<SDN5

TID 4500 (24th Edition)
Category UC-37

SC-47%4(RR)

. PREPARATION OF RESISTORS USING A LOW-
- - TEMPERATURE-COEFFICIENT-OF-
RESISTANCE ELECTROLYTE*

Engineering Experiment Station
University of New Mexico

R. D. Kelly

January 1964

ABSTRACT

An eleetrlytic solution containing dcid, sugar, salt, and distilled water (boric acid, mannitol, and
potassium chloride} was experimentally tested to determine its suitability for use in preparing "water
resistors®™ which exhibit a low temperature coefficient of resistance throughout the range from 40°F to
160°F. The resistors use standard plastic containers provided with suitable end electrodes for contain-
ing the solutions. A scheme is presented for determining the amounts of the various electrolyte constitu-
ents to obtain any resistance valte throughout the range from 10 K ohms to 100 K ohms. The resulting
resistors exhibit excellent temperature characterigtics from 609F to 160°F, and acceptable characteristics
down to a temperature of 40°F, '

Considering 78°F as reference, a given resistance can be prepared to be within about 1% to 2% of a
specified value at this temperature. A total change in resistance of about 2% is experienced throughout
the temperature range from 60°F to 160°F, The short-term drift in resistance as the resistor is re-
peatedly cycled throughout the temperature range (40°F to 160°F) is less than 5%. The resistors are thus
suitable for voltage-divider use in high-voltage pulse circuits and for providing loads for high-voltage
pulse transformers. The resulis of a few tests indicate that the long-term stability of these resistors
may be poor. Additional work should be done to evaluate the long-term stability characteristics.

*Prepared under ‘Sandia Corporation
Purchagse Order No. 16-8901
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CHAPTER I

INTRODUCTION

Registors are frequently prepéred using an electrolyti¢
solution contained between two electrodes. Because the chem-
‘icals are usually dissolved in distilled water, these resistors
are generally referred to as "water resistors," even though
salts, acids, of combinations of chemicals may be employed to
prepare the electrolyte. Resistors pf this type are often em-
ployed in electrical circuits as load resistors for electrical
devices (e.g., transformers) and thus may be also called "water
loads." BSalt-water solutions have foﬁnd use as water loads for
large, commercial power transfaormers, as well as loads for
smaller pulse transformers used in electronic circuits. Salt-
water solutions have also found extensive use as terminations
or "loads" for high-power waveguides employing microwavé fre-
quencies. Water loads are used in the form of a water resistor
in a voltage-divider network for measuring either the voltage
or the current in a circuit, particularly a pulse circuit. In
the latter application, it would be extremely desirable if the
‘Water-resistor" were stable and constant, both as a function
of time and of temperature. |

Most electrolytic solutions exhibit a large negative tem-
perature coefficient of resistance (or positive temperature co-
efficient of conductance). A graphical representation of the

resistance as a function of temperature for electrolytic




solutions exhibits a large negatiﬁe slope. Conversely, a graph-
ical plot of the conductivity as a function of temperature ex-
hibits a positive slope. . Frequently, it is more convenient to
work with the conductivity-versus-temperature curve than with
the resistance-versus-temperature curve because of the straight-
line characteristics of the former., The conductivity-ﬁersus-
temperatuxe characteristics of various solutions are illustrated
in Figure 1. It should be noted that the conductivity of the
solutions differ, depending upon the electrolyte, and the slopes
differ, depending not only upon the electrolyte, but also upon
the concentration of the solution.

It would be desirable if an electrolytic solution with a
low, or essentially a zero, temperature coefficient of resistance
could be found for use in the above-mentioned applications, es-
pecially the voltage-divider circuit. A chemical solution
which has some merit in this respect is Magnanini's'Fdrmulal.

2'as follows:

The formula is described by Lion
"A solution with an extremely small temperature co-
efficient of resistance is Magnanini'’s solution
(121 ‘grams of mannite, 41 grams boric acid, 0.04
grams potassium chloride, to one liter of solution;
the temperature coefficient, at 18° c. is -0.1 per
cent/® C; the resistivity is very high).”

Magnanini's scientific papers pertaining to the solution can

be found in Gazzetta Chimica Italiana for the period 1889-1891.

1Magnanini, Gaetano, Gazzetta Chimica Italiana, 44, pp.

306-398. C. aA. (8:3017, 1917}

Lion, Kurt S., Instrumentation in Scientific Research,
p. 43, McGraw-Hill Book Co., Inc. (New York, 1050)

RS
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Other investigators have tested a long series of coméounds for
their ability to raise the conductivity of a boric acid
solution.3
Magnanini's formula consists of a sugar (mannite orxr
mannitol, CSHI#OS’ molecular weight of 182.172), a weak acid,
(voxric acid, HBBO3, molecular weight of 61.844), and a salt
(potassium chloride,; KCl, molecular weight of 74.557), in a
ratio as given above by Lion of 121 grams of mannitol, plus
41 grams of borie acid, plus 0.04 grams of potassium chloride,
per liter of solution. It should be noted that mannitol and
boric acid are in the ratio of 1:1 based upon their molecular
weights. These two constituents are known to enter into a
complex¥* in the ra£io of 1:1, forming an acid that is stronger

than boric acid alone. This complex, mannitoboric acid, has o

——

a higher conductivity than a simple boric acid solution, but
dissociates with elevated temperatures. This dissociaticn
causes the resistance—témperature characteristic to have a pos-
itive slope over the range of temperature from about 500 F.

to greater than 160° F; a characteristic guite unnatural for

an electrolytic sclution, This positive slope indicates that
the mannitol-boric acid solution possesses a positive tempera-
ture coefficient of resistance over the temperature range

specified. Once one has cbtained such a solution as this,

3Deutseh, A. and Osoling, S., Journal of the American
Chemical Society, 71, pp. 1637-40, C.A. (43:6894, 1949)

*
See Appendix A.
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which exhibits a pésitive temperature coefficient of resistance,
it is relatively simple to connect it in parallel or series with
another resistance, which exhibits an equal but opposite tem-
peratﬁre—coefficient—of—resistance characteristic, in order to
obtain a composite_resistance that has essentially a zero tem-
perature coefficient of resistance. Magnanini's formula effect-
ively connects two chemical soclutions in parallel to bring about
the “"neutralization" of the two temperature coefficients of
resistance.

Potassium chloride dissolved in distilled water exhibits a
negative temperature coefficient of resistance (typical.of most
electrolytic selutions, but opposite to the mannitol-boric acid
sclution). Thus, one should be able to take two resistors, one
made with the mannitol-boric écid solution and the other made

with the potassium chloride soluticn, cornect them in parallel,

and adjust the concentration of each until a composite, parallel

combination is obtained which exhibits essentially a zero tem-
perature coefficient of resistance over a considerable tempera-
ture range, Fortunately, potassium chloride and the mannitol-
boric acid cowbination can be placed in the same solution with-
out the chemical characteristics of either one being appreciably
affected. Thus, by controlling the concentratioﬂ or ratio of the
two groups of constituents, one is able to chemically cbtain the
parallel resistance effect described above. This is exactly what
Magnanini‘s formula does in providing a solution whose tempera-

ture coefficient of resistance is so small over such a wide

temperature range.




SCOPE OF THE PROJECT

On February 15, 1962, Sandia Corporition negotiated a
contract (P.O. I4-6901) with the University of New Mexico for
the purpose of determining the characteristics of Magnanini's
formula in relation to its use as the electrolyte in a “water
resistor." . The contract states the purpose and the scope of
the work as follows:

"Development of a table of ratios of solutes and

solvents for obtaining the optimum temperature

coefficient for a standard-size water resistor
throughout the resistance range of 1,000 ohms to

100,000 ohms."

"The purpose of the work described in this pro-

posal is to determine the effect upon the re-

sistance when one alters the ratio of the con-

stituents of Magnanini‘s formula, and to determine

by experimental or theoretical methods, how to

control the resistivity, and maintain a minimum

temperature coefficient of resistance across the

temperature range of 40° F. to 160° F."

The project was a joint effort between the Electrical
Engineering and Chemical Engineering Departments at the Univer-
sity of New Mexico. Sandia Corporation supplied a temperature
test chamber, an impedance bridge, and a number of plastic con-
tainers used in prepafing the water resistors.

Although the limitations of Magnanini's solution made it
impossible to cbtain resistance values lower than 10,000 ohms,
it was possible to satisfy the rest of the tasks specified in
the contract. Basically, the problem was solved in a'series

of experimental steps. Because the plastic containers initially

supplied were not provided with suitable thermal expénsion




chambers, the end-cap assembly had to be modified to provide for
thermal expansion, as illustrated in Figure 2. Once the thermal
expansion problem was solved, a plan was followed to determine
how the various aspects of the contract could be satisfied.
Numercus experiments were performed to verify thét each -
step in solving the problem was correct and repeatable. The
approach was basiéally that used above in describing the action
of Magnanini's formula. First, the basic characteristics of
Magnanini's formula were studied to determine just what resistance
values could be obtained using the standard plastic container
illustrated in Figure 2. It was found that the basic constituents
gave a resistance value of about 12 K ohms {12,000 ohms) and
that the characteristics of the standérd Magnanini formula were
not nearly so good as described by Lion. Since 12 K ohms was
the smallest resistance vaiue obtainable with the standard
Magnanini formula, it would not be possible to prepare resist-

ance values in the 1,000 to 10,000 ohm range unless the formala

“were modified. The mannitol and boric acid are near saturation .

at the lower portion of the temperature range (40° F. to 60° F.)
and an appreciable increase in concentration was not considered
possible or desirable since some of the constituents might pre-
cipitate out of solution at the lower temperatures. Chemical

tahlesl‘L indicated that boric acid was cleser to saturation

than mannitol; therefore, an increase in mannitol content was

4Olsen, John C., Van Nostrand's Chemical Annual, Student's
Edition, 6th Issure, 1926, pp. 378-379, and pp. B36-437.




@

I
¥

;T O T T T O Y Y

0.69%
D/A.

T
#.008

DiIA.

' I 0562

0.09

251
CcESINK 82°

™o /7-8n;C-28
o027 : :
DEEP ;

& \ 25 giy

CAP
re—— L 37T METHACRYLATE
PLASTIC

4

1"-8NC-28

oos

T (P PR
d /85
787
.250 \ Y 2T
JACKET se2 s S tic g
METHACRYLATE i SR )
PLASTIC L062 W4-28NF -2A
!
—»I |-<— 167
’ ELECTRODE
302 STAINLESS
i STERL
| () s I
1y 7 ll ; as8ry
f - ' oz7 l
' ' —
NMors:

L AL DrimENSIONS — INCHES
2. Bory EnpD CAPS AND

L EcTRoOPpES ToEMT/cAL
/A, I ALy TOLERANCES +_ 005

THERMAL. ExPANSION
CHAMBER

Figure 2. Standard Plastic Container for Preparing Water Resistors.
Unit Consists of One Cylindrical Jacket, Two End Caps, Two Electrodes, and
Four "O"-Rings.

N




possible. A modified version of Magnanini's formula.was prepéred
in which the boric acid content was maintained at 41 grams per
liter of solution, but the mannitol content was increased from
141 grams to 151 grams per liter. This change in the basic
Magnanini's formula resulted in a higher conductivity solution,
thus making it possible to ﬁrepare resistance values as low as
10,000 ohms.. 6f course, a new potassium chloride content was re-
quired te "neutralize" the temperature coefficient of resistance
of the modified solution. The new "standard" solution became

151 grams of mannitol, plus 41 grams of boric acid, plus 0,122
grams of potassium chloride, per liter of sclution,

When the standard solution is diluted with distilled water
in order to lower its conductivity and obtain higher water re-
sistor values, the temperature coefficient of resistance changes
so much that the resistors are no longer satisfactorily
neutralized. Therefore, in order to obtain higher resistance
values which exhibit satisfactoxy resistance-temperature char-
acteristics, it is necessary to modify the potassium chloride
content relative to the mannitol-boric acid content. A series
of experiments was performed toAﬂetermine the “"optimum" ratic
of the potassium chloride content to mamnitol-boriec acid con—
tent for resistance values between 10 K ohms and 100 K ohms.

A graphical presentation of this relationship was obtained

from the experimental data, and an approxXimate egquation was
written vhich describies the relationship accurately. Subsequent
experiments were performed to verify that the "optimized for-

mulas" did preduce repeatablé and reliable results.
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Using the equations to determine the optimized formula for
any resistance value desired and the appropriate preparation
techniques described in the Appendix¥*, one can prepare a given
resistance to be within about 1% to 2% of the desired value.

