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The water rheostat offers oe of the simplest means of 
obta1nin a continuously adjustable resistance o± considerable 
power iesipatiflg capacity. Therefore this device i usefull 
for laboratory machine loa&in. 

A water rheostat having seven pra11el plates of stainless 
steel, spaced one inch apart, lias been developed for general 
laboratory use, where the voltage i 220 volts or less and the 
power to be dissipated. is 40 kw or lees. The seven plates are 
connected for a balanced three-phase loaI, or my be used. for 
single-phase or direct-current loiding. The plates are trapezoidal 
ii sb.pe and. are 16 inches wide by 20 inches knd 16 inches high. 
These are contained in a rectangiQar tank of stainless steel, 
which measures 14 Inches by 27 1/2 inches by 36 inches high. 
All other metal fittings in the tank are of stainless steel, 
because this metal has been shown to have a high resistance to 
electrolytic corrosion. 

This rheostat utilizes several novel feature, one of which 
is the use of city ta water as an electrolyte without tretment. 
Although t}is water has re1ativel higL eietivit, it offers t1e 
advantage of ready aveilability. The water car be changed often, 
keepIng the electrolyte at the proper resietivit, and. the water 
and rheostat free of the small amount of corrosion products that 
occur on direct-current use. Another feature is the control of 
load by .rythg the water level on the electrodes. This is 
accomplished by a reversible, positive-displacement pump and. a 
water storage tank. The pump is directly r1ven by a motor 
which is remotely controlle, so the whole rheostat assembly can 
be located at a distance from the operator. 



Io wCLter cooling systeiii is used. because it hs been shown 
by exor1rent that within the limits for which thie rheost&t ws 
designed the water rirny boil without Eeriously effecting the 
stability of operation. It i realized, however, that in certain 
caeee a cooling eyetem may be necessary. If eo it may consist of 
either a w,ter circulating system with a heat exchanger or yetezn 
'here cold tap water i admitted and warm water is drained off. 

t corrplete set of test curves shows the performance of a 
typical ter rheostat of the proposed design. These curves show 
the operation with various applied voltages and. point out 
differences betveen ¿uirect-ourrent bind 1ternat1ng-current 
operation. 

A mathematical analysis shows that the time required. for 
the terper.ture in the rheostat to change by a given anount 
when operating under constant voltage conditions is lnversly 
proportional to the square of the app1ie. voiLge. This agrees 
favorably with experimental resulte. 

The operating range of the rheostat is quite large because 
of the variation of water resistivity with temperature. For 
example, at 200 C. the water resistivity averages 4700 ohms per 
inch cube and a load of 25 kw will result when 220 volts, three- 
phase is applied. .t the boiling point the water resistivity 
will drop to about 1300 ohms per inch cube tnd the power will be 
75 k-w. The above data apply to a case when the electrodes are fully immersed in the water -- the maximum load position. 
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A BALANCED, THREE-PHASE LIQ.tJID LOADBG RhEOSTAT 

DTRODUCTION 

The design and development of a balanced, three-phase 

llq.uid loading rheostat has been carried out because of 

the need for this device. It may be used to best ad- 

vantage for general power laboratory machine loading and 

starting. This thesis considers the requirements of a 

rheostat for a laboratory use where average loadings are 

20 kw or less, and the voltage is to be of the order of 

220 volts. Actually, water rheostats are not limited to 

this range and. the basic principles set forth here may be 

applied to higher power and voltage levels with appropriate 

alterations in the design. 

The basic theories of electrolysis and electrolytic 

corrosion have been studied in detail because of their 

importance in the proper design of any water rheostat. 

From these studies it has been possible to select suit- 

able materials for construction and to estimate their 

useful life in service. It has been found that stain- 

less steel is an excellent material for fabrication of 

electrodes, tanks, and fittings because of its 

resistance to electrolytic corrosion. 

The rheostat which was determined to best meet the 

requirements for laboratory use has been built and. 



tested. This design features a rectangular stainless steel 

tank filled. with tap water electrolyte. The electrodes 

are seven parallel plates or stainless steel separated by 

porcelain insulators and connected to three terminals so 

as to present a balanced three-phase resistance. The 

load is changed by raising and lowering the water level 

with a reversible, positive displacement pump. A storage 

tank is provided for the water and the pump motor may be 

remotely controlled by a push-button station. 

This work has been carried out under the direction 

of Professor F. O. McMillan, and. the authors are in- 

debted to him for careful guidance and contribution of 

some of the original ideas for the rheostat design. 

