continuously at 600°C.  The loop consists of a furnace, where the samples are placed, and two cold traps which reduce the concentration of oxygen.  It has been found that elevated oxygen levels increase the corrosion rate of stainless steel [2].  Therefore an oxygen sensor has been designed to monitor oxygen concentration in this loop.  The research project focuses on the design and calibration of this sensor.

The type of NaK used for this project is the true Eutectic, 22% Sodium 78% Potassium with a melting point of -12.62°C [3].  Most of the research with NaK was done prior to 1960 with Experimental Breeder Reactor-1.  NaK research was done mostly for space reactor programs and breeder reactor programs.  NaK will react with moisture in air in an exothermic reaction.  Handling NaK for this research was done in an inert argon environment inside a glove box. 
Oxygen sensors have been made for many applications.  In the auto industry oxygen sensors have been made to determine the concentrations of certain gasses in the exhaust.  The feedback from the sensor determines if the automobile is running too rich or too lean.  These sensors became a requirement when the vast majority of automobiles switched from carburetors to fuel injection.  Carburetors are strictly mechanical devices and do not rely on computer inputs.  Since fuel injectors rely on computer management there must be active feedback to monitor how the engine is running.  Oxygen sensors for automobiles are electrochemical cells that compare the outside air oxygen concentration to the amount of oxygen that is in the exhaust.  In these designs the outside air is used for the reference cell.  Since oxygen sensors for automobiles are readily available, one was modified extensively to be used as a sensor for oxygen in NaK.

The application of this sensor will be used for a NaK loop that is being used to determine the corrosive effects of NaK on welds for space reactors.  Since the corrosive effects of NaK greatly increase with an increase in oxygen, it is very important to measure oxygen effectively.  The design of the sensor must be serviceable and practical for the system.

GALVANIC CELL DESIGN
The difference between an automobile sensor and a sensor for liquid metals is that there must be a known, unchanging amount of oxygen for a reference.  The oxygen sensor for an automobile is constantly changing since it is comparing the oxygen in the exhaust stream to the intake stream.  The sensor relies upon materials that are permeable to oxygen ions [4].  These materials are referred to as solid electrolytes.  They allow oxygen ions to pass through from the high to low concentration side if they have sufficient thermal energy to do so.  The oxygen ions move by vacancy diffusion.  The solid electrolyte used for the liquid metal oxygen sensor is zirconia (ZrO2).  For a reference cell, a mixture of bismuth and bismuth oxide is placed in contact with a molybdenum electrode.
The cell operates in a series of oxidation reduction reactions [5].  The Bi/Bi2O3 acts as the anode.  The NaK acts as the cathode.  The flow of electrons flows from the anode to the cathode in the cell [6].  Figure I-1 describes the electrochemistry of the cell.
[image: image34.png]my

950 " 490
H, Gas Bubbling Sensor 5
900 - 470
- 450
850 ! AN
- 430
800
\ - 410
750 \/\
- 390
700 \"4 - 370
650 T T T T T T T 350
15:36 15:50 16:04 16:19 16:33 16:48 17:02 17:16 17:31

Time

Temperature

—mV

= Temperature




O2+4e-


2O2-
(anode)
[image: image35.png]Spectrum 4

z

E
al

1 2 3 4 s 6
Ul Scale 2728 cts Cursor: 6801 (15 cts) kev]




[image: image36.png]28413
14

e
.