Use of the optimized formula insures that the resulting resistor
wiltl exhibit satisfactory resistance-temperature characteristics
throughout the temperaturé range from 50o F. to 1600 F. An in-
conclusive test indicates that there is some drift in character-
istics with aging. The exact extent of the drift was not in-
vestigated, due to lack of time. The incomplete test indicated
that the lower resistance values (10 K to 20 K ohms) were more
stable than the higher resistance values (40 K to 80 K ohms).
Additional experimental investigation is recommended in order

to define the long-term stability characteristic of water re-

sistors using these formulas.

*see Appendix B.

o
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CHAPTER II
PRELIMINARY INVESTIGATION OF THE WATER-RESISTOR
CHARACTERISTICS EMPLOYING MAGNANINI's SOLUTICN
Sixteen major experiments were performed in the course
of establishing an optimized formula for use in preparing
water resistors which employ a modified version of Magnanini's
solution. The initial experiments concerned the study of the

behavior of the basic Magnanini solution and the effect of

'using it in the standard plastic¢ resistor containers. Subse-

quent intermediate experiments define the variations and
limitations of Magnanini's solution, and the final experiments
describe the optimized solutions that can be used to obtain
any desired resistance value in the 10K-ohm to 100K chm range.

The details of the initial and intermediate experiments

- will be partially omitted, and only the significant results

will be presented, mostly in graphical form. Although one
may desire to proceed immediately to the discussion of the
final experiments (Expefiments 11 through 16) for the purpose
of more quickly applying the results of the experiments, it
is considered helpful to read the initial results and secure
a better over-all understaning of the nature of the problems
encountered with these water fesistors.

Experiment 1, entitled "Thermal Characteristics of the
Resistor Units When Subjected to Abrupt Temperature Changes,"

was for the purpose of determining the necessary time interval

between successive resistance-temperature measurements after

11
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setting a new temperature step in the automatic controller
for the temperature test chamber. Although it was stated
above that much of the detail would be omitted from the
discussion of the initial experiments, some detail is

necessary here in order to prepare for subsedquent discus-

ions. A complete equipment list is given in the appendixf‘

In all of the experiments described, the general pro-
cedure was the same; a group of specially prepared water
resistors was placed inside an environmental test chamber
with each resistor provided with leads connecting it to a
terminal board ocutside the test chamber where an a.c.
impedance bridge was used to measure its resistance at specific
values of temperature. A thermocouple bridge was used to
measure the temperature inside the test chamber. The resistors
were normally cycied in steps through the temperature range
of LOPF to 160°F with a complete temperature cycling taking

about one to thirty-nine hours, depending upon the magnitude

_of each temperature step. Usually eaqh test would require

several days, since readings were not usually taken between
midnight and early morning.

In Experiment 1, the environmental test chamber was

. first provided with a flat aluminum plate, supported by

four ceramic insulators, for holding, in a vertical position,

twenty-five water resistor units in plastic containers of the

‘type illustrated in Figure 2, Chapter 1. This metal plate

*
See Appendix C




also acts as the common electrode for all the resistors during
the testing of resistance-temperature characteristics. ZEach
of the twenty-five resistors was provided with a suitable
length of test-lead wire connecting its additional electrode
to a terminal board located external to the test chamber.
The test leads were numbered according to the l-to-25 scheme
used on both the terminal board and the common metal plate.
A 26th wire was brought out of the test chamber to the
terminal board and connected internally to the "common" metal
plate. Thus, the 1000-cycle, a.c. resistance of each water.
tesistor could be measured with the impedance bridge by
merely connecting to the appropriate terminals on the terminal
beoard. In order to be certain that the additional lead length
did not affect the bridge measurements, known values of
regsistance (10K to 100K ohms) were measured first connected
directly across the bridge terminals, and again connected
at the end of the leads inside the test chamber. No notice-
able difference between the two readings was experienced
regardless of the resistance value within the above specified
range. .

Registors unﬁer test were assigned numbers corresponding
to their position on the metal plate inside the test chamber;

€.g. Ry, Ry, etec. When two identical resistors were used,

their average resistance was denoted as Ry_p, Ry_y, etc.

The temperature inside the test chamber was monitored

with a thermocouple bridge. The thermocouple was inserted

13
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through the end cap of one of the filled resistors and located
at about the center of the contained liguid. Thus, the
temperature indicated was that of the electr6lyte inside the
water resistors.

With the test chamber lecaded with a sufficient number
of water resistors, the automatic temperature controller was
set to provide a step change in the test-chamber temperature.
The resulting transient effect in temperature was measured
with the thermocouple bridge, and also by noting the time
variation in resistance of a potassium chloride solution
used in one of the resistor containers located inside the
test chamber. Using temperature steps of various magnitudes,
the effect of both positive and negative steps in temperature
was noted.

The significiant results of the experiment are presented
graphically in Figures 3, 4, and 5. In each figure is shown
the temperature-time--and the resistance-time--variations
of the solutions under test. Each curve indicates a thermal
time constant of such a magnitude that one must allow at
leaét a one-hour interval between a change-in-temperature
setting and a set of resistance measurements, .in order to
let the resistdr temperature stahilize. The curves indicate
that this time constant prevails for beoth positive and
negative temperature steps, regardless of the average tempera-
ture level, and for temperature steps in excess of 50°F. .The

results of this experiment pointed up the necessity for waiting,
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aftér a temperature change had been made, for at least a
one~houf period. In all subsequent experiments, no readings
were taken in which the time between the readings and the
previous temperature change was less than one hour.

Experiment 2, entitled “Characteristics of Magnanini's
golution-~-Variation of Potassium Chlqride Content ," was
performed to determine how the potassium chloride content
affects the resistance-temperature éharacteristics of a
water resistor using the basic Magranini solution. The
basic Magnanini's solution consists of 121 grams of
mannitol (CgHyu0g), plus 41 grams of boric acid (H3BO3)'
plus 0.04 grams of potassium chloride {KCl), per liter of
solution.

The accurate control of the potassium chloride content
poses a problem because the analytical balance used in the
experiment cannot accurately measure the minute guantities
of granular potassium chloride needed unless large volumes
of Magnanini's solution are prepared. This is true not only
bepause of the granular nature of the potassium chloride,
but also becaqse the analytical balance could not repeat
measurements to within better than + 1 milligram. Therefore,
a scheme was devised whereby the smallest guantity of potassium
chloride that it would be necessary to preéa:e would be in
the order of 1/2 to 1 gram (500 to 1000 milligrams). This
scheme reguires that two large guantities of similar solutions

be prepared; one solution containing the correct ratio of

- mannitol and boric acid, but not potassium chloride; and the
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second‘solution containing the correct ratio of mannitol and
boric acid, but excessive potassium chloride. The first
solution, Solution A, contains 121 grams of mannitol and
Y41 grams of boric acid per liter of solution. The second
solution, Solution B, contains 242 grams of mannitol, 82
grams of boric acid, and 0.800 grams of potassium chloride
dissolved - in two liters of solution. It should be noted that
both Solution A and Solution B contain the same ratios per
liter of mannitol and boric acid. Thus, by combining various
amounts of Solution A and Solution B, it is possible to
obtain a composite sclution which contains any desired
potassium chloride content from 0.00 to 0.80 grams per liter.

Table I was compiled to facilitate in the preparation of
the sclutions containing various contents of potassium chlor-
ide. Althoudgh the preparation procedure outlined in Table T
calls for a 100-ml volumetric flask, perhaps a better and more
convenient method of preparation makes use of burettes. If
burettes are used to measure the required portions of Solution
A and Solution B, only two burettes will be necessary and the
composite solutions can be mixed in ordinary beakers, In
this manner, numerous solutions can be prepared with a minimum
of effort.

Fourteen plastic containers of the type illustrated in
Fig. 2, Ch. 1, were available for use in this experiment. (For
final experiments, 3l containers were available.) Since each

resistor requires approximately 20 milliliters of solution,

18




TABLE I

PREPARATIONS OF SOLUTIONS USING THE BASIC MAGNANINI's
FORMULA WITH VARIOUS VALUES OF POTASSIUM CHLORIDE CONTENT

Mannitol Content Boric Acid Content
Per 100 ml Per 100 ml
12.10 grams 4.10 grams
Solution Potasgium Solution B
Number Chloride Content Content
per 100 ml per 100 ml
00 0.000 grams 0.00 ml
01 0.001 ' 2.50
02 - 0.002 5.00
03 0.003 T-50
oh 0.004 10.00
05 0.005 12.50
06 0.006 _ 15.00
o7 0.007 17.50
08 0.008 20.00
(0¢] 0.009 22.50
10 0.010 25.00
Preparation of Solution A: Prepération of Solution B
121.0 grams Mannitol 0.800 grams Potassium
Chloride

41..0 grams Boric Acid

Dilute with distrilled .
water to 1 liter (1000 ml) 82.0 grams Boric Acid

Dilute with distilled water
to 2 liters (2000 ml)

242.0 grams Mannitol

Preparation of Solutions 00 through 10:

In a 100 ml volumetric flask, add the prescribed amount
of Solution B measured accurately with a microburette. Dilute
this with Solution A to 100 milliliters.

e




four . resistors can.be -easily prepared from the 100 ml
amounts prescribed in: Table I. .Because of the limited

number of .resistor containers, only‘three different solutions

‘were tested in the temperature-test chamber at a time. On

the first run of the experiment, three of the solutions
given in.Table I were used; one with Magnanini's basic
formula .(solution 04}, one with twice the KCl content as
Magnanini's basic formula (solution 08), and another with
zero -KCl-content (solution 00). -Since these three solutions
required the use of twelve plastic containers in order to
have four resistors of each of the three solutions, the
remaining two containers were used respectively for tempera-
ture measurements and for obtaining data on a soclution ‘
containing only potagsium chloride and distilled water. The
units thus prepared were placed.in the temperature chamber
and carried through the temperature range -from about 150°F
down. to about 40°F. In .a second experimental run, other
solutions with different KCl concentrations.(solutions OL,
06 and 10) were evaluated as a function of temperature in

a similar manner with one notable exception;. in this second
case, - the resistors were cycled in approximately 10° steﬁs
from about 150°F down to U4OPF then back up to 140°F.

.The data for the above two experimental runs are pre-
sented graphically in Figures 6 and 7. wespectively. Note
that the basic Magnanini formula.{solution .04) shown in
Figure 6 gives a resistance value of approximately 12K ochms
and is not, as a function of temperature, the most constant
resistance tested. Of the six solutions tested, Solution 10

with 0.10 grams ' of potassium chloride perrliter appears to

possess the most desirable resistance-temperature characteristics.
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Each of £he resistance—temperature characteristics exhibit

a minimum resistance in the 60°F—to—90°F range with higher
resistance being experienced at both the lower temperatures
{about 40°F) and at the higher temperatures {about 150°F).
Alse of interest is the relative characteristic of a
potassium chloride solutiom shown in each'figure. The
superior resistance-temperature characteristics of Magnanini's
solution is noticeably demonstrated in comparigon to the
potassium chloride solution.

It should be pointed out that at the time Experiment 2
was performed, the end caps of the plastic resistor con-
tainers were not provided with the thermal expansion chambers
as illustrated in Figure 2, Chapter 1, but rather were completely
s0lid with no provision whatever for thermal expansion of

the electrolyte. In fact, after the resistor units had been

-cycled to elevated temperatures in this experiment, crystals

of the vafious chemicals were found encrusted around the top
end cap, indicating that some of the electrolyte had been
forced out around the g-ring seals, due to the pressure of
thermal expansion. Much of the cause for the non-repeati-
bility of the resistance-temperature curves illustrated in
Figure 7 is a result of the thermal expansion problem.  How-
ever, not all of the non-repeatibility of the characteristics
can be attributed to thermal expansion since the potassium
chloride solution shows good repeatibility and yet it was
subjected-to the same temperature cycle (but perhaps not to

the same thermal expansion).
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Although the resistance—temperatpre characteristics
obtained in Experiment 2 is representative of the relative
effect upon resistance that is obtained as the potassium
chloride content is varied, the results cannot be considered
repeatable because of the thermal expansion problem existing
when this experiment was performed. Although additional
experiments were performed befbre the thermal expansion
problem was solved, the results of these experiments are
considered only relative, or qualitative, and no quantitative
conclusion should be drawn from them.