The authors wish to acknowledge the following: 

the chemistry department, for assistance in water 

analysis and for the loan of the initial conductivity 

cell; Professor S. H. Graf, for his assistance in the 

corrosion test on stainless steel; Mr. C. E. Elliot, 

mechanician, for valuable assistance in mechanical 

construction; and all members of the staff who offered 

m.ny helpful sußgestions. 
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APPLICATIONS OF WATER RHEOSTATS 

General Uses 

Water rheostats have been used. Í'or m.any years because 

they offer one of' the simplest methods of obtaining a 

continuously adjustable means of' power dissipation. 

Examples of their use are many. They have been used for 

loading generators at power plants where normal load. 

facilities were not available. At Boulder Daci (6, p. 44.-6) 

a water rheostat was constructed using the tailrace as 

an electrolyte and an 82,500 kva generator was tested. 

The first Bonneville Darn generators were also tested by 

a similar water rheostat (3, p. 42-4). In England, water 

rheostats were designed for standard motor starters and 

controllers (9, p. 211). A more modern application is 

the design of liquid rheostats for the speed control of 

wo-und-rotor induction motors for wind tunnel drives, 

centrifugal fans, and steel mill roll drives (4, p. 80). 

Req,uirements of a. Laboratory Rheostat 

A water rheostat which is designed for general 

laboratory use will have special characteristics. It 

must be essentially a low voltage device, because the 

bulk of small machine testing occurs in the low voltage 

range. Actually the liquid rheostat is not limited to 
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low voltages and many have been built for high voltage 

testing. But the low voltage range requires a short 

conducting path in the liquid and a large area. Sharp 

corners and rectangular electrodes are permissible 

because high field intensity is no problem at low voltage. 

Therefore there is a wider choice of design shapes avail- 

able for the rheostat. Before a specific design can be 

developed, it is important to consider what factors are 

necessary in a laboratory rheostat. 

It Is customary to use water rheostats for a-c and 

d-c generator loading, for starting d-c motors, for start- 

ing wound-rotor Induction motors and controlling their 

speed, for loading transformers and transmission lines 

and for any other application where a continuously ad- 

justable power rheostat is required. The optimum design 

is one which incorporates as many desirable features of 

each type of service as possible. 

For a-c and d-c generator loading and other forms 

of general loading service, the rheostat must have 

surficlent power dissipating capacity to operate con- 

tinuously for sustained loads. It must also be adjust- 

able to a wide range of loads and be reasonably stable 

In operation. For accuracy in adjustment, it should be 

possible to make small changes in the loading to 

compensate for temperature drift and other changes. 



For d-c motor starting service, the rheostat should 

have a low minimum resistance so that when the motor is 

brought to near full speed the rheostat can be shorted 

out. It is also desirable to be able to change the re- 

sistance from maximum to minimum in a reasonably short 

time. This would eliminate a long wait during motor 

starting. 

The rheostat must also be able to operate as a 

balanced three-phase load or a single-phase or d-c load. 

This requirement dictates the Internal arrangement of the 

electrodes to be balanced three-phase. Then for single- 

phase operation these same electrodes are used but as 

seen from any two terminals. In high-voltage, high-power 

rheostats the three-phase resistances are often 

isolated in separate tanks or in separate cells in the 

same tank. When this is done, a balanced three-phase 

load. is obtained by operating all three units from one 
control. But for voltages not exceeding 4.40 volts such 

as are found in a low-power machinery laboratory, the 

single tank construction is quite adequate. The govern- 

Ing factor is the resistance per phase required. 

The laboratory for which this rheostat design has 

been made is one in which most of the loads are 20 kw, 

or less, at voltages of 220 volts, or less. But to 

satisfy the d-c motor starting requirements it is 



necessary to construct a rheostat having a rather low re- 

sistance. For example, if an average (10 kw) d-c motor 

is started and brought up to near full speed by reducing 

the series resistance in the armature circuit the no-load 

current may be as high as 8 amperes. If the rheostat is 

then to be shorted out and removed from the circuit, it 

would not be desirable to have more than about 20 per 

cent of the voltage across the rheostat. Then, if the 

line voltage is 125 volts, only 25 volts could be allow- 

ed across the rheostat and with 8 amperes flowing this 

would mean that a maximum of 3 ohm.s resistance should be 

in the rheostat. The water resistance is highest at low 

temperatures and. motor starting would in many cases be 

done with a cold rheostat. Therefore the 3 ohms resist- 

ance must be measured when the water is cold. If less 

resistance is required, two or more rheostats must be 

connected in parallel. In order for the rheostat to 

have a low value of resistance for d-c motor starting, 

a full load of 40 kw at 220 volts, three-phase with 

average water temperature was chosen as the basic design 

requirement. This is a compromise between the a-c power 

requirements and the d-c resistance requirements. 