&

g

g8 %

wddpn uaBxO

8

R

g

H




[image: image37.png]850

500

750

700

850

500

s50

500

as0

400

350

as0

420

a10

J—

390

370

360

350

13:40 1355 1409 1624 1438 1652 1507 1521 1536 1550 1604

Time

Temperature

-Temperature




[image: image38.png]850 - 450
Sensor 8 H, Bubbling
800 a0
AN 0
750
\Vd 420
700 1 ey
50 00 §
& —my
500 08 “Temperature
380
ss0
570
s00 60
450 350

1604 1633 1702 1731 1800 1828 1857 1926
Time




                                    2O2-

    O2+4e-   (cathode)
[image: image39.png]800 430
750 420
700 1 rao g
650 a00 §
[ ——
£
500 3% “Temperature
550 380
500 570
450 360
00 350
152 1521 1550 1619 1648 1716 1745

Time




[image: image40.png]1200

200

°

Sensor 9 First Time Calibration

N

[/ \
/|
/

1200 1228 1257 1326 1355 1426 1852 1521

Time

Temperature

J—

——Temperature




[image: image41.png]1200

Sensor 9 Run 2 Clean NaK

200

1852

1608 1716
Time

200

Temperature

——Temperature




[image: image42.png]Sensor 9Run3

420

a10

390

370

350

320

Temperature

J—

——Temperature





[image: image43.png]o Sensor 5 Overnight
200

w0 N

700

00 1

s00

400

300

200

100

o

1424 1648 1932 2136 000 224 4us

Time

as0

a10

390

370

350

Temperature

J—

——Temperature




[image: image44.png]200
\ Sensor 7 Heat Up Calibration 440
=0 \,_/-\\
430
800 FRLYY
N\
750
\ o
700 N .
a0 §
50
R
\ g my
500 302 -Temperature
550 380
s00 570
450 360
400 350
1048 1312 1536 1800 2024 2208

Time





[image: image45.png]1200 . s00
Sensor 4 High Temperature Response

1000 s00

o / / /f \_/ e

s00 w’ \/ 300

400 \.\ 200

- W |”
o o
1326 1355 1424 1452 1521 1550 1619 1648 1716

Time

Temperature




[image: image46.png]ss58888¢8

200

100

°

[ High Temperature Response Sensor 9 | 5°
A
/
/ o
P—4

1824 1638 1452 1507 1521 1536 1550 1604 1613 1633

Time

Temperature

J—

——Temperature








There are three main reactions that govern the cell.  The first two are sodium and potassium reactions that occur in the NaK.  The sodium reaction is favored since the free energy of formation sodium oxide is more negative than that of potassium oxide [7].  The sodium reaction was only used to calculate the potential of the system.  The other reaction occurs in the bismuth where the molten metal is mixed with its oxide.
4Na+O2

2Na2O

4K+O2


2K2O

4Bi+3O2

2Bi2O3
Galvanic or electrochemical cells are used in a wide variety of applications in everyday life.  A chemical reaction takes place in a battery and produces a useful current.  A chemical reaction occurs at each electrode, which produces a flow of electrons through oxidation reduction reactions [5].  The movement of these electrons produces a potential difference which is governed by the Nernst equation [8].  
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 (1)

R=Universal gas constant
T=Temperature (°K)

n=number of electrons exchanged

F=Faraday constant

E=potential of the system
The oxygen partial pressure in liquid NaK is governed by [9]
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The reference electrode oxygen partial pressure is governed by
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From [10] the solubility of NaK is known
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Since the calibration is done at solubility C0s is the same as C0
The activity of the sodium is given by [9]
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The free energy of Na2O is given by
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The free energy for Bi2O3 was taken from [5]

ΔG=H-TΔS (7)
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Substituting 2, 3, 4, 5, 6, and 7 into 1 and reducing yields

 E=1.206-.00116T (9)
This gives a change of 23.2 mV to 20 degrees centigrade compared to 79mV experimental change in temperature.  The calculated value of the emf with respect to temperature is slightly smaller than the experimental results.  Unexplained voltages may appear in a system as long as they do not affect the results and remain constant.  Reproducible results are obtained and the calibration is valid.The standard cell has a large supply of metal and oxygen which can diffuse rapidly between the bismuth and the oxide.  It is a safe assumption that the bismuth and its oxide are in equilibrium so that this mixture can serve as a reference electrode.  The free energy of formation changes as a function of temperature [11].  The reference cell potential had to be subtracted from the sodium reactions which would give the theoretical output of the sensor.  
CHAPTER II 
Oxygen Sensor and Test system Design
OXYGEN SENSOR DESIGN