Expe?iment 3, entitled, “"Water Resistor Characteristies
a8 a Function of Dilution.," was performed to determine if a
simple procedure, such as diluting Magnanini's standard
solution with distilled water, would allow one to obtain higher
resistance values which were still neutralized with regard to
temperature coéfficient of resistance. Also, investigated in
this experiment was the possibility of eliminating some of
the non-repeatability of the resistance-temperature character-
istics by removing most of the gases entrapped in the
electrolyte. This latter investigation was Prompted by the
appearance of many small bubbles clinging to the inside walls
of the plastic container after the resistor had been sub-
jected to a temperature cycle. The entrapped gases.were
eliminated by first temperature cycling the electrolytic
solutions in an open container before the solution was

poured into the plastic resistor containers. This precaution
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did eliminate the bubbles which formed on the resistor walls;:
however, it did not solve the problem of the large bubble
that forms at the top of the resistor around the electrode.
This large bubble was largely a result of the thermal expan-
sion forcing some of the electrolyte out of the container

at elevated temperatures.

Using sclution 10, Table I, as the standard sclution,
because it possessed the smallest temperature coefficient of
resistance of the samples evaluated in Experiment 2, various
amounts of distilled water were added in order to obtain
diluted versions of this standard sclution which had higher
resistance values.

Four different concentrations of Solution 10 were tested;
100%, 50%, 33-1/3%, and 25%. -The results of the resistance-
temperéture data for these solutions are presented graphically
in Figure 8. The significant aspects of these curves are
their change in slope with concentration. The meore dilute
solutions have a noticeable change in resistance with tempera-
ture. The 25% solution has a total change in resistance of
8.4K ohms over the tempexature range of 40°F to 150°F, a
16.6% change compared to its go°F wvalue. It is evident from
these curves {Fig. 8) that high resistance values cannot be
obtained by merely diluting the standard solution with dis-
til}ed water, especially if the temperature coefficient of
resistance must be maintained low. Results of subsequent

experiments (Experiments 11 through 16) show that the

o
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petassium chloride content must be reduced more than the
mannitol-boric acid content is reduéed in order to obtain
high resistance values which possess a 1low temperature
coefficient of resistance.

The curves #hown in Pigure 9 illustrate the results
obtained in Bxperiment 3 when the electrolyte is pre-heated
before preparing the resistor units. The pre-heating cycle
consists of placing an open beaker containing the solution
inside the temperature chamber and raising the temperature
to 140°F for a one-hour period. After cocling the solution
to room temperature, the resistor units are prepared. This
pre-heating technique eliminates the formation of bubbles on

the inside walls of the water resistor, but as the curves in

Pigure 9 indicate, there is negligible difference between

the preheated and non-preheated resistance characteristics.
Although not shown on the curxves of Figure 9, all three
resistor units were cycled completely through the temperature
range from 150°F down to 40°F (illustrated) and back up again
(not illustrated). The portion of the cycle from 40°F back
up to lBOOF on the second half of the temperature cycle is
not shown because the points were so nearly identical that
including this data would have unnecessarily complicated the
graph. This test, therefore, did not indicate that pre-
heating of fhe eiectrolyte improved the characteristics of
the resulting resistor in any appreciable way. Consequently,
heating of the electrolyte was discontinued in later experi-

ments after the thermal expansion problem was solved.
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Experiment 4, entitled "Evaluaticn of Therﬁal Expansion
Chamber,® was performed to prove that the thermal expansion
problem had been solved by channeling the end caps of the
resistor containers as illustrated in Fig. 2, Chapter 1. The
end cap was originally constructed without the thermal expan-—
sion chamber. As initially constructed, the end cap seated
firmly against the end of the jacket and tﬁe large O -ring.

An additional Q-ring fits between the electrode and the end
cap to prevent electrolyte leakage there. The thermal
expansion chamber was added in the form of an annular chamber
around the electrode assembly. The chamber is 0.27 inches deep

and ig cut in such a manner that a large volume is provided

for expansion, and yet sufficient plastic is left to insure

proper seating of the end cap against the end of the jacket

'and_large Q-ring. An expansion chamber is provided in each

end cap so that the resistor may be operated in the vertical
position with either end at the top. This design of a thermal

expansion chamber requires that the resistor be operated in a

wvertical position. . Perhaps a better end-cap design would be

desirable which would provide more mechanical strength than
the make-shift design uséd,in modifying the end caps for this
experiment and allow for operation in some position other than
vertical.

In oxder to compare the characteristics of a set of
resistors provided with thermal expansion chambers with another

set without such provisions, twe sets of four resistors each

-
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were prepared using identical electrolyte--one set with
expansion chambers as described above, and‘the cther set
without expansion chambers. The results of the experiment
were rather unexpected. The characteristic curves of each
set, shown respectivély in Figures 10 and 11, seem to be
practically identical,-eféh'tﬁough each set was cycled to-
gether twice through the temperature-range of about 40°F

to lSO?F. Both sets of resistors show a spread of less than
5% at any given temperature (3.1% at 90°F for the channeled
cap set and 2.78% at 90°F for the unchanneled.set). Yet,
there is a difference between the two sets which doesn't
appear in the graphical presentation: it is the formation
of a crust around the top cap of the un-channeled set. Such
an unpredictable situation, with the amount of electrolyte
being forced out past the O-rings at elevated temperatures,
cannot be tolerated. Thus, all subseguent experiments were
performed using resistors provided with thermal expansion
chambers in the end caps, even though the single experiment,
which was designed to prove the superiority of resistors
provided with the thermal expansion chambers, was inconclusive.
Even when the channeled-cap units were operated at 160°F, a
visual inspection proved that the expansion chamber was not
completely filled with electrolyte, but could tolerate
operation at an even higher temperature without forcing elec-
trolyte out past the (Q-ring seals. This, and the fact that

no crust formed about the top end-cap of the channeled resistors,
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was proof encugh that.the modification to the caps was justi-
fied. After the thermal expansion problem was successfully
solved, the data obtained in subsequent experiments could be
accepted with confidence.

Experiment 5, entitled "Search for a Mannitol-Boric Acid
Content that Allows Resistance Values of 10K ohms or less,”
was performed to determine if a more conductive solution could
be obtained by increasing the mannitol content above the
value called for in Magnanini's formula. The basic Magnanini's
formula provides a resistance value, which at its lowest
point, is in excess of 10K chms. Since it was evident that
resistance values much less than 10K chms would not be possible
with Magnanini's solution, it was decided to at least modify
the basic formula to such an extent that resistance values
from 10K ohms te 100K ohms would be possible.

A search of the chemical handbook5 provided information
concerning the solubility of boric acid in distilled water.
Figure 12 presents a curve relating the solubility of boric
acid in water to temperature. The 41 grams per liter of boric
acid called for in Magnanini's formula is indicated as being
saturated at about 58.5°F. Whether additional boric acid
could be dissolved in the solution, because of some effect
brought about by the presence of mannifol in the solution,
was not investigated. However, the same chemical handbook
indicated that 206.6 grams of mannitol was scluble in.one

liter of water at 24° €. Based upon this information, it was

5Olsen, John C., Van Nostrands Chemical Annual, Student's
Edition, Sixth Issue, 1926, pp 436, 437. )




I
N

100 M. oF SOLUTION

IN

GRAMS or BORIC ACID SOLUABLE

SOLUBILITY OF
BORIC ACID 1

WATER

(7aken from dables
o pages F$36 8337

T O

OF "Yar Nostrwnds Cheice!

TEMPERATURE rrv

Avrual by Vsen, Stades?s
Edrhron , Sixfh Z;.wel 792¢)
e
~<
Y
12
s //_,,/
/ .
Ligr.fliter
<+ /- °----.‘/
/ '
o \5B.5F
1
20 <0 (o] =} o0 20

Figure 12, Solubility of Boric Acid in Distilled Water

35




36

decided that Experiment 5 would be performed to determine
how much additional mannitol could be added to the basic
Magnanini's Solution and whether an increased mannitol content
would increase the conductivity sufficiently to allow
resistors of less than 10K ohms to be prepared.

By taking the ratio of mannitol to boric acid in the
standard Magnapini's formula, one obtains a value of 121/41
= 2.95%1. Other values of this ratio from 50% to 125% of the
standard value were calculated for use in Experiment 5.
Tf the. boric acid content is maintained constant, the 50%,

75%, 100%, and 125% ratios of mannitol to boric acid become,

" respectively, 60.5/41, 90.6/41, 121/41, and 151.2/41. &an

additional ratio of 180/41 was later added to the experiments.
Solutions were mixed according to the above ratios of mannitol
to boric acid; no potassium chloride was used in this experi-

ment. Three resistors of each'ratio were prepared, except

for the 180/4l-ratio which was added later. After the first

group of resistors were prepared, they were cycled from

_approximately 150°F down to about 4Q°F in 10° steps. In order

to have resistor containers in which to prepare the 180741
soluticn, the 60.5/41 ratio was eliminated from the experiment,
and the new group of resistors and the remaining cld group

of resistors were cycled back up in temperature from L4o%r

to 150°F. ‘The results of these tests are presented graphically
in Figures 13 and 14 which show the resistance-temperature

characteristics and the conductance-temperature characteristics,
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respectivély, Although resistance-+temperature characteristics
have been used exclusively to demonstrate the results of all
previocus experiments, it now becomes necessary to bring the
conductance-temperature characteristies inte the discussion,
since subsequent experiments employ a prediction scheme

based upon the lattei characteristics.

The curves shown in Fig. 13 indicate that increasing
the mannitol content brings about an increase in conductivity
and a resulting decreasé in resistance as predicted. Solution
No. 4, consisting of 151 grams of mannitol and 41 grams of
boric acid per liter of solution, has a characteristic curve
close enough to the 10K ohm value that, when the correct
amount of potassium chloride is added, resistance values of
10K obms can be achieved. Solution No. # also indicates
that is has a repeatable characteristic curve since data for
both halves of the temperature cycle seem to coinciée. This
concentration of mannitol and boric acid was chosen for use
throughout the remaining experiments.

The same data used in Figure 13 is converted into con-
ductance-temperature form and presented graphically in
Figure 14, The shape of the conductance-temperature
characteristic suggests that a straight line could be used
to approximate any one of the curves from about 60~70°F. out
to about 160°F.

When the conductance-temperature characteristics of two

resistors are known, the conductance-temperature characteristic
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of the parallel combination c¢an be found by adding the

conductance values of the individual characteristic curves

point by point. It was hypothesized that since the mannitol-

boric acid sclutions and the potassium chloride solutions are

both characterized by approximate straight-line conductance-
temperature.characteristics, it would be simple to predict

graphically the conductance—tempergture characteristics of

a parallel arrangement of the two water resistors. Further-

mdre, since the two sclutions exhibit oppositely sloped

characteristics, it should be possible to determine the

appropriate potassium chloride characteristics necessary to

produce a combined conductance-temperature characteristic

that has essentially a zero slope. The two solutions could

certainly be placed in individual plastic ;esistor containers o
and be electrically connected externally to obtain the composite ‘ e
resistor described. The next step is to determine if the two

solutions can be paralleled chemically to produce the same

effect, and if the results can be predicted graphically.

The experiments described in the following section
determine that it is possible to chemically combine the
mannitol-boric acid sclution with an appropriate -amount of
petassium chloride solution to obtain a composite solution
which has an effectively "neutralized"” temperature coefficient
of resistance and whose characteristics are predictable.

A number of other intermediate experiments were performed

(Experiments 6 through 10) to verify that it was possible to




predict with some degree of accuracy what type of composite
solution would be obtained when various mannitol-boric acid
and potassium chloride concentrations were employed in its
preparation. Most of these experiments employed a laboratory-
constructed conductivity cell which would allow rapid
determination of the conductance-temperature characteristics
of a particular solution. The conductivify cell could be
immersed in a beaker containing an amount of a given sclution.
The solution contained in the beaker was heated with a gas

burner to change its temperature. For various temperatures,

.as indicated by a standard thermometer, the resistance of the

conductivity cell was measured with a General Radio impedance
bridge. In this manner a number of solutions could be rapidly
evaluated. Once the "neutralization" technique described
above was demonstrated by means of the conductivity-cell
experiments, a full-scale experiment was performed using the
plastic resistor containers and the environmental test chamber.
These intermediate experiments will not be discussed here,
since they would only duplicate the final, full-scale experi-

ments described in the next section {Chapter III). .
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CHAPTER IIL

The final experiments described in.this chapter
(Bxperiments 11 through 16} relate to the development of
optimized formulas for use in preparing water resistors
which exhibit a low temperature coefficient of resistance
throughout the temperature range of Lo°F to 160°F and whose
nominal resistance can be any value between 10K and 100K ohms.
The first experiment (Experiment 11) is divided into two
parts. Part I, entitled "Using characterisitcs of Mannitol-
Boric Acid Solutions and Potassium Chloridé Sclutions to
Predict by Graphical Methods the Proper Potassium Chloride
content of Water Resistors," was an attempt at using a first-
order approximation to predict the formula and the resistance— P
temperature behavior of water resistors; Part II of Experiment
11 concerns the experimental verification of the results of
Part X.