Most water rheostat applications have used an 

electrolyte consisting of a water solution of some salt, 

such as sodium carbonate. This is done to reduce the 
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resistance or the unit. But the added salt introduces 

problems of corrosion, salt crust and conservation of 

electrolyte. Therefore this rheostat has been designed 

for operation with plain tap water, and a provision has 

been made so that a portion of this water will be re- 

placed with a fresh supply during the course of normal 

operation of a number of rheostats. If desired, a 

rheostat of this type could be continuously cooled by 

merely circulating fresh tap water from the mains. To 

obtain a low resistance, the spacing between the elec- 

trodes must be small and the area large. Parallel plate 

electrodes are very effective in this respect, and a 

suitable arrangement can be made for a balanced three- 

phase resistance. 

A feature which is considered to be desirable for 

a laboratory rheostat is that it be operated from a re- 

mote location. This is advantageous in a large crowded 

laboratory where the machine under test is some distance 

froni the loading rheostat. The control switch can be 

placed at the test site and load adjustments made as re- 

quired by the operator. This permits location of the 

rheostats in a separate room or in any isolated place 

where steaming can be controlled and where water supply 

and drain are available. 

Several other factors which aífect the rheostat 
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design are over-all size, simplicity of operation, low 

maintenance and reliability. The variable water level 

type of 1oa. control offers the feature of compact size, 

and if the control equipment is conservatively designed, 

should also be reliable. These factors were considered 

surficient to justify this type of rheostat. 

Since the unit size of each rheostat must be limited 

so that small loads can be accommodated, it is ixriportant 

that a large laboratory have a number of such units 

available. Then the control circuits should be arranged 

so that any number of rheostats can be operated from one 

station. Thu.s the largest load which can be handled is 

determined by the total number oi' rheostats. 



WATER RESISTIVITY 

Theory or Conduction 

ro, 

Aqueous solutions of' most acids, bases, and nietalic 
salts will conduct a current when the solutions are sub- 

jected to a potential difference between two ixamersed 

electrodes. This conduction is due entirely to the dis- 
sociation or ionization of the chemical conipound dissolved 
in the water. All electrovalent compounds when dissolved 
will form, to some degree, both positive and negative ions. 
The number of ions in solution or degree of ionization 
depend upon the nature of the dissolved compound, the 
temperature or the solution, and the concentration or the 

solute. Thus, in an electric field, the positive ions 
will migrate toward the negative electrode, and the 

negative ions will niigrate toward the positive electrode. 
It must be remembered that, according to the Bohr theory, 
a positive ion has e. deficiency of one or more electrons 
from its neutral state and that a negative ion has a. 

surplus over its neutral state. It is the niovernent of 

these ions that constitutes the conduction or current 
through the solution. 

The primary action in the electrolyte is the 

deposition and neutralization of the positive ions on the 

cathode and the negative ions on the anode. It is during 
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this primary reaction at the electrodes that the conduction 

of current, or more precisely, electrons, is realized. 

At the cathode, the positive ion receives electrons 

sufficient in number to make up its deficiency. With some 

solutions, this is the end of the action at the cathode, 

the neutral atom being recovered there, either as a gas 

or a metalic deposit. In other solutions, a secondary 

reaction my take place in which the neutral atom may 

react with the water or the solute to make a soluble 

compound which ionizes. The negative ion of this 

ionization then proceeds to the anode to deliver its ex- 

cess of electrons. If the neutral atom is deposited or 

is liberated as a gas or an insoluble precipitate is 

formed, the solution concentration is changed. At the 

anode, the negative ion gives up Its excess electrons 

to the electrode. The secondary reaction which then re- 

suits due to this neutralized Ion depends upon the ion, 

solution, and the electrode material. The secondary 

reaction plays no part in the actual conduction of 

current, except to produce a compound which may ionize. 

These anodic secondary reactions are complicated and 

may require several separate steps before completion; 

therefore a general case will not be dealt with here. 

à specific illustration will be taken up in a following 

portion of this thesis. 
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The actual deposition and. reception of electrons at 
the electrodes constitutes the flow of current through 

the electrolyte. The ionized particles in the solution 
act only as carriers. 