The sensor was designed to be built around several restrictive design parameters.  The nature of the NaK and the high temperature service made the design of the sensor challenging.  The design requirements of the oxygen sensor are as follows. 
· Must accurately read oxygen concentration in the NaK
· Must be able to withstand a vacuum
· Must be completely sealed from the outside environment

· Must be able to withstand high temperatures for extended periods of time

· Must be able to be duplicated
· The material of the sensor should not react easily with the Nak

Also, during the calibration phase of the design the sensor needed to be built quickly and easily.  The most readily available oxygen sensor was that from an automobile.  These sensors are commercially available and inexpensive.  Also, they are easy to dismantle which can be done in a matter of minutes.  The test loop for this project has 1.27cm diameter tubing where the oxygen sensor will be located.  The oxygen sensor is designed to fit into a 18mm sized nut that is typically mounted on a car’s exhaust stream.  The best design then was to use the casing from the automobile’s sensor and mount the sensor in the loop through welding an 18 mm nut into place.  
After examining different types of oxygen sensors, the type from older automobiles was found  to work the best for the application.  First, the older units were much cheaper than some of the newer types of sensors.  They are very simple in design compared to some later models that have heaters inside.  The Bosch 12028 Oxygen sensor was chosen for the previously mentioned reasons.  The only two parts of the original sensor that were useful were the outer casing and the zirconia tip.  Determining the composition of the zirconia tip is very important.  An SEM was used to determine this and the presence of zirconia was confirmed as shown by the x-ray spectrum in Figure II-1.  From Figure II-1 zirconium and oxygen are the most prevalent elements.  This shows the tip is made from zirconia.
The sensor incorporated the reference electrode.  A low melting point metal was chosen so it would be liquid at operating temperatures.  Since the loop will be operating at 600°C bismuth was chosen to be used for this sensor with its melting point of 271°C [12].  In order to have an electrochemical reference there must be a known saturation value.  This was accomplished with the molten bismuth in equilibrium with chunks of its solid oxide [13].  This served as a good reference electrode.

The most important step in the oxygen sensor design is to keep the Bi/Bi2O3 reference electrode completely sealed from the atmosphere.  This part of the sensor is inside the zirconia tip.  The diffusion of oxygen then occurs through the zirconia.  The reference electrode part of the sensor must not be changed in any way for the sensor to work correctly.  The material chosen for a sealant was a high temperature potting cement, made by Sauereisen
.  This cement has very low electrical conductivity so stray currents did not interfere with sensor output.
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The last component crucial to operation of the sensor was the material of the two lead wires.  Platinum and Molybdenum were considered as a material for the lead wires.  Molybdenum was chosen since it has a very low solubility in the partially molten reference mixture as well as being readily available [14].  
PROCEDURE FOR BUILDING THE SENSOR
The sensor was designed in a way that can be easily replicated.  The first step was to remove the pieces from inside the sensor.  This is done by cutting the sensor in half at the crimping mark at the top as shown in Figure II-2. 
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Then the top piece is discarded along with the inner cylinder as shown in Figure II-3.  The cone at the bottom will fall out.  This piece is the only one kept apart from the casing.  Before the actual sensor can be made, the metallic paint and binder on the cone was removed.  This binder will react with the NaK if left on and is removed by 60 grit silicon carbide paper.  
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All of the abrasion was done by hand. since the fragile nature of the zirconia tip prohibited the use of a grinder.  A 50/50 mixture of Bi and Bi2O3 was used to fill the cone at the bottom [15].  The molybdenum wire was placed inside the cone and inserted into the casing.  Then another molybdenum wire was run next to the cone.  There will be two wires protruding from the sensor.  These wires cannot touch each other since doing so will short out the sensor.  A layer of potting cement was poured on the bottom and allowed to harden.  After this process the sensor was filled with potting cement and left for a 24 hour period.  After this process was complete the sensor was then flipped over and the gap between the cone and the casing filled in.  The total time for building the sensor was two days.  The sensors were engraved with identification numbers.  Figure II-4 depicts the finished sensor.
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TEST SYSTEM DESIGN
A test system was designed for sensor calibration.  The system must be able to be taken to high temperatures and temperature controlled accurately to show response in the sensor.  All testing must be done in an inert argon atmosphere inside a glove box as shown in Figure II-5.  Testing inside the glove box was done in case of NaK leakage and to make replacement of the sensor possible.
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A container was designed specifically for calibrating the sensor at high temperatures.  The container was built out of stainless steel and fully welded to limit the number of fittings.  There was one thermocouple well and two inlets for gas ports, used to bubble hydrogen through the NaK.  The inlet tube was 0.64 centimeters from the bottom and the exit was 0.64 centimeters from the top.  The oxygen sensor was located in the middle.  A 3.8 centimeter diameter pipe was welded in the center with an 18mm nut welded to it.  Figure II-6 displays the component.