The. first step in Experiment 11 was the preparation of

" three solutions; Solution A, Scolution B, and Solution-.C.

The three solutions were prepared in the following manner:

{a) Solution A = 302 grams of mannitol, plus 82 grams of
boric acid, per 2 liters of solution
(diluted to 2 liters at 25.3°C with
singly-distilled water)

(b) sSolution B = 302 grams of mannitol, plus 82 grams of
boric acid, plus 1.000 grams of potassium
chloride, per 2 liters of solution (diluted
to 2 liters at 25.1°C with singly-distilled
water)

(c} Solution C = 1.000 grams of potassium chloride per 2
liters of solution {(diluted to 2 liters
at 27°C with singly-distilled water)}




These solutions:were develcﬁed at standard constituents
for use in the remaining experiments and are the ones adopted
for use in preparing the optimized water resistor formulas.
It should be noted that the temperature is given at which
the solutions were prepared since volumetric measurements
are employed and thése solutions have large thermal expansion
coefficients. The temperature at preparation should be
identical for all three sclutions. The temperature at which
the water resigstors are prepared should also closely corres-
pond to these same values of temperature since volumetric
measurements are uged in specifying the amounts of each
solution to be used in the optimized formula.

In part I of Experiment 11, Solutions A and C are
evaluated independently for the purpose of determining the
basi¢ characteristics of each solution. Solution B was not
used in Part I of the experiment. Additional distilled water

was added to various amounts of Solution A in order to obtain

‘ten different concentrations of this solution. A similar

procedure was followed in preparing four different concentra-

tions of this Splution.C. In Pable IT are presented the amounts

of Solution A, Solution C, and water used in the preparation

of each solution.
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TABLE II

amounts of Each Chemical Constituent Used in
Preparing the Resistors Tested in Experiment

11, Part I.
Solution Resistor Solution A Hp0 Solution C
No - No . ml ml ml
1 1L -2 100 ml 0 ml 0 ml
2 3 -4 7.5 52.5 0
3 5-6 35.0 - 65.0 o
4 7-8 28.0 72.0 0
5 9 -10 23.5 76.5 0
6 11 -12 20.5 79-5 0
T 13 -14 18.0 82.0 0
8 15 -16 17.0 83.0 0
9 17 -18 16.0 84.0 0
10 19 -20 15.0 85.0 0
11 21 0 88.0 12.0
12 22 4] 93.0 7.0
13 23 ) 97-0 3.0
14 24 0 99.0 1.0

The twenty-four resistors were placed in the environmental
test chamber and ecycled through the temperature range of 4QOF
to 140°F in steps of -about 20°F. In order to insure that the
resistors had stabilized at the new temperature setting, a
period of at least one hour was allowed between the time at
which a change in settings of the automatic temperature
controller was made, and the time at which a set of resistance
readings were taken. The resistance-temperature characteristics
of the two groups of solutions are presented graphically in

Figures 15 and 16, respectively. Normally, in a group of
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curves such és those shown in Figure 15, the average of the
two resistors containing the same solutrion would be presented:
however, in this particular experiment, individual character-~
istic curves are shown because there is considerable
difference in some cases. This difference is attributed to
the fact that the electrode and end-cap assembly was not
dismantled when cleaning. It is believed that this caused
the higher resistance values to deviate with temperature
probably as a result of contamination from the improperly
cleaned end-cap assembly (In subsequent experiments, the
electrode-end cap assembly was dismantled for cleaning and
this discrepancy never occurred again).

The same data used for presenting the resistance-temperature
characteristics shown in Figures 15 and 16 afe presented -in
a differenct manner (conductance-temperature characteristics}
in Pigures 17, 18, and 19. .In these three figures, straight-
line approximations are made of the characteristics over the
range in temperature from about TOPF to 160°F, Also shown
on each curve is the slope of the straight-line approximation
in milli-micrombhos per degree Farenheit. Although not stated

on the Figures, it is rather obvious, that all the conductance-

‘temperature curves for the mannitol-boric acid solutions

{Figures 17 and 18) have a negative slope, while those of the

potassium chloride solutions (Figure 19) have a positive slope.
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It was hypothesized that it is possibie to combine a
mannitol-boric acid soluticn with a potassiam chloride solution
(based upon the respective concerntrations in a single amount
of distilled water) and predict the conductance-temperature
characteristic of the composite solution by adding together,
point by point, the conductanceftemperature curves of the
individual seclutions. Furthermcre, if the average slopes of
the conductance-temperature curves ¢f the individual solutions
are equal in magnitude, the resulting composite conductance
characterisitc will be constant with respect to température
because the slopes of the different scluticns are opposite
in sign and effectively "neutralize" one another.
In order to use the hypothesis descriked above, several
additional graphical presentations are employed; these include:
1. Figure 20 - Slope of the conductance-temperature character-
istics curves of various potassium chloride
solutions versus potassium chloride concentration.

2. Figure 21 - Slope of the conductance-temperature character-
istic curves of various mannitol-boric acid

golutions versus mannitol-boric acid concentration.

3. Figure 22 - 90°F conductance values of mannitol-boric acid
solution versus mannitol-boric acid concentration.

4. Pigure 23 - 909F conductance values of potassium chloride
solutions versus potassium chloride concentration.

The data reguired to obtain the curves shown in Figures

20, 21, 22, and 23, was obtained from the curves shown in

Figures 17, 18, and 19, and is presented in Table TIII and

Table IV.
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TABLE ITI (Compiled 6-14-62)

Slope of {Conductance-vs-Temperature Curves) for Mannitol-

Boric Acid Solutions of Various Concentrations

Solution Resistors Concentraticn Intercepts
‘No. No. of Boric-Acid- in micromhos
Mannitol

% or ml of A
per 100 ml LoPF 160°F

Slope
in

90°F
Conductance
in ‘micromhos

1 L -2 100% 104.5 75.25 24375 Q2.4
2 3 -4 7.5 50.2 35.5 122.5 441
3 5-6 35.0(curveB) 34.8 25.0 81.7 30.7
4 7-8 28.0 26.4 19.2 . 60.0 23.4
5 9 -10 23.5 20.9 15.3% 46.25 18B.6
6 11-12 20.5 16.75 12.6 4,58 15.08
T 13-14 18.0 14.6 11.0 30.0 13.1
8 15-16 17.0 12.95 16.13 23.5 11.8
g 17-18 16.0 i2.45 9.5 24 .58 11.2
10 19-20 15.0 10.72 8.3 20.16  9.75
TABLE IV {Compiled 6-15-62)
gdlope of Conductance-vs-Temperature Curve for Potassium
Chloride Splutions of Various Concentrations
Solution Resistor Concentration Intexcepts Slope S0°F
No. No. in mg/liter in micromhos /°F Conductance
LOo°F 140% in micromhos
11 Ry3 5 mg/1 0.9 2.24 3.4 1.6
12 Ra2 15 mg/1 1.97 5.4 34.3 3.7
13 Ry3 35 mg/1 4.41 11.9 749 8.15
14 Roy 60 mg/1 7.33 *17.5h* 121.5 13.4
' El11:2405'

o

~
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Using the graphical representations of Figures 20, 21, 22,
and 23, data is obtained for thg conductance of a composite
solution {one which is neutralized) as a function of the
mannitol-boric acid content (with Ehe appropriate potassium
chlioride content} in the following manner:

(a) From Figures 20 and 21, obtain the mannitol-boric acid
concentration and the potassium chloride concentration
for identical values of slope.

(b) Using the mannitol-boric acid and potassium chloride

. concentrations fouﬁd in (a), find the 90°F conductance
value for each concentration from Figures 22 and 23.

(e) A4d the two 90°F conductance values found in (b) to
obtain the corresponding 900F conductance value of the
composite solution.

(d) After obtaining a sufficient number of different 90°F
conductance values for the composite solution by repeating
steps {a), (b}, and (c), a curve may by plotted@ of these
values as a function of either the mannitol-boric acid
concentrations or the potassium chloride concentration.
The curves shown in .Figure 24 are merely expanded and ex-

tended versions of the curves shown in Figures 22 and 23, and

were prepared in order to obtain interpolated and extrapolated
values of the slope for the higher Qalues of concentration.

The curves illustreated in Figure 24 were used to prédict the

potassium chloride concentration necessary to neutralize 80%

and 100% concentrations of mannitol-boric acid solutions.
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The results obtained by using the above procedure to deter-
mine the 90°F conductance for various mannitol-boric acid
concentrations are presented in Table V.

The data given in .Table V is presented graphically in
Figure 25. In Figure 25, the circled data points up to a

mannitol-boric acid concentration of 47.0% represents the
data given as readings 1 through 11 in Table V; the two

data points designated by crosses at 80% and 100% were also

. predicted by the same technique, but after Part IT of

Experiment 1l was performed. Although Part II of Exﬁeriment
11 has not been discussed, it should be pointed out that

its purpose was to verify the predictions given in .Table V¥
and that its results were superimposed {small triangles) upon
Figure 25 to illustrate how well the experimental results
agreed with the predictions. In . Figure 25 is shown the
straight-line prediction made initially based upon the
graphiéal extrapoclation of the first eleven readings shown

in Table V. The linear extrapolation was hastily made and was
not checked by the methods outlined in steps {2) through (a).
The initial sfraight—line prediction implied that the 80%

and 100% concentrations would give composite conductancé
values of 100 micromhos and 135 micromhos, regpectively;
however, asz illustrated in Figure 25, the experimental values
differed considerably from the predicted values in these

two cases. All other experimental results checked closely
with predicted values.  Upon re-investigating the two points

in question, it was discovered that, by proper use of the
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predicting tééhniques outlined above, the two conductance
data points designated by crosses (x) at 80% and 100%
concentrations gave theoretical conductance values which
are within 2.3% and 4.24%, raspectively, of the corresponding
experimental results. A more detailed explanation of Part II
of Experiment 11 follows.

As mentioned above, Part -ITI of Experiment 11 was
for the purpose of experimentally determining how close an
agreement exists between the theoretical predictions of Part I

and the Experimental results of Patt II. Curves shown in

Figures 20 through 25 were used to predict the proper amounts

of Solutions A, B, C, and distilled water reguired to produce
resistance values at 10K ohm intervals from 10K ohms to

100K ohms. The results of.the predictions are shown .in

Table VI along with the measured values of the two resistors
prepared using each solution. The initial wvalues shown,
measured at room temperature, proved to be rather close to
the predicted values. It should be pointed cut that Solution
B must be employed to obtain the proper potassium chloride
content on the more concentrated mannitol-boric acid
solutions, but that only Solution A, Solution €, and dis-
tilled water are required for the more dilute.mannitol-

boric acid solutions.
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The twenty-two resistors described i?_Table VI were
placed in the environmental chamber and cfcled through the
temperature range from 150°F to L4O°F in approximately 20°
steps. The resistance-temperature characteristics for this
experiment are presented graphically in .Figure 26. .All of
the curves seem to be effectively "neutralized" with respect
to the temperature coefficient of resistance as evidenced
by their almost constant resistance as a function of temp--
erature. All of the curves in Figure 26 have some small
variation with temperature, and =ach of the 90°F values differed
a small percentage from the predicted value. In Table VIX
are tabulated the results of the curves shown in Figure 26.
Using the readings at 86.5°F and at 152.5°F to determire
the average slope of each curve, the change in resistance
between these two temperatures is compared to the total
resistance values at 86.5°F, and the result is expressed as
a slope in percent.