Solution Resistance 

The ability of any material to conduct current is 
dependent upon the ability of ionized particles to respond 

to a potential gradient inipressed upon the material and 

upon the number of particles available. Electrolytic 
solutions offer comparatively little resistance to the 

niovement of ionized particles in an electric field be- 

cause of the random motion and. spacing of the molecules 

of solute and water. The number of ionized particles 
available in an electrolytic solution depends, to a great 
extent, upon the concentration of the solution. For a 

given volunie of solution there is an optimum. weight of 

solute that will give the greatest number of ions in 

solution, and at this point the resistance of the solu- 

tion will be a iuinirnuni. The number of ions in solution 
is maintained by an ionization equilibrium set up in 

the solution. This equilibrium is due to the re- 
combination of positive and negative ions, as they 

collide in their random motion and the constant 

ionization of other molecules of the solute. As pre- 
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viously stated, the ions act as carriers for electrons in 

the solution; thus the number of ions present greatly 

determines the current that can flow through an elec- 

trolyte. When the ions are few in number, the 

resistance is high; conversely, a large number of ions 

means low resistance. Thus the quantity of dissolved 

material has a direct bearing on the resistivity of an 

electrolyte. 

The resistance of a given solution will vary with 

temperature. An increase in temperature will increase 

the mobility and random motion of the particles in solu- 

tion and increase to some extent their spacing. This 

will increase the mean-free-path of free ions and thus 

increase the ease with which they can move toward the 

electrodes. An increase in convection currents within 

the solution is also brought about, thus increasing the 

number of ions transported near the electrodes. The 

increased temperature in most cases will also increase 

the concentration of the solution if it is near satur- 

ation. Also, more solute tends to ionize due to 

increased activity and heat. The resistivity of a 

solution has a negative temperature coefficient. Prom 

this it can be seen that solution conducting current 

will have a cumulative effect. The current will cause 

power to be dissipated in the solution, which will raise 
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the temperature. This will lower the resistance, more 

current will flow, and more power will be dissipated. 

Power is a function of current squared and a direct 

function of resistance; thus the temperature will continue 

to rise. This condition will continue until boiling is 

reached or until the rate of heat radiation is equal to 

the rate of heat input to the solution by the dissipation 

of power. 

Resistivity of Surface Water 

Normal distilled water will conduct some current and. 

has a resistivity of about 50,000 olinis per inch cube. 

This apparently low value of resistivity is due to dis- 

solved carbon dioxide, foreign particles, and the normal 

ionization of pure water. Pure distilled water has a 

resistivity of 9.84 x 106 ohms per inch cube (2, p. 215). 

These figures will serve to illustrate how the 

resistance of a solution can change with the introduction 

of very few ions above that of pure water. 

As compared to normal distilled water, surface water, 

well water, and river water have a low value of 

resistivity. This is due to the mineral salts, dust, and 

other impurities that the water dissolves as it passes 

through or over these deposits. With normal drinking 

water, the resistivity is again reduced due to the 
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injected chlorine which forms soluble chlorides. Surface 

water found within a reasonable distance of the coast will 

have a higher resistivity than that of water well inland. 

This is due to the fact that the coast regions experience 

more rain than the inland regions; thus the water is corn- 

posed of less ground water and is mostly surface water. 

The inland water is composed mostly of ground or seepage 

water. The following table will illustrate the above 

statements (5, p. 109). 

TABLE 1 

RESISTIVITY 0F RIVER WATER 

Temp. Resistivity 
Water Sample Degrees C ohms per in. cube Remarks 

Sea Water 15 11.0 

Snake River 15 800 Salmon River 
Falls, Ida. 

Columbia River 15 2800 Bonneville,Ore. 

Willamette River 15 6000 West Linn,Qre. 

North Fork 
Uinpqua River 15 6550 Winchester,Ore. 

Sandy River 15 6700 Sandy River 
Bridge ,Ore. 

Clackamas River 15 7500 Oregon City, 
Ore. 

Santiam 15 7800 TefÍ'erson,Ore. 

It can also be noted from the above table that the 
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water of higher resistivity is almost direct run-off' water 

from snow fields or close water sheds. 

Water resistivity will also change seasonally due to 

the amount of rain water, or surface water, that is 

injected directly into the seepage water. Just after a 

rain, the resistivity will be higher than during a dry 

spell. This is due to the larger percentage of practical- 

ly distilled water (rain water) present in the normal flow. 