The nut must be made of stainless steel since it will be in direct contact at all times with the NaK.  The sensor can then be inserted and removed easily from the container.  The gasket material was copper that was machined to fit the sensor.  Without this gasket Nak would seep up the pipe and overflow.  This happened prior to using a gasket at high temperatures.  Figure II-7 shows the final assembly of the container.
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The container was placed inside a mantle that was used for heating the NaK.  The mantle
 had internal resistance heaters and could reach measured temperature in excess of 550°C

 The sensor output was then recorded with a data logger which could be interfaced with a computer.  The temperature control was accomplished by use of a variac which was used in conjunction with a DC power supply.  DC current was used to eliminate interference in the output signal caused by use of AC current.  The components were all placed together and put into the glove box as shown in Figure II-8.
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CHAPTER III
Interpretation of Calibration Results

The most important function of this sensor is to accurately determine the oxygen concentration of NaK.  The oxygen concentration of the NaK can always change at any temperature.  In other words, even though the maximum oxygen solubility of the NaK is known there could be less oxygen present provided sodium or potassium oxides are not present in equilibrium with the oxygen in solution.  The tests were conducted by heating the NaK to temperatures of above 430°C for ten minutes and then cooled.  This allowed for the oxygen to reach the solubility limit at the lower temperatures.  Bubbling a mixture of 4% Oxygen and 96% Argon through the mix was considered; however, this practice was deemed unsafe since the oxygen would immediately react with the NaK and produce very unsafe and potentially hazardous conditions.  

In order to calibrate any sensor the amount of oxygen in the NaK must be known.  Figure III-2 shows the results from an experiment for determining the oxygen solubility in NaK-78 by a vacuum distillation method [9].  The figure relates the parts per million by weight of oxygen to temperature.  The cold trap temperature is the temperature at which the concentration of oxygen was measured in the NaK.  The circles and the squares in the figure show how large the crucible was for measuring the amount of NaK at the given temperature.   From extrapolating the line in Figure III-2 the maximum amount of oxygen in solution can be known at higher temperatures.  The output of the sensor will correspond to a temperature at the solubility limit; therefore, calibrating the sensor to the concentration of oxygen.  Since many sensors were tested, it is important to make sure that the oxygen was at its solubility limit.  It was also found out that clean NaK must be used to get the most accurate data.  When using the same NaK after several sensors broke introduced impurities.  The two clean NaK runs were done with sensors 4 and 9.  Sensor 4 was chosen to make the initial calibration of oxygen concentration as a function of temperature.  This was for several reasons.  First, outputs were the most stable during its service life.  Second, it had more data at the lower temperature range of 370-390°C.  More time was spent with sensor 4 for letting equilibrium conditions be achieved for each temperature. 