Also shown in Table VII is the percentage difference
between the predicted value of resistance and the experimental
value of resistance. It should be noted that the prédicted
resistance values are within 2.5% to 10.1% of thé experimental
values with an average disagreement of only 5-47%,_a fairly
close agreement for a first-order approximation. -The 90°F
results of this part of_the experiment have been superimposed
upon the initial prediction cuxves of Figure 25 (small triangles).
The agreement between the predicted values and the experimental

values is evident.
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The slope as a function of temperatﬁre is also of interest.
The maximum percent change in resistance as the temperature

changes from B6.5°F to 152.5°F is 5.37% for the 90K ohm resistor.

‘The change in resistance with temperature ranges from 1.925%

to éiBT% with an average of 3.55%. -‘This is also a remarkable
result considering the technique used to predict the needed
potassium chloride content to bring about neutralization of
the temperature coefficient of resistance. In general for
each curve, the resistance drops as the temperature decreases
below 86.5°F, reaches a minimum between 60°F and 80°F, and
rises drastically in the 30°F to 40°F region. .For the 32°F
reading, the resistance increases about 6 to 9% above the
86.5°F value. However, if one is aware of the conseguences

of operating in this low temperature region, measures can

be taken to avoid this area of operation. There is a range

of temperature from about 50°F to 150°F, throughout which thé
resistance doesn't very over 5% from its mid-range value.
Knowledge of this desirable temperature range should allow
one to design his application of these resistors to take

advantage of this desirable range.
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Before proceeding to the next experiment.it would perhaps be
informative to point out a few more things which pertain to Experi-
ment 11. The curve in Figure 27 shows that the graphically-
predicted potassium chloride content required to neutralize the
temperature coefficient of resistance is not a linear function
of the mannitol-boric acid content. Also, since this curve does
not pass through the origin, it ig evident that a simple diluting
of ‘Magnanini's formula will not produce high resistance values
which possess low temperature coefficients of resistance. The
curves shown in Figure 28, resulting partly from graphical
predictions and partly from the data of Part II of Experiment 11,
illustrate the relationship between the various constituents
of the water resistors and the corresponding conductance values.
It ig evident that a simple relationship exists only for the
conductance as a function of the potassium chloride content, a
linear dependence for all practical purposes.

- Experiment 12 was planned for determining how close one
could predict the resistance value cbtained from a given water
resistor formula with predictions based upon the results of Experi-
ment 11. Based upon the B6.5°F readings obtained in Part II of
Experiment 11, the content of mannitol, boric acid, and potassium
chloride in new solutions for producting certain resistance values
ﬁould be predicted. The results obtaihed in Part II of Experiment

11 are tabulated in Table VIII as follows on page 75.
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Figure 27. Potassium Chloride Content Versus Mannitol-Boric
Acid Content Predicted by Graphical Methods
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The data on Table VIII for the conductance and the
mannitol-cobric acid and potassium chloride content was
plotted in-.Curve 25 {small triangles) and from this corrected
curve solution contents to produce a new set of desired
resistance values were determined. The new set of predicted
resistance and conductance values and the corresponding
chemical contents are tabulated in Table IX.

The solutions indicated in Table -IX were prepared in
100-milliliter batches, and from each of these solutions, two
registors were prepared and the remainder of the solution kept

in capped containers. The experimental values were extremely

_close to the predicted values, differing from zero to about

2.5% with an average difference of about 1.04 As shown in
Figure 29, the entire group of resistors varied with tempera-
ture the same as the initial group did in Experiment 11.
There was one notable exception, and that was that the 80 K
and 100 K resistance values behaved badly compared to the
rest of the resistors, éspecially at the higher temperatures.
Both the 80 K and the 100 X resistance wvalues increased
about 7% at 140°F, whereas the average of the other resistors
was about as in Experiment 11 -- only 2 to 3%. .It was thus
apparent from this experiment that it would not be satisfactory
to continue to base the potassium chloride content upon the

original first-order approximation neutralization technique, .

- and that a correction factor would need to be introducted.
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It was thought that experimental work could be terminated
with Experiment 12 unitl the results cf the resistance-tempera-
ture charactistics of the higher resistance values were observed.
aAnother experiment-(Experiment 13) was formulated simultaneously
with Experiment 12 for the purpose of determining the spread
of resistance valuwes when a large number of resistors are
prepared. In Experiment 13, nominal values of resistance of
10K-ohm, Z20K-ohm, and 100K-ohm were chosen, and eight of each
value were prepared and tested throughout the 40°F to 160°F
temperature range. The results of this test are presented .
in tabular form in Table X. The data in Table X are normal-
ized with respect to the nominal values in each case. Based
upon the average of the 88°F readings, one may expect to
brepare a resistor to be within about 1% to 2% of the desired
value. Although more desirable resistance-temperature charac-
teristics are exhibited by the resistors developed in subsequent
experiments, the results of Experiment 13 indicate what sort
of spread in resistance values one should expect.

A new experiment {Experiment 14) was formulated to deter-
mine the optimum potassium chloride content-to more nearly
neutralize the temperature ceefficient ofrresistance. In this
experiment six carefully-chosen nominal values of conductance
were selected which would best define a new curve of conduc-
tance versus potassium chloride-mannitol boric acid content.

At each level of conductance, the mannitol-boric acid content

was held comstant, and the potassium chloride content varied

T
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Temp °F

139
118
100
79
56
42
60
78
100
121
138
160

TABLE X

Normalized Results of Experiment 13

Resistors 1-8

Nominal 10X ohm

Ry
-g980
1.004
.990
.84
.984
1.004
1.038
1.000
.g84
.984
.998

©1.016

1.036

Ry

.988
1.018
1.004

.996
1.000
1.016
1.052
1.016
1.000
1.000
1.012
1.030
1.054

R3
.978
1.000
.984
.978
.982
1.000
1.036
.996
.980
.980
.992
1.008
1.030

L i i = = = = I TR TR

Ry

-990
.020
.00k
.Q00
.000
-024-
.056
.020
.006
.012
.024
,640
072

]
.984
1.d18
1.000
.992
.994
1.018
1.044
1.010
.994
.996
1.006
1.022
1.046

Re
..988
1.020
1.004

.996

.998
1.018
1.050
1.01L4

.998

.996
1.006
1;020
1.044

.976
.000
.988
-980
..982
.00k
.038
.000
.g84
.984
L.000
..018
.040

Rg

.986
1.016
1.004

.996

.988
1.018
1.052
1.016
.000
.000
.012
.026
.054

L

Avg.
.9838
1.0120
-9973
-9903
.9910
1.0128
1.0458
1.0090
-9933
-9940
1.0063
1.0225
1.0470




Temp OF

139
118
100
79
56
42
60
78
100
121
138
160

TABLE X {con't)

Normalized Results of Experiment 13
Resistors 9-16

Nominal 20K

kg

1.00
1.02
1.01
1.005
1.005
1.025

S 1.06

1.02
1.01
1.005
1.02
1.03
1.045

R10
1.005
1.035
1.025

.1.0125

1.01
1.025
1.055
1.02
1.01
1.01
1.025

Rix Ry
1.00  .990
1.02  1.015
1.01  1.01
1.00 1.005
1.006 1.005
1.02  1.025
1.055 1.055
1.027 1.02
1.01  1.005
1.005 1.01
1.015 1.015
1.02  1.03
1.0 1.05

Ry Ry

.990 .gB2
1.02 1.00

-1.005 «995

1.00 .988
1.00 .992
1,02 1.01

1.055 1.04

1.015 1.01

1.005 .995
1.005 .995
1.0125 1.005
1.025 1.015
1.05 1.035

Ri5
.g82

1.01

1.00
-390

.988

1.005

1.035
1.00
9875
-9875
1.00
1.015
1.1485

316 AVG.

-996  .9932
1.02 1.0175
1.005 1.0075
1.00 1.0000
1.005 1.0015
1.02 1.01350
1.055 1.0513
1.02 1.0157
1.00 1.0028
1.00 1.0022
1.0125 1.0132
1.02 1.0222
1.04 1.0579

7




T8 -

iemp oF
88
139
118
100
79
56
42
60
78

100

121
138
160

PABLE X (con't)

'Normélized-ﬂesults of Experiment .13
Resistors 17-24

Nominal 100 K

RlT
.956
1.012
.988
-970
.960
.964
.980
.96k
.964
.976
996
1.020
1.044

R1g8
.980
1.036
1.016
1.000
.990
.992
1.014
.ggk
.992
1.00%
1.030
1.052

1.080

R19
.984
1.056
1.038
1.024
1.020
1.020
1.036
1.020
1.024
1.0%6
1.060
1.080
1.086

R20

972
.024
.000
.984
.980
.986
.002
.98l -
.084
-000
.02h
-050
.080

Ryy

.984
.40
.016
.996
.984
.986
.008
.988

-+990

I T

.000
.024
.048
.080

Rz2
.g80
.056
.a38
.028
.026
032
.046
034
.040
.058

.086
.070

R23
.990
1.060
1.036
‘1.628
1.020
1.024
1.040
1.030
1.038
1.058
1.078
1.092
1.100

.972
1.040
1.020
1.002
.998
1.000
1.020
1.002
1.010
1.024
1.042
1.062
1.068

‘RzL  Aavg.

9775

1

1.

1.

I.

-0ko5
.0190.
.0040
-9973
.0005
.0183
-0020
-0053
.0195

ol05
0613
0760
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from about 50% to 150% of the previously used values, The

group of twenty-four resistors was cycled in 20%F temperature
steps through the range from 40°F to 160°F. The results of
this test are presented graphically in Figures 30 through 34.
From this family of curves, a new ratio of mannitol, boric-
acid, potassium chloride, and distilled water was chosen for
each group of solutions used. The third resistor in each
group, representing about 125% of the previously used amount
of potassium chloride, was chosen as the most desirable of the
group. A new curve relating conductance to the potassium
chloride and mannitol-boric acid content was prepared and used
for subseguent testing. - {See Figure 35, optimized curve)
Since the conductance versus potassium cﬁloride content

curve in Figure 35 is a straight line, its equation was written,

-and subsequent potassium chloride content was determined from

this eguation. The equation is

G=0.76 Cc+ 4 . '(1)
where € ig the conductance of the desired resistor in micromhos
and C is the potasgium chloride concentration in milligrams
per liter. The correct mannitol-boric acid concentration was
graphically determined from Figure 35. Using the value of C
determined.from-Equation (1) for the potassium chloride content
and the concentration of the mannitol-boric acid solution as
read from Figure 35, a new group of resigtors were prepared
using a set of nominal conductance values which would provide
data so that the curves in Figure 35 could be better defined.

The new solution constituents are given in Table XI.
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Although thé'quantities_specified for sScolutions A, B, C
and water are given for preparing a 100 milliliter batch of a
given solution, R 1-2 through R 11-12 were prepared in 50
milliliter batches, and one-half of each of the constituents
listed for these resistofs was used. When preparing the
resistoré, it is important to maintain the temperature at
approkimately the same value at which the original Solutions
A, B, and C were mixed, since volumetric measurements are
being used apd these solutions have a relatively large
coefficient of thermal expansion.

. The results of resistance versus temperature and of
conductance versus temperature for the above resistors is
presented graphically in Figures 36 through 38. Since
approximately equal conductance steps of 10 micromhos each are
takenin Table XI, the results presented in Figure 36 are
crowded in the 10K to 20K region; however, the trend of the
curves is evident, and it is apparent that the temperature
coefficient os resistance is efféctively heutralized over a
considerable range of temperature.

The conductance-versus-temperature plot shown in Figure
37 presents a better graphical distribution of the family of
curves than does Figure 36. This curve represents the
variations in conductance with temperature as Ehe teﬁperature

of the resistors was reduced from 141°F down to 40CF in

approximately twenty-degree steps. The same information is

plotted in Figure 38,.in addition to the conductance varia-

tions as the temperature is cycled back up‘in about twenty
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degree steps to a maximum value of 162°F. The closeness of
the two curves is an indication of the repeatability of the
cycle. .In order to better show how closely these resistors
maintain their value as the temperature is varied, another
form of graphical representation is employed. All of the
registance ﬁeasureﬁénts are normalized relative to the 78°F
value in each of the respecﬁive groups; e.9., the nominal
20K-ohm resistor (R 11-12)} had a2 value of 20.175K ohms at
78°F, and all of the readings for this resistor group were
normalized with respect to 20.1?5K ohms .