Corvallis city tap water was measured for resistivity 

at various periods throughout a complete year to show up 

this seasonal change. An illustrative example of this 

change is shown in Table 2. The complete data and 

comparative curves of resistivity as a function of 

temperature can be found in Appendix A, Table I and 

Figure A-3. 

Ali resistivity measurements were made using the ini- 

proved Kohlrausch method with a laboratory type 

conductivity cell. The equipment used is shown in Figure 

1. This includes the conductivity cell, cell heating 

bath, 1000 cycle impedance bridge, and a null detector. 

The conductivity cell was calibrated with a standard 

potassium chloride solution of known conductivity. A 

detailed explanation of cell calibration and resistivity 

measurement will be found in Appendix A. 
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TABLE 2 

RESISTIVITY OF CORVLLIS CITY WATER 

Temp. Resistivity Remarks 
Date Degrees C ohms per in. cube weather conditions 

June 26, 1947 20 4580 moderate to light 
ra mf al i 

June 30, 1947 20 4640 

July 25, 1947 20 4050 

Aug. 26, 1947 20 3870 

Dec. 31, 1947 20 5010 

very dry 

very dry -- no 
rain for at 
least 30 days 

normal winter 
rainfall 

Jan. 2, 1948 20 5810 very much rain 

July 29, 1948 20 4170 dry- period 

Aug. 3, 1948 20 4080 dry period 
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Figure 1. Conductivity measurement equipment. 

A typical analysis of Corvallis city water made by 

T. P. Mehlig, Associate Professor of analytical Chemistry, 

Oregon State College, on April 25, 1940, is as follows: 

TABLE 3 

CORVALLIS CITY WATER ANALYSIS 

Parts per Grains per 
Contents million gallon 

Nitrogen as free ammonia 0.026 0.00152 
t, 't albuminoid ammonia 0.138 0.0005 
t? I? nitrites 0.000 0.000 
t, n nitrates 0.030 0.00175 

Chlorides 5.580 0.32530 
Oxygen required 0.737 0.04.414 
Total solids 36.000 2.0990 
Loss on ignition of solids 28.00 1.6320 
Alkalinity 32.240 1.8790 
Free chlorine 0.100 0.00583 

pH value 5.5 



II 

It is to be noted that this analysis was made in 

1940 and that quantitatively it cannot be used. 

Q1ualitatively this analysis can, be used for the same 

salts, solids, and. gases will be present from day to 

day and year to year, even though the quantities change. 

It is of a qualitative nature only that this analysis 

is used in this thesis. 

The small quantity of solubles present in Corvallis 

water represent a very, very weak chemical solution, 

even if the quantities were to increase 100 per cent 

over the given quantities. With such a weak solution 

the number of ionized particles present in a given quantity 

of water would be very few as compared to the non- 

ionized water molecules. Thus the resistivity of this 

water is dictated mainly by the lack of ionized particles 

available to respond to a potential gradient. The 

temperature effect upon the resistivity will still apply, 

even to this weak solution. The average resistivity of 

Corvallis city water over the period ¿rune, 1947, to 

August, 1948, is represented by the data taken on 

¿rune 26, 1947. Proni these data an empirical equation 

was developed showing resistivity as a function of 

temperature. 

-0.029 T 
1100 + 6240 E ohms per inch cube Eq. (1) 

Where T is temperature in degrees centigrade. 
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The temperature limits of this equation are from 

16° C to 980 C. These limits are imposed due to the 

fact that no data were taken below 16° C and that above 

980 certain salts and gases go out of solution, thus 

changing the resistivity by other laws than temperature. 



ELEC TROLTTIC CORROSION 

The Theory of Corrosion Electro1ysis 

Electrolytic corrosion appears in water rheostats as 

a result of a secondary reaction at the electrodes. This 

usually takes the f oria of a loss of metsi to the solution 

at the positive electrode. When the voltage is applied, 

the negative ions collect at the positive electrode. As 

previously stated, these negative ions are chloride, 

hydroxyl, and nitrate. But the chloride ions are by far 

more numerous and most of the corrosion can be attributed 

to them. When the negative ions are neutralixed by 

giving up their excess electrons at the anode, several 

reactions take place. The chloride ions give up one 

electron each and become free chlorine atoras which either 

combine to form molecules of chlorine gas or attack the 

anode forming chloride salts of the metal. The chloride 

salts will then ionize and combine with the ions of the 

water yielding hydrochloric acid and a metallic 

hydroxide. In most cases, the metallic hydroxides are 

only slightly soluble and precipitate out of the solution. 