From these two sensors the oxygen concentration was the most consistent from 400-430°C.  This would be reproducible values for different heat up and cool down times. Each heat up and cool down cycle was done each 24 hour period.  Two hours were used to take the sensor to 400°C.  The sensor was then tested and allowed to cool naturally.  Not many overnight results were conducted for safety reasons.  The results of sensor 4 are shown in Table III-1.  Table III-2 shows the data of sensor 9 which was used to confirm the data of sensor 4.  

	Temperature °C
	mV

	376.2
	560

	386.5
	670

	388.9
	685

	409
	870

	425
	950



	Temperature °C
	mV

	404
	852

	409.1
	875

	424.2
	954


Table III-3 extrapolates the data in Figure III-2  to the sensor temperatures.  These concentration values then need to be correlated to sensor output.

.


	Temperature °C
	Wppm Oxygen

	370
	553.60

	380
	645.29

	390
	748.71

	400
	864.87

	410
	994.86

	420
	1139.8

	430
	1300.7

	440
	1478.9


After sensor 4’s results were tabulated and the oxygen concentration calculated, a graph was created to display this relation.  Figure III-1 is the calibration line of sensor 4.
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As previously stated, clean NaK must be used to do the calibrations.  On several occasions, the sensors broke, and impurities were left in the Nak.  This contributed to different outputs from the sensors for similar oxygen concentrations. 

SENSOR OPERATION
After calibration of the sensor was complete, testing the sensor became the focus.  How well the sensor performed and for how long were the next areas of investigation.  To bring the sensors up to 400°C took about 1.5 hours on average.  The temperature was not set at 400°C at once but was increased gradually.  When the first sensor worked (Sensor 4), the response was immediately tested.  The sensor would be declared a working oxygen sensor if a reproducible response to temperature could be demonstrated.
Sensor 4 responded very quickly to changes in temperature.  This is evident in Figure III-3.  This is expected at such high temperatures where reaction kinetics is rapid.  After showing sensor 4 to be operational, sensor 5 was built to see if there were reproducible results.  Similar rapid response and similar voltages were demonstrated in Figure III-4.  Similar behavior for sensor 6 is shown in Figure III-5.  Sensor 6 was broken prematurely from corrosion in the zirconia tip.  When doing the sensitivity studies, the sensors were taken to a maximum temperature of 440°C.  The failure resulted because the sealing of the sensor to the 18mm nut was not perfected.  There was significant overflow of NaK above the nut at the highest temperatures.  The copper gasket had not been implemented.  
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HYDROGEN BUBBLING
Hydrogen was bubbled through the NaK to lower the oxygen level to the point where the oxide in equilibrium was all reduced.  Oxygen and temperature cannot be varied independently in the system at equilibrium.  After the oxide has been consumed the sensor will respond to changes in oxygen concentrations since there will no longer be two phases in equilibrium.  The oxygen concentration will then not be determined by temperature.
Sensors 5 and 8 were tested while hydrogen was bubbled in the test chamber.  A mixture of Ar-4% H2 was used since at this hydrogen concentration the gas is not flammable.  At the end of the bubbling for sensor 5, a reduction in emf from the sensor is visible in Figure III-6.  There was a reduction of about 100 mV by the end of the hydrogen gas bubbling.  This was about 1.5 hours from the start of the experiment.  Sensor 8 experienced a very huge drop in oxygen concentration by the end of the experiment.  The NaK was agitated by bubbling hydrogen through it, so it might have come into contact with a pocket of low oxygen.  Even if some oxygen did come back into solution; there was an overall reduction of 100 mV.
 The sealing technique had to be better than before since introducing gas to the container increased pressure at the sensor-container interface.  Data from both sensors indicated a change in emf after bubbling hydrogen.  The results are better from sensor 8 because many things had to be controlled when hydrogen is bubbled through the NaK as shown in Figure III-7.  The technique had not yet been perfected when doing the bubbling the first time.  Heat input and hydrogen flow rate are two things that must be controlled when bubbling the hydrogen through the NaK.  The temperature control must be perfect when bubbling hydrogen.  Gas input agitated the Nak.  Anytime the gas was introduced there was a reduction in temperature from heat removal by the gas.  Since the sensors are very sensitive to changes in temperature, the output of the sensor would change and there would be an increase in heat input.  Since the heater is so powerful, it was very easy to overshoot the temperature.  This would make the sensor output oscillate from these corrections.  All this had to be done manually, and some time was needed to reach equilibrium.  