The normalized values of resistance are averaged at each
temperature, and these results are plotted in Figure 39. The
average of all twelve nominal resistance values is sh;wn
as well as the maximum and minimum values experienced. The
trend shows thé resistors to be above nominal at the higher
temperature values (about 2% at 160°F) to swing belcéw nominal

at about 100°F (about 1%), and to rise up considerably above

nominal value at 40°F (about 6%). The results indicates that

from about 60PF up to 160°F the curve has a total deviation
of only about 2%, while most of the curve is within 1%. The
trend of the curve indicates that there is.a slight shift in
characteristics with temperature cycling, and other tests

bear this out.
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Experiment 16 was performed to demonstrate that both
the singly-distilled water available at the University of
New Mexico Chemical Engineering Department and the triply-
distilled water obtained from Org. 1413 at Sandia Corxporation
are equally suitable for use in preparing the "water resistors"
as specified.by the optimum fbrmulas developed in Experiment 11,
Although the optimum formulas developed in Experiment 14
employed the singly-distilled water, the same results were
obtained, for all practical purposes, when the identical
experiment was performed using triply-distilled water;

Experiment 16 provided the answer €o two important
guestions: First, it proved that one may use triply-
distilled water in the same ratio as the formula states
that singly-distilled water is to be used; secondly, by re-
mixing another éet of solutions using singly-distilled water,
it is demonstrated that the resistance values may be‘quite
accurately repeated from experiment to experiment.

In this experiment, two identical groups of registance
values.were tested, one group using singly-distilled water
the same as was used in-Experiment . 15, and the other group
using triply—distilléd water and exactly the same formula
for their preparation as-used for the singly-distilled case,
The results of this experiment are illustrated graphically in
Figures 40 through 46. In this group of Figures, resistance
values throughout the range of 10 X ohms to 100 X ohms are

illustrated to show that the use of triply-distilled water
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Relative Resistance-Versus-Temperature Char-
acteristics of Water Resistors Usging an Optimized Version of Magnanini's
Formula for Both Singly- and Triply-Distilled Water (10 K ohms).
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Figure 41. Relative Resistance-Versus-Temperature Characterisiics of
Water Resistors Using an Optimized Version of Magnanini's Formula for Both
Singly- and Triply-Distilled Water ( 20 K ohms). '
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Figure 42. Relative Resistance-Versus-Temperature Characteristics of
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Figure 44. Relative Resistance-Versus Temperature Characteristics of
Water Resistors Using an Optimized Version of Magnanini's Formula for Both
Singly- and Triply-Distilled Water {60 K ohms).
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does not have a significan; effect upon the experimental
results. This fact is guite evident if one notes the
insignificant differénce between the two curves presented
in each figure. Each resistance value is presented in a
separate figure in order to emphasize, and more cleérl&
illustrate, the effect that the water had on the resistance
values.

In each Figure, the relative difference between the
singly-distilled: cases and the triply-distilled casés is
demonstrated by normalizing the data with respect to the 78°F
value that the singly-distilled resistér exhibited on its
first temperature cycle. The second temperature cycle is
illustrated in each case, and the repeatibility with cycling
is demonstrated by the closeness of each curve to the
normalized value of 1.00.

One would expect the impurities in the distilled water
to affect the resistance wvalue more at higher temperature
gince the impurities behave like any other electrolytic
solution; their resistance decreases with tempefature, and,
acting as a paralleling resistance with tﬁé normal resistance,
causes the most effect when its resistance is the smallest
at the highest température. That there is no definite trend
in this direction .is demonstrated by the fact that in some
cages the singly-distilled resistor is higher than the
triply-distilled resistor (just the reverse to what should

be expected); e.g., see Figure 44. BAnd in other cases the
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two curves run essentially parallel, with the triply-dis-

. tilled resistor possessing the greater resistance value as

seen in:figure 4?2, .0ne would not expect the amount of

distillation of affect the lower resistance values as much

as it does the higher resistance values, that ig if the

impurities are expected to act as though they form a
temperature-sensgitive, high-resistance in parallel Qith the
normal resistor. Figures 40-46 definitely show that the 80K
chm and 100K ohm values are affected.the most, and more at
the higher temperatures than at the lower temperature, but
4till by -a negligible amount. Also, these Figures illustrate
that the lower resistance values are insignifiqantly éffected
by the type of distilled water employed.

A note of explanation .is required for the 100K chm

resistors illustrated in Figure 46. The original singly-

distilled resistrs used in Expeximent 15 had resistance values

very close to the 100K ohm nominal value when .the optimized
formula was used, and the triply-distilled water units also
had values very close to 100K ohms; however, . in Experiment 16,

the singly-distilled units were about 3.6% low compared to

-their predicted values. For this reason, the data from

Experiment 15 for the lOOK ohm units was used td normalize
the results of the triply-distilled 100K ohm ygnits.

The curves shown in Figure 46”show that .the singly-
distilled 100K ohm units of Experiﬁent 15 and the triPly-

distilled 100K ohm units of Experiment 16 are quite clase to




the nominal vaiues] but that the singly-distilled, 100 K ohm
units of Experiment 16 are about 3% too low. The normalized
data used to plot the curves shown in Figures 40 through 46
is given in Table XII.

Preparation of Resistors

From the discuSSion.of the preceding exéeriments,
is is evident that one can readily prepare resistance values
throughout the range from 10 X ohms to 100 K ohms by using
the optimized formulas developed in Experiment 14. ' The
procedure to be followed for future preparation should be
based upon these findings; however, there should be a more
precise method of determining the consgtituents of the formulas
than the reading of values from a curve., .In order tc¢ prevent

personal judgment in reading wvalues from a curve from

affecting the outcome of any future experiment, equations

have been developed which will allow one to accuréteiy
éalculate the portions of the various constituents to be used
in preparing any resistance value. The curves relating the
conductance of any desired resistance value to the mannitol-

boric acid and potassium chloride contents are presented in

.Figure 35, and a number of points which lie on the curves are

tabulated in Table XIIT.
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TABLE XIITI

Conductance Values and the Corresponding Chemical Constituents
Used to :Prepare Registors Exhibiting These Values of Conductance.

Nominal values at.89°F Solution.A Potassium- Content
Conductance Resistance Content -Chloride ml of Scol.-C
Micro mhos Kilohms Milliliter mg/liter Equivalent
100 10 86.7 126.4 25.28
90 11.11 76.4 113.2 22 .64
80 12,5 67.0 100 20.00
69 14.5 67:5 85.5 17.10
60 16.66 50.0 3.7 _ rh. 74
50 20.0 42.3 60.5 12.10
4o 25.0 34.9 47.36 . 9.uy
30 33.23 27 <7 34.2 6.84
20 50.0 20.5 21.05 4.21
1 16.66 60.0 18.0 16.65 3.33
12.5 80.0 15.0 11.19 2.24
10.0 100.0 13.3 7.9 la53
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Curve A in Figure 35 is a straight line passing thr0ugh
the points (4.0 micromhos, 0 KC1 content.) and (80 micromhos,
80 mg/liter of KCl). Thus,.theequation . for this curve
relating the conductance value (G=%) of the desired resigtance

is G = 0.76C + 4 ' (1)

.where G is the desired conductance in micromhos, and C ig the

.potassium chloride content in milligrams per liter of solution.

This equation can be re-arranged to represent C as a function

of desired conductance as

Although thig form of the quation was used in all the experi-
ments described above using the optimized formula, a more
convenient form might be the milliliter equivalent of Solution
C desired. Since Solution C consists of 0.5 grams of
potassium chloride dissolved in one liter of distilled water,
one can easily specify the number of milliliters of Solution

C raquired to prepare a given formula. -The quation relating
the desired amount of Solution C to the desired conductance

value is:

_ No. of ml of solution

-G -4 -1
% = ¢ per 100 ml of formula ~ ~0.76 x 2 x 10

The relationship between the desired conductance -and
mannitol-boric acid content is not so easily expresgsed in . an
equation form. However, in oxrder to prevent determining this
content by graphical means, an expression -was obtained by

assuming that curve B, Figure 35, could be expressed by an
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equation of the form

Cupn=2a6> +b Gl +dG+ e ()
and solving for the coefficients a, b, 4, and e, using known
values of Cy_pp (mannitol-bori¢ acid content in milliliters
per 100 ml of solution) and G (the desired value of conduc-
tance in micromhos). The coefficient of the desired equation
was obtained by using the points (G, C_ ) = 1100, B86.7),

(80, 67.0), (50, 42.3), and (10, 13.3). The resulting equation

is Cypp = (+2-0317H6 x 10-5)c> - (1.43968 x 1077)c?
+({7.483968 x 10-})e¢ + (5.939682) (5)
where cM-BA is the number of milliliters of Solution A per

100 ml of formula, and G is the -conductance of the desired

- resistor in micromhos. The accuracy of the Cy_pa value is

better than 1% when obtained by this eguation; however,

the equation may be rcounded off to

C

wopa = (2-0317 x 1072)&7 - (1.44 x 10-3)e?

+{0.748s) + 5.94 (6)
and an accuracy of better than 1% can still be maintained.
The accuracy of duplicating each of the values given in-Table
XIII by employing-Equation {6) is presented in Table XIV.

One should carry about three significant figures to the
right of the decimal on all terms of Equation (6) and should
round off the Cy.pa answer only after the calculations are
complete; for example, Cpy_pp calcﬁlated as 86.657 in the first
case ¢ited‘in Tablg XIV may be rounded off to 86.7 which

corresponds exactly to the experimentally used value (Refer to
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appendix B for detailed instructions that are to be followed

in the actual preparation of the solutions and the resistors).

Note on .the Long-Term Stability of Resistors

Prepared Using the Optimized Formula

Bacause of the expiration of contract time and .funding,
it was not possible to obtain detailed information on the
long-term stability of water resistors using the optimized
chemical formulas‘developed, However, some- indication of
long-term stability was obtained from a set of four resistors
which were tested over a one-month pericd. It must be pointed
out that these four resistors did not use exactly the optimized
formula, and they represent only single resistance values. In
the normal testing procedure, never were less than .two
resistors used to predict the final outcome of the optimized
formula. Therefore, although there seems to be a trend
indicated by this four-resistor group, I would hesitate to
draw any final conclusions from these results. A well-
planned experiment conducted over a period of several months
and dealing with a quantity of resistors would be necessary
to definitely establish the long-term stability characteristics
of "water resistors" prepared using the optimized formuylas.

Four resistors, Ry - Rg - R9 "RIT' were saved from the
group of twenty-four tested in Experiment 11, Part_II; dated
6/19/62 and 6/20/62. Subsegquent resistance-temperature data
were cbtained on these resistors on 6/22/62, 6/23/62, 6/24/62,

7/15/62, and 7/16/62. The complete resistance-temperature

———




data obtained during this one-month period has been normal-
ized and islpresented graphically in Figures 47-50. 8ince
each resistor behaved differently, a separate graph is
presented to simplify discussing the characteristic cf each.
The measureﬁents performed on resistance Ry, a nominal
10.4. K ohm resistor, during the pefiod 6/19/62 to 6/25/62,
indicate that the resistance-temperature characteristic was
initially neutralized, and {at any one temperature) had a
total spread of'only about 5%. -No ﬁeasurements were made
during the interval from 6/25/62 to.7/15/62; however, the
data_éatedl7/16/62 shows that the averagé characterigtic

curve has shifted to a level about 10% higher than the

earlier~dated characteristic curve. In fact, the character-

istic curve seeéms to be better neutralized with respect to the

tempexature -coefficient of resistance than it was initially.
These initial non-optimized resistors had a deficiency of

potasgium chloride; therefore, the new curve has effectively

.had an increase in the ratio of potassium chloride to the

mannitol-boric acid content.

-8ince the chemical action which allows the neutralizétion

.0of the temperature coefficient of resistance to be possible

in .the .first place depends upon the chemical complex of

mannitol-boric acid. dissociating with elevated temperatﬁres,

the-results'thaine&_above seem to imply that the complex is -

not stable,: is breaking up with age, and is not reforming.

This is particularly suggested by the fact that the flatness
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of the characteristi¢ -curve is improvéd with aging. The
reasoning behind this 1ast,stateﬁen£ is based‘upoﬁ the fact
that a relative increase in,the.fotassium chloride'content
compared to the mannitol-boric acid content causes a depression
of the resistance-temperature chéracteristic. especially at

the higher temperature. -In Figure.hT,.oné should note that
although the over-all characterisfic curve of the month-old

resistor has risen, the characteristic is more depregsed .

at the higher temperatures (100°F to 1609F) than is the curve

for the earlier experimental tests. Inffact, if the mannitol-
boric acid content continues to diminish with age, the
charécteristic curve will eventually attain a negative

slopé, a condition that evidently has taken place in the
higher resistance values represented by Figures hg and.50,l

The data for resistance R5, a nominal 20.7 K ohm resistor,
is presented graphically in Figure 48. It .is not necessary
to enter a detailed discussion of this curve since it it
almost identical to that of resistance Ru,above.