Hydroxyl ions are also neutralized at the anode and 

immediately react upon themselves, producing water and 

oxygen gas. Some of the oxygen atoms may act directly 

on the anode, producing an oxide of the metal, while the 
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others will bubble off as oxygen molecules. The nitrate 

ions, while negligibly few in this case, will be 

neutralized at the anode and. will react immediately with 

the metal of the anode to form a soluble nitrate salt. 

This salt will then ionize and. react with the water ions 

to form. nitric acid and a metal hydroxide. The rate at 

which corrosion will progress will depend upon the rate 

of deposition of ions and the relative ease with which 

they combine with the metal when neutralized. The removal 

of' metal from the anode can be no greater than that 

predicted by Faraday's law of 8lectrolysis, or one gram 

equivalent per 96,494 coulombs. A gram equivalent is the 

atomic weight expressed in grams and divided by the 

number of charges on the ion. In practice, the amount of 

metal removed may be none or very small, with considerable 

quantities of gas being liberated. 

Comparative Corrosion of' Metals 

The current densities required for normal operation 

of' a water rheostat will produce severe corrosion of most 

ordinary metals. A number of' metal samples have been 

studied as electrodes using tap water as an electrolyte. 

The tests were qualitative in nature and were designed 

to show visual evidence of corrosion of various metals. 

Figure 2 shows the apparatus used in this experiment. 



Test 
Electrode 

Ta1 Water 
i ¡Ii 

Battery 

Figure 2. Visual corrosion circuit. 

The electrodes were immersed in a vessel of water and. 

connected to a battery through a rheostat and an 

ammeter. A current of approximately 0.070 amperes was 

passed for 30 minutes. A fresh supply of water was used 

for each aew set of electrodes end approximately constant 

spacing and area were maintained. The only data taken 

were observations of the rapidity and. nature of the 

corrosion. In all cases no corrosion was observed at the 

negative electrode, although there was a profuse 

evolution of hydrogen gas. The predominant effect was at 

the anode and the results for each anode are tabulated 
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below in Table 4. The fact that the water contains sever- 

al kinds of ions and that some of the metals are alloys 

or mixtures of elements makes it difficult to analyze 

the results of electrolysis. But as previously discussed, 

the princ:Lpal reaction is probably the formation of a 

metallic chloride which dissociates and reacts with the 

hydroxyl i.ons to form metallic hydroxides. The copper 

anode reactions are considered in detail below. 

a. Reaction with chloride ions 

2Cl - 2Cl -2e -e- Cu Cl2-. Cu 42Cl 
chloride liberation of reaction dissociation 
ions electrons at anode in solution 

++ - - - 1 - 
Cu 2 Cl + 2 II + 2 OH-.Cu(OE)9* 2 H Cl-2H + 2 Cl 
mixes with ions of insoluSle dissociates in 
water from blue solution 
solution precipitate 

b. Reaction with hydroxyl ions 

2 OH - 2 OH - 2 e-H2O 
+ °2 or also Cu O 

hydroxyl liberation water and. copper 
ions of electrons oxygen gas oxide 

formed formed 

As seen above, several reactions may occur after the 

deposition. of an ion so that the exact electrode reactions 

are quite complicated.. In the tests swnmarized by Table 4 

the blue copper hydroxide precipitate was observed to 

forni rapidly, and the electrode was soon colored dark 



TABLE 4. 

VISUAL CORROSION T.ST 

Electrode Color or Rate or Solubility or Probable 
Material Date Precip. Corrosion Precipitate Precipitate 

Galvanized iron 8-26-4.7 White Very Slightly Zinc hydroxide (Zinc coated) rapid soluble 
slack iron Slightly 
sheet 8-26-47 Dark grey Rapid soluble Iron hydroxide 

Brass 8-26-17 Light blue Rapid Insoluble Copper hydroxide 
and and 

Slightly Zinc hydroxide 
soluble 

Copper S-'b-4'/ blue ±ap1i1 Insoluble Copper flyaroxiae Stainless 8-26-17 Light brown Vêry Slightly Iron, chromium and 
steel slow soluble nickel hydroxides l89 Cr - 8 Ni 
in plate on ö-b-47 Ligilt grey apia lflSOlDl 'lin nyaroxia steel composes to 

tin oxide 
Carbon 12-31-47 No precipi- None ------- None 

tate 
Lead sheet 12-31-4.7 Vhite Rapid Partially Lead hydroxide soluble 
Cast iron 1-2-4.8 Dark brown Rapid S]3.ghtly Iron hydroxide soluble 

t'.) 
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brown by the rorniation of copper oxide on the surface. 