Bubbling argon through the NaK would verify the results from bubbling hydrogen.  When introducing pure argon into the NaK, there should be no change in sensor output.  The same control must be observed when bubbling pure argon through the NaK. A period of oscillations before the settings are right would be expected.  Figure III-8 shows the result of such an argon bubbling experiment.  After three hours the output really does not change.  This run demonstrated that the output from the sensor stayed nearly constant as expected since there was no change in the oxygen concentration.
SENSOR CALIBRATION
There were three total cycles done using sensor 9.  At this stage in calibrating the oxygen sensor, there were some differences in sensor output with temperature with every new sensor that was being built.  This was due to the increase in impurities in the NaK.  The container is small in size so the addition of a small amount of bismuth made a large impact.  At this point in the calibration, three sensors had broken during calibration, contaminating the NaK with bsmuth.  

The first run was done to check the output of the sensor and to make sure that it worked.  The results are shown in Figure III-9.  After this run sensor 9 was removed and the container was taken out of the glove box.  This is not an easy task since the NaK is so reactive that even the smallest amounts during cleaning produced large fires.  
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The container was cleaned with water; followed by concentrated nitric acid.  These conditions were the same as the initial test in sensor 4.  The container was then placed back into the glove box and filled with clean NaK.    The sensor was then brought up to temperature and the output checked with results shown in Figure III-10.  From Table III-2 it is apparent that the results were very similar to sensor 4.  After checking the output of sensor 9, the experiment proceeded by increasing the temperature all the way to 527°C.   
A third run was done to show reproducibility in the clean NaK and to prove that the sensor was reliable.  Run 3 data were compared to run 2 with clean NaK.  A comparison of data is offered in (Figure III-10).  Run 3 lasted for only two hours since sensor 9’s total run time was approaching 12 hours, and this was near the failure time of previous sensors.  Run 3 data are shown in Figure III-11.  Failure of this sensor would lead to contamination of the NaK, which was to be avoided.
Figure III-12 and Figure III-13 show the results of sensor 5 and sensor 7 long term tests respectively.  These tests were done to reveal any drift in emf over time.  These tests showed that emf of the sensor do not deviate significantly once an equilibrium state is reached.  This then means that the concentration of oxygen dissolved in the NaK does not change significantly when left at a constant temperature for extended periods of time, and solubility data may be used for calibration.  

As stated before, many sensors failed due to the zirconia tip being eroded away through a high temperature chemical reaction with the NaK.  Each sensor had a limited lifespan which was typically seen as 15 hours at temperatures above 350°C.  
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Higher temperatures were expected to shorten the lifespan of the sensors.  Sensor 4 failed during a high temperature run at a temperature of 480°C after 72 hours.  The sensor life was clearly observed to decrease as temperatures increased.  Sensors 4, 5, and 7 similarly failed by this mechanism.  Sensor 6 was so corroded that when placing the sensor in the container, it broke just by hitting the wall of the container.  Sensor 9 never broke, but the tip of sensor 9 did show signs of being corroded.  There is currently no way around this since the sensors must be in direct contact with the NaK to take readings.  However, the sensors can be removed from the flow of hot NaK between readings.
Figure III-14 and Figure III-15 display emf results when sensors 4 and 9, respectively were taken to very high temperatures.  Extreme caution must be demonstrated when taking the sensors to these temperatures.  Each high temperature run was above 450°C.  This was done on both sensors 4 and 9.  Both graphs display that as the temperature was brought higher and higher their response was not the same as in the range of 370 to 430°C.  The response is 10 millivolts per degree centigrade in this range.  The ratio of change in emf to change in temperature was not the same as in earlier tests.  The sensor output stayed at 950 mV from505°C to 525°C.  Each time the temperature was increased, the increase in emf was not large when taken to high temperatures.  This is an indication the oxide has been used up and there is no longer be any increase in the emf from the sensor even with an increase in temperature since there is no longer any oxide to go into solution. 
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CHAPTER IV 
Conclusions