The data for resistances Rg, a nominal 42.1 K chm
resiétor. and Ri7., a nominal 85 K ohm .registor, are presented
respectively in Figures 49 and 50 and deserve some-additional
discussion. The resistance-temperature histbry of these two
units are very similar,. since each initially appeared to-have
egssentially a neutralized characteristic, but both, with
aging, appear to have -an excess potassium chloride content.

As stated above, in the discussion of R)y, it is postulated




ST,

that this change in éharacteiistics'is brought about by the
dissociation of the mannitol—bbric acid complex, mannitoboric
acid. Evidently} the dissociation is more pronounced in

the higher resistance, more dilute solutions.{Rg,Ry7) than

it is in the lower resistance, more concentrated solutions
(RHF R5).‘so much so that the negative slope potaésiﬁm
chlofide characteristic becomes predominant and causes the
resistance-temperature charactéristic to exhibit a very
negative slope with aging. If these four resistors are
typical of the general behavior of the formula, there is

need for concern when using the mannitol-boric acid potassium

" chloride combination to prepare water resistors. However,

a more thorough experimental investigation is deemed necessary
in order to establish if thege four resistors are typical

of the group. It,has been suggested¥* that-a more stable
constituent than mannitel be used in conjunction-with boric
acid to produce the complex; for example, glycerol. The
possibility of using glycercl instead of mannitol has

not been investigated.

* Private conversation with Professor Yamouchi, University
of New Mexico Chemistry Dept.
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CONCLUSIONS
Tt has been demonstrated that mannitol, boric acid,

potassium chloride, and distilled water can be combined in a
specified manner to obtain a "water resistor” which will ex-
hibit a low value of temperature coefficient of resiétance.
These solutions can be prepared for use in standard, plastic,
cylindrical containers fitted with suitable end electrodes,

to produce resistance values within the range of 10K chms to
100K ohms. A set of equations, (3) and (6) may be employed

to determine the correct amount of each chemical for producing

any particular resistance value within the above range with

an. accuracy of about 1% or 2%. The resulting resistance will

exhibit a resistance-temperature characterisitc that is

P
e

eséentially flat throughout the temperature range from 60°F
to 160°F, deviating from the nominal resistance value by
only 2% (Fig. 39). The resistor is usable down .to a tempera-
ture of about 40°F, exhibiting an increase in resistance of
about 6% at this temperature.

An incomplete,,stability study {made on only 4 resistors)
indicates that the resistance value increases with age  (Figures
47-50), and that the resistance temperature characteristic
stays flat for the lower resistance Values,(at least ué to
20K.ohms), but that this characteristic develops a noticeable
negative slope for the higher resistance values (40K and 80K ohms).
Further study will be necessary in order to establish the exact
long-term stability to be expected from a typical water resistor

using this formula. .These findings do throw some doubt upon

N




the long-term stability characteristics of these water
registors; however, it must be pointed out that the four

registors did not contain the optimized formulas developed

" for present use, and the plastic containers and end electrodes

did not have the scrupulous cleaning that was used when

developing the final optimized formulas. Although this

stability test might indicate that a further study should
be made, using the final cleaning technigques and optimized
formula, one shduld not overlook the fact that the present
techniques and formulas gave much more repeatable data than
wag achieved when the above four resistors were prepared.
Although the stability results of these four resistors should
not be used to draw final conclusions, their existence must
be pointed out. Based upon the excellent results obtained
after the optimized formula was developed and the scrupulous
cleaning technigques employed, one should have a great deal
of confidence in these resistors and feel that their long-
term stability might be better than indicated by the four
resistors tested.

In order to obtain resistance values in the range fromlK to
I0Kohms, it will be necessary to re-design the standard plastic
container. If the inside diameter is increased from 0.5 inches
{the present inside diameter) to 1.58 inches, the resistance
values obtainable will bé 1/10 those that are obtainable using
the present container, However, if any re—design is done, the

end cap-electrode assembly should also be changed to allow for
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gréater thermal expansion. A possible end-cap design could

follows the pattern illustrated in Figure 51.
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‘Fig. 51. Proposed Pattern for New.End Cap-Electrode

Assembly with Provision for Thermal Expansion
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163-174, c. a. (8:340, 1914).

APPENDIX A%

Diffexent individuals have tested a long series of
compounds in relation to their ability to raise the conduct-
ivity of a boric acid solution.1 The formation of a complex
was indicated by an increase in mutual solubility, an increase
in acidity, and a change in optical rotation. Solutions of
boric acid became acidic to litmus with the addition of sugars.

2 studied the molecular proportions in

Agenc and Valla
which mannitel and boric acid unite in the formation of the
acid, mannitoboric. The strength of the acid was determined
by conductivity measurements, and it was found that the two
compounds unite in the ratio of one to one.

Deutsch and Osoling3 by measuring the conductivity and
pH of scolutions of mannitel and boric acid found that two com-
plexes were formed according to the following requlations:

M = mannitol ' B = Hznog
(1) BB'=H" + B~
(2) B" + M =3BM"

{(3) B +2M = BM,, \

lDeutsch. A. and Osoling, S., Journal of the American
Chemical Society: 71, 1637-40, c. a7 (§35: &89k, 1949)

2

Ageno, F. and Valla, E., Gazzetta Chimica TFtaliana; 43,

Sbeutsch {loc. cit.)

#The material in this Appendix 'is part of the EE-172 .
Senior Seminar Report prepared by Messrs. Mike Boldue, Ray
Baca, and Mike Luke, Semester II, 1961-62.
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They also found out that the complexes were not destroyed in
basic solution.

Souchay and Lourijsenu found that boric acid forms com-
plexes containing one or two moles of polyalcohol per mole of
borate. With mannitel, the two mole complex is formed easily,
while the one complex undergoes a condensation reaction.

Twe poésible structures5 for the formation of the

mannitoboric acid are the following:

- —_
—C——0 OH
\ / +
1} B H
( _%:_0/ T~om
B E-—-o ' -—__é -
@ || sec | |8t

structure (1) is a di-ester formed by splitting out two mole-
cules of water between one hydrated borate ion and one mole-
cule of a glycol {di-alcohol grouping). Structure (2} is
formed by splitting out four molecules of water between one
hydrated borate ion and two molecules of a glycel. The

second complex is often of great acidic strength.

4Souchay, P., and Lourijsen, M., Bull. Soc. Chim. France,

853-8; €. a. (50:16511, 1956).

Speutsch, etc. {loc. cit.).
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APPENDIX B

PROCEDURE FOR PREPARING WATER RESISTORS
USING OPTIMIZED FORMULAS

.Cleaning and Preparation of Resistor Containers, Electrodes,

O-rings, Solution Containers, Beakers, Burets, Stirring Rods,

Thermometers, etc.

It cannot be stressed too strongly the need for cleanliness
in the preparatibn of water resistors. All the containers, etc.,
required in the preparation of water resistors should be scrupu-
lously cleaned if one Expects to have repeatable results. The
cleaning technique outlined below for cleaning the watexr resistor
containers was followed religiously during the development of
the optimized formulas, and it may be applied to the cleaning
of any item which might come in contact with the chemicals or
chemical solutions.

1. If the water resistor containers are filled with electro-
lyte from previous use, the units may be soaked in warm
water for about a half hour in order to loosen up the
threads of thé end caps. If the containers have been
in contact with oil, a rinse in tpluene followed by a
rinse in grain aleohol (pure ethanol) would be in order,

2. The entire resistor-container assembly should be dis-
assembled and rinsed in the warm water used above after
the electrolyte has.been emptied. (The O-rings should
be placed on a wire loop to prevent their loss in the

bath.)
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3.

A Chemical cleaning agent should be used to prepare a
bath for cleaning all the resistor-container assembly
(e.g., Alconox). In this cleaning bath, the end caps,
electrodes, O-rings, threads and inside of the cylinder
should all be scrubbed with a brush to remove any crystals
of the chemicals which might have formed.

A1l the resistor-container assembly should pext be
rinsed in tap water and placed in a bath of distilled
water. They should then be rinsed again in distilled
watexr befére being rinsed in alcohol.

After the second rinse in distilled water, the resistor-
container assembly is rinsed in absolute ethanol. If a
quantity of resistors are being prepared, the ethanol
used to ripse the assembly parts i1s saved and used in
the first rinse of succeeding assemblies.

A second and final rinse, in new, c¢lean ethanol ia

made by pouring the new ethancl over the assembly parts.
This ethanol should be caught and saved for use in the
first ethanol rinse when preparing subsegquent groups of
resistor containers.

After the second and final rinse of the assembly parts
in ethanol, the entire group is placed to dry (about a
haif hour) in a clean, sheltered area.

After the parts are completely dry, the electrodes,
small O-rings, and end caps are assembled, being care-
ful not to touch the part of the electrode which will

contact the electrolyte.




‘\.

9. After all the electrode-end cap parts have been
assembled, one electrode-end ca§ assembly is securely
screwed onto one end of the cylinder assembly using a
large O-ring to insure a proper seal,

10. The other electrode-end cap assembly should be loosely
screwed on the cylinder assembly to keep cut dust, etc.,
until the water resistor is to be prepared., The other
large O-rings should be stored in a clean container

until ready for final assembly.

Preparation of Solutions A, B, and C

1. Prepare three large containers capable of holding more
than two liters of solution, using the same washing,
rinsing and drying technigque outlined above.

2. Measure the chemicals to be used in thé following
amounts:

Solution A

(a) FPFor Sclution A, measure out 302 grams of Mannitol,using
an accurate balance. It may be measured on an
analytical balance if measured in several parts so
as not to overload.the balance. Mannitol is a
light, fluffy substance and will fill a large
beaker (2 litérs)n Make sure the beaker has pre-
viously been cleaned using the technique outlined
above. To get the mannitol contained in_the beaker
into a two-liter volumetric flask which is also

clean, one may add‘distilled water to the mannitol
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(b)

in the beaker to first make a slurry that can_bg
poured into the volumetric flask. Additional dis-
tilled water can be used to wash the remaining con-
tents from the beaker and this rinse alsoc poured
into the volumetric flask. This process may be re-
peated several times until all of the mannitol is
in the flask.

Using the analytic balance, measure 82 grams of
boric acid into a clean beaker. The 82 grams of
boric acid can be rinsed from this beaker and emptied
into the two-liter volumetric flask using the same
procedure outlined in (a} above for mannitol.

There is some heat of formation when boric acid and
mannitol are mixed, thus, the two—litér flask should
not be topped off until the temperature is back to
nermal. Also, some difficulty may be experienced
in dissolving the mannitol and boric acid in the
distilled water., This difficulty can be overcome
by £illing the volumetric flask until the level is
within an inch or so of the full mark, and waiting
overnight for the chemicals to go inte solution.
Shaking the flask with a swirling motion helps, but
it is not recommended that the contents be heated
to accelerate dissolving of the chemicals. After
the flask has been left overnight, the chemicals

should be completely dissclved and the temperature
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back down to normal. Measure and recbrd the tem-
perature of the solution in the flask (it should
be approximately 78° F.). Add sufficient distilled

water to top off the two-liter flask at this tem-

perature. This completes the preparation of Solution

A. The contents of the flask may be emptied into
one of the large contaiﬁers mentioned in Step 1
above. The solution may be more thoroughly mixed
by shaking, or it may be left for a long enough
period for the chemicals to diffuse unifarmly

throughout the solution.

Solution B

To prepare Solution B, the same procedure may be
followed as used in prepafing Solution A with the
exception that 1;000 grams of potassium chloride

is measﬁred into a clean beaker and also added to
the solution. Solution B thus contains 302 grams
of mannitol, 82 grams of beric acid, and 1.000
grams of potassium chloride per two liters of
solution. The gram of potassium chloride should
be. accurately measured dn an analytical balance
(the balance used in the experiments of this report
was capable of measuring this guantity of potassium
chloride to within a few tenths of a milligram).
Since it may require that Solution B be léft over-

night in the two-liter volumetric flask to insure
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that all of the chemicals are dissolved, it is con-
venient to have two or even three volumetric flasks
with a two-liter capacity available for use in pre-
paring all the required solutions. The temperature
of Solution B should be noted and recorded when the
two-liter flask is finally topped off with distilled
water, and this temperature should be very close to
the temperature at which Solution A was topped off.
Since volumetric measurements are employed in pre-
paring all solutions, it is important to note and
maintain approximately the same temperature when
=preparing all sclutions. If an air-conditioned
building is available, there should be no-difficulty
in satisfying the temperature requirements. Solu-
tion B may be stored in one of the large containers

mentioned in Step 1 above.