All of the metals which formed precipitates rapidly 

were also being corroded rapidly, because the metal was 

being removed from the anode and deposited in the 

solution as an insoluble precipitate. These metals are 

not suitable for use in water rheostats where heavy 

direct currents must be carried by thin metal plates. 

Not only would the plates be corroded away rapidly but 

also the water would soon be fouled by the precipitate. 

0±' the various metals tested, only carbon and stainless 

steel seem suitable. Other metals than those tested 

(such as platinum) might be found suitable from the 

corrosion standpoint but would not be economically 

feasible. Carbon qnodes would seem to be ideal for this 

application because of the fact that the non-metallic 

properties of the material prevent its removal to the 

solution. Its usefulness is then governed by the 

structural properties necessary and its cost. Stain- 

less steel also has high resistance to electrolytic 

corrosion, is readily available in the desired forms, 

and is very rugged structurally. Therefore this metal 

was chosen for the rheostat which has been designed. 

Stainless steel is an alloy of iron, containing as 

the essential alloying elements chromium and nickel. 

Carbon is present in a small proportion and other 
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elements are often added to give special properties to the 

steel. One of the most common types, and that which is 

referred to in this thesis, is type 302, 18-8 stainless 

steel. This type has approximately 18 per cent chromium 

and 8 per cent nickel with a maximum carbon content of 

0.20 per cent. The nickel content iinproires the corrosion 

resistance and gives the steel good mechanical properties. 

The chromium is largely responsible for the high 

resistance to corrosion. Several theories have been 

proposed regarding this immunity from corrosion. One of 

the most prominent of these is the oxide filin theory iii 

which a layer of absorbed oxygen is assumed to protect 

the surface from. corrosion by changing the surface 

potential in the direction of the noble metals (8, pp. 

20-32). inotber, called the electron configuration 

theory, suggests that for chromium-iron alloys the 

chroin.iuia will share electrons with the iron atoms. 

Chromium has five vacancies in the 3 d shell of the atom 

and has a stronger tendency than iron to absorb electrons. 

Then it is assumed that each chromium atom will share 

electrons with at least five iron atoms. This condi- 

tion lowers the potential of the iron and makes it 

more difficult to cause corrosion by passing into 

solution. As previously discussed, the rate of 

electrolytic corrosion depends upon the number of ions 
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deposited at the anode and upon the ease with which the 

anode metal will combine with the neutralized ions. 

Therefore, with stainless steel the low rate of 

electrolytic corrosion must be ascribed to the increased 

ability of the iron atoms to resist combination with the 

neutralized ions. The exact reaction at the electrodes 

will be quite complex because the alloy contains several 

metals, all of which will offer several possible reactins. 

As indicated in Table 4, a slight amount of precipi- 

tate formed on the stainless steel anode; therefore 

there must have been some corrosion. The rate of 

corrosion of the stainless 

very low, is of importance 

desired. Therefore a test 

stainless steel by subject 

tions for a long period of 

test apparatus. 

steel, even though apparently 

where long electrode life is 

was performed on a sample of 

ing it to corrosion condi- 

time. Figure 3 shows the 



4- 

nsuItin -4'_,------ 

250 V. 

---m---0-c Gen. 
- + 

Test I L Tap Wafer Elect rode 

Figu.re 3. Corrosion rate test circuit. 

Three stainless steel electrodes were equally spaced by 

two insulating blocks. The two outside electrodes were 

then made negative and the center was made positive. 
The electrolyte was tap water maintained at a constant 

level. An accurate record of current and time was 

kept, and the anode was weighed before and after 
corrosion. As water evaporated from the container, the 

level was kept constant by the addition of distilled 
water. This was done to prevent concentration of the 

water salts. The products of corrosion were allowed to 

collect in the glass container. At the end of the test, 
quite a considerable aznouìit of dark brown precipitate 



had settled out at the bottom; the water was colored 

yellow and a rust colored scale had formed on the anode. 

As the corrosion test progressed, there was a gradual 

concentration of ions in the solution. A measurement 

of water resistivity before and after the test showed 

the following: 

before test f 3870 ohnis per inch cube at 23.8° C 

after test 1328 ohms per inch cube at 23.8° C 

reduction of resistivity 65.7% 

While some of the original chloride ions may have been 

lost as chlorine gas, other ions were formed as products 

of electrolysis. Many of the precipitates formed are 

very slightly soluble and probably contributed enough 

ions to the solution to cause the reduction of 

resistivity indicated above. 