An oxygen sensor was designed, fabricated, and calibrated for a temperature range between 370°C to 430°C in NaK.  Extensive testing demonstrated that he sensor performed well at these temperatures.  Calibration was achieved by attaining equilibrium of oxygen in solution with sodium and potassium oxide precipitated in the NaK.  The sensor error was determined to be plus or minus 10 wppm.  Solubility data generated from vacuum distillation in previously published research was used as a standard.  The response of the sensor confirmed that bubbling 96% Argon and 4% Hydrogen gas decreases emf and is also a viable method to purify the NaK.    The sensor output showed a reliable way to determine oxygen concentration.
Future Work


The sensor needs to be taken to higher temperatures for longer periods of time to determine long term sensor response.  The sensor will need to be taken at lower temperatures.  This would require a change in the reference cell.  Indium has a lower melting temperature than Bismuth and may be a useful candidate.
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Figure I-1 Schematic showing the electrochemical cell.





Figure II-1 SEM x-ray spectrum of the tip from the automobile sensor.





Figure II-2 First cut of disassembling the oxygen sensor.








Figure II-3 Removing the inner part of the sensor to access the tip.  








Figure II-4 The completed oxygen sensor.








Figure II-5 The inert gas glove box where all the testing took place.
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3.81 cm diameter pipe





Figure II-6 Schematic of the pipe with the 18 mm nut welded to it.








Figure II-7 The final completed container for testing and calibrating sensors.








Figure II-8 The test container inside the heating mantle with the thermocouple probe and yellow and white leads coming off the sensor.








Table III-1 Sensor 4 results when comparing temperature to output.





Table III-2 emf and temperature results for sensor 9.








Table III-3 Oxygen concentration as a function of temperature from extrapolation of the curve in Figure III-2








Figure III-1 Sensor 4 data values plotted to infer a relationship between concentration and sensor output.





Figure III-2 Chart of the results from the vacuum distillation method [11].





Figure III-3 emf vs.  time for sensor 4 showing  the rapid response to changing temperature.





Figure III-4 emf vs.  time for sensor 5 showing  the rapid response to changing temperature.





Figure III-5 emf vs.  time for sensor 6 showing  the rapid response to changing temperature.





Figure III-6 emf as a function of time for sensor 5 while bubbling hydrogen for a period of two hours.





Figure III-7 emf as a function of time for sensor 8 while bubbling hydrogen for a period of three hours.





Figure III-8  emf as a function of time for sensor 5 while bubbling argon for a period of two and a half hours.





Figure III-9 Sensor 9 data from the first time it was built.  This data was from when the NaK was contaminated with bismuth and bismuth oxide.








Figure III-10 emf and temperature as a function of time for sensor 9 using clean NaK in a newly cleaned container.





Figure III-11 emf and temperature as a function of time for sensor 9 to confirm the output from run 2.





Figure III-12 Results of a long term, ten hour run  at approximately 400°C using sensor 5.





Figure III-13 Results of a long term 13 hour run using sensor 7.





Figure III-14 Sensor 4 output when taken to high temperatures.





Figure III-15 Sensor 9 data when taken to high temperatures.








� Manufactured by Sauereisen Inc, Pittsburg PA.


� The mantle was made by Glas-Col.
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