Solution C

(e) Solution C contains one gram of potassium chloride
disscolved in two liters of distilled_water, and is
the easiest of the solutions to prepare., However,
extreme care must be exercised to insure that exact-
Iy 1.000 gram of potassium chloride is used. The
1.000 gram of potassium chloride should he measured
into a clean beaker and the contents rinsed with
distilled water into a two-liter volumetric flask.

The flask may be topped off to two liters with

o
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distilled water, bﬁt-the temperaturé nust ﬁe main-
tained close to the temperature used in preparing
Solutions-A and B above. Solution C may be stored
in one of the large containers mentioned in Step 1
above, Since sclutions A and B must be left over-
night to insure the chemicals are properly dissolved,
it might be advantageocus to let Scolution C also sit
overnight to insure that the potassium chloride has

diffused throughout the solution.

Preparation of Resistors

The methods used for measuring out the required amounts of
Solutions A, B, C, and distilled water must be precise, otherwise
repeatable results cannot be expected. The procedure outlined
below employs the techniques used in developing the optimized
formulas.

One should decide which resistance values between 10 X
ochms and 100 K ohms are to be prepared, since the sclutions re-
quired will depend upon the resistance value. The more concen-—
trated solutions which produce fesistance values near 10 K chms
{10 K to 15 K} reguire Solutions A, B, and distilled water,
while more dilute solutions which produce higher ‘resistance
values employ Solutions A, C, and distilled water. The reason
for this is quite simple: When preparing a 100 milliliter
batch of formula, if the sum ¢f the amount of Solution A
required to give the correct mannitol-boric acid content,

and the amount of Sclution € required to'give the correct
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potassium chioride content exceeds 1l00-milliliters, then
Solutions-A and B must be employed. Otherwise, Solutions A
and C'may be used. Two examples will be cited to.illu;trate
the two situations.

Assume that it is desired to prepare a 10 K chm and a
100 K ohm resistor. First, convert each resistance value into
its equivalent conductance value.

Let Ry = 10 K ohms, then Gl = T%_f mhos = 100 micromhos

and .

_ . _ 1 _ .
R2 = 100 K ohms; G2 = 190K = 10 micromhos

The required potassium-chloride content requirea (in terms of
Solution C) can be detexmined by employing Equation (3).

. No. of milliliters of Solution ¢ _ G-4§ -1
Ce = per 100 milliliters of formula — o.76 ¥ 2 % 10 (3)

where G is the conductance of the desired resistor in micromhos.

For the two cases under consideration,

_ . _ (100 - 4 -1
G, = 100 micromhos and C_; ex(——aTTE——) 2 x 1007 ml.
= 25.28 milliliters of Sol. C.
and
G, = 10 micromhos; C_, = (%?%é) 2 x 107+ m1.

= 1.58 milliliters of Sol. C.
In order to determine the amount of mannitol-boric acid reguired
(in terms of Solution A), Eguation (6) may be employed.

Cypa = (2.0317 x 107) & - (1.44 x 1070) &2 + o
(0.748) ¢ + 5.94

where CM—BA is the mannitol-boric acid content in milliliters

of Solution A per 100 milliliters of formula, and G is the
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desired conductancé of the water resistor in micromhos.
For our two examples (see Table XIV),
Cy_pal = 86.7 milliliters, and Cu_paz

Summarizing the above results in tabular form:

= 13%.33 milliliters.

Res. No. Resistance Conductance Cc CM—BA
Ry . 10 K ohms 100 micxromhos 25.28ml. 86.7 ml.
R2 100 K ohms 10 micromhos 1.58ml. 13.33 ml.

It is obvious that for R the 10 K-ohm resistor, that

ll

Cc + C > 100 ml; therefore, it is necessary in this case to

M-Ba
use Solutions A, B, and distilled water in order to obtain the
desired resistor value. Thus, if 25.28 milliliters of Solution
B are used, the potassium chloride content will be provided, but
this will alsc simultanecusly supply an amount of mannitol-boric
acid that is equivalent to 25.28 milliliters of Solution A,
since Solution B contains mannitol and beoric acid in addition

to potassium chloride. Conseguently, the amount of Solution. A

specified by C

wm_pa determined from Eguation (6) will be dimin-

ished by 25.28 milliliters., The amount of Solution A required

to provide the necessary mannitol-boric acid content is

86.7 - 25.28 = 61.42 milliliters
Since the sum of the amounts of Sclution A and Solution B re-
guired is only 86.7 milliliters, a 13.3 milliliter amount of
distilled water will be required to produce the 100-milliliter
batch of formula. Therefore, the final amounts of the various
constituents required to prepare a 100 milliliter batch of

electrolyte for resistor Ry (10 K ohms) are
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61.42 milliliters
25.28 milliliters
00.00 milliliters
- 13.30 milliliters
100.00 milliliters

The amounts of the wvari

of Solution A
of Solution B
of Solution C
of Distilled water

of electrolyte.

ous constituents required for pre-

paring resistor R, {100 K ohms) can be determined in a similar

manner.  For R2, ¢ = 1.58 ml. and CiBa = 13,33 ml., therefore,

C

Solutions A, C, and distille

electrolyte for this resistox. The amounts of these constituents

d water may be used in preparing the

required to produce a 100-milliliter batch of electrolyte for

resistor R, (100 K ohms) are

13.%3 milliliters
00.00 milliliters
1.58 milliliters
85.12 miliiliters
100.00 milliliters

Now that we have arrived at

taining the two different el

of Solution A

of Soluticon B

of Solution C ‘
of distilled water

of electrolyte
the constituents required for ob-

ectrolytes, it is necessary that

techniques be used in measuring out these guantities which will

allow precise measurements t

© be made., The techniques described

below were used throughout the development of the optimized

formulas.

1. Prepare three Mohr bu
~liter capacity and 0.
imicroburet with a 10

liter graduations, us

lined at the outset. .

rets (or equivalent) with 50 milli-
10 milliliter graduations, and one
milliliter capacity and 0.02 milli-

ing the cleaning techniques out-

2. Fill the three Mohr burets, respectively, with Solutions

A, B, and distilled w

ater, and fill the microburet with
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Solution C. The microburet, capable of more precise

.measurements than the other burets, is used for Solution

C because smaller amoﬁnts of Solution C are required
than of any other solution. The temperature of the
various solutions should be checked with a clean thermo-
meter to make sure they do not differ greatly from the
temperature at which they were initially prepared.

Use a large beaker for waste and dréin and dispose of
the contents of each buret. This action will insure that
the burets are working satisfactorily and will help wet
and clean the walls of the burets. (This action is par-
éicularly important if the burets have just been rinsed
out with distilled water and were not yet dry when filled.
If the burets were completely dry iniﬁially, this step
may be omitted.) Refill each buret with the appropriate
solution.

A difference-in-reading technique may be employed when
using the burets to measure out the appropriate amount
of a given solution, but it is suggested that the level
in the buret be set on a particular graduation by drain-
some of its contents into the waste beakefn Be certain
to touch the wall of the waste beaker to the tip of the
buret in order to let the last partial drop hanging
there fall into the waste beaker. "This will insure that
the starting point for each meaéureme1t is consisteﬁt,

When the proper amount of a given solution has been
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rémoved from the buret into a beaker when preparing a

formula, use the same technique of touching the wall

of this beaker to the tip of the buret in order to ob-

tain the last partial drop in the formula.

Take a clean beaker, capable of containing at least 100

milliliters of electrolyte, and measure into .this beaker

the prescribed amounts of the various constituents as

calculated from Equations-(B) and (6). Be very careful

to measure the precise amounts. With a clean stirring

rod, mix the constituents until the solution appears

uniform when held up to the light (swirls will be seen

in the electrolyte when first mixed, but these will dis-

appear when mixing is complete). It would be advisable

to allow about one-half hour for the chemicals to dif- (”‘\
fuse more uniformly throughout the electrolyte. The |
temperature may be checked with a clean thermometer to
see if it is approximately the same value that existed
when the -original solutions were prepared. If the tem-
perature differs drastically from 78° F., the batch
should be discarded and the solutions brought to this
tempexrature before preparing the electrolyte again.

From the 100 milliliter batch of electrolyte prepared‘in
Step 5, it is possible to obtain four identical resistoxs.
Inte a clean resistor container which has one end-cap
assembly securely tightened, pour enough solution to

half fill the resistox. . Then, swing the resistor

AT
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container around in an arc at arm's length in order to
cause the centrifugal force to push electrolyte into
every part of the thermal expansion chambér. Inspect
the partially filled water resistor to see that all
bubbles are removed from the thermal expansion chamber,
and if they axe, continue filling the resistor container
with electrolyte until the meniscus is above the open
end of the container. Take the other electrode-end cap
assembly and large O-ring and screw it on the resistox
container. Some electrolyte will spill out as the
electrode is moved into position; however, with proper
care, the resistor will be completely filled, and electro-
lyte will extend somewhat up into the upper thermal ex-
pansion chamber. If care is not exercised, a bubble may
appear around the upper electrode. If-this is the case,
the upper end cap should be removed and the last filling
operation repeated until the resistor container is pro-
perly filled. Once the resistor container is properly
f£filled with electrolyte, the water resistor is finished.
However, one additional precaution should be pointed out.
In all of the experiments performed in developing the op-
timum formulas, the resistors were placed in the environ-

mental test chamber and raised to 160° F. and brought

‘back down to 87° F. before they were expected to achieve

their desired resistance value. After about 12 hours at

room temperatures, however, the resistor should he
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essentially stabilized at the desired value. Check the
resistance value on an a.c. impedance bridge at 1000
cycles to see that it possesses the proper value. The
resistance should be within a few percent.of the desired

value.

TN
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APPENDIX C

Equipment List:

1.

2.

10.

11.

12.

15.

Tenny Environmental Test Chamber, Model No.
TMUF-1.5-100240, ser. No. 3300, S-43581.

General Radio Impedance Bridge, Type 16503,
Ser. No. 2749 s-115683.

Minneapolis Honeywell Thermocouple (Bridge)
Thermometer, Ser. No. 8-113657.

Cristian Becker, Analytical Balance, Ser. No.
B-45093 (Approx. 100 gram capacity + .00l gr.
accuracy).

Thirty plastic water-resistor containers of the
type shown in Figure 2, approx. 20 ml. capacity.

General Radio Impedance Bridge, Type 650, Ser.
No. 6850 (used in conductance cell measurements
enly).

Modern Electronic Co. Oscillograph (oscilloscope)
Model 830B, Ser. No. 374 {used as a balance indi-
cator for item No. 6)}.

Exax micrc buret, 10 milliliter capacity with 0.02
ml. graduations, 123% sec, 20° c.

Three Exax Mohx burets, 50 milliliter capacity with
0.10 ml. graduations, 20° C.

Various liter, two-liter, and 100-ml graduated flasks;
various liter, 500-ml, 100-ml and 50-ml beakers:

and various bottles for containing two-liter batches
of solutions.

OHAUL Scale Corp. Balance, 5 kilogram capacity.
TAG thermometer, 18° c. to 28° c. with 0.0l-degree
graduations; No. 89%3-182, and S$8S8 Corp. -10” C. to
+ 110 ¢. with 1.0 degree graduations.

Precision Scientific Co. Water Sﬁill, 1 gal. per hour
capacity, Ser. No. 1105-16.
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Chemical List

Mallinckrodt Boric Acid, No. 2549 (H3BO3) l-pound
units. '

J. T. Baker Co., Mannitol Powder, No. 255, Csﬂluo .
1 pound units.

Braun -Chemical Co., Mannite, Neutral-boron free, Lot
No. 0453, S5-pound unit.

Maliinckrodt Potassium Chloride, No. 6858, l-pound
unit.

Braun Chemical Co., Toluene.

Absolute Ethanol, cbtained from the Chemistry Dept.,
University of New Mexico.
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