After removal of the scale, a condition of severe 

pitting could be observed. The photoniicrograph 

(Figure 4.) represents a magnification of 32, and shows 

a comparison between the corroded plate and an 

uncorrod.ed. one with its original polished surface. 
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Before 
te st 

At t e r 
te s t 

Figu.re !. Photomicrograph of Stainless Steel Samples, 
magnified 32 times. 

This corrosion was most severe at the edges of the plate 

where the current density was increased by fringing 

effects, The results of the test are as follows: 



Total plate area (both sides) 

Exposed area (both sides) 

Exposed area as per cent of total 
Total time of test 
Average current 

Average current density 
Jmpere hours 

Total weight before corrosion 

Total weight after corrosion 

Weight loss by corrosion 

Weight loss per ampere-hour 
per unit area 

31 

3.232 sq in. 

2.88 sq in. 

89.1 per cent 

6.602 hrs 

1.978 amp 

0.687 amp/sq In. 

13.05 amp-hrs 

7.8639 grains 

6.8718 grams 

0.9921 grams 

0.0264 g 
amp-hr-sq in. 

The rate of corrosion has thus been established in terms 

of weight loss per ampere-hour per unit area. Then for 
a specific rheostat design the life of the electrodes 
may be estimated. 

The 18-8 stainless steel is non-magnetic and is 
austentic in character. The formation of austenite is 
made possible by the nickel in the alloy. The 

austentic structure is a solid solution of chrozaiuni, 

nickel, and. carbon In iron (1, pp. 802-816). This 

structure results when the metal is heated to a 

temperature of 1850° to 2100° F and quenched. Optimum 

corrosion resistance then results. If the metal 
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should become heated to a temperature of from 800° to 

16000 F and then slowly cooled, a change will take place 

in the corrosion resisting properties. Some of the 

chromium will forni a carbide with the carbon and be 

precipitated at the grain boundaries. As a result, the 

chromium remaining in solid solution with the iron may 

not be sufficient to prevent corrosion. The type of 

corrosion which results is called intergranular. This 

theory has been cjuestioned because of the fact that 

alloys containing a large proportion of chromium and a 

low proportion of carbon are also subject to inter- 

granular corrosion (8, p. 163). Re-annealing at 1850° 

to 2100° F will return the chromium to solution with 

the iron and upon rapid cooling, the austentic struc- 

tare will return with its corrosion resisting proper- 

ties. Certain elements have the property of inhibit- 

ing intergranu.lar corrosion. These are coluinbiuni and. 

titanium., and the alloys containing them are referred 

to as stabilized. 

Intergranular corrosion is important when welding 

unstabilized stainless steel because there will be 

areas adjacent to the weld where the temperature will 

rise to the critical range arid remain there long enough 

to transform the metal. Then upon exposure to 

corrosive conditions, a severe attack may occur in this 
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exposed region. An exaniple o this weld corrosion is 

illustrated by the photographs of Figure 5. 

Figure 5 (a). Unannealed weld corrosion saiile, 
magnified 2.3 times. 



h 

Figure 5 (b). Annealed weld corrosion sample, 
magnified 2.3 times. 

Two test specimens were made up by butt welding pieces 

of 16 ga., type 302, unstabilized stainless steel. Two 

welds were made on each specimen, the one on the right 

being made with an unstabilized rod and. the one on the 

left with a coluinbium stabilized rod. Figure 5 (a) 

shows the electrolytic corrosion resulting on the 

reverse side of the weld after 2.02 amp-hr/sq. in. had 

been passed. The reverse side is shown because the 

intergranular corrosion was the greatest there. 

parently the metal in this region was in the critical 

ten3perature range for the longest time. Some corrosion 
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of the weld metal was noticed for both types of rod, but 

this was comparatively light. The second sample was 

exposed to the same degree of corrosion but had been 

annealed at 20000 F for 15 minutes and then quenched. 

The resulting surface is shown in Figure 5 (b) and no 

evidence of intergranular corrosion can be seen. The 

surface of the annealed sample is rougher because of 

oxidation in the annealing furnace. Both specimens 

were etched for 30 minutes in boiling 10 per cent nitric 

acid to clean the surface for photography. The acid 

attacked the metal only a small amount and then only 

in the areas of intergranular corrosion. It is 

interesting to note that the number of ampere-hours 

per square inch used in this test was less than half of 

that used for the previously discussed weight-loss test 

shown by Figure 4, but the intergranular corrosion was 

much more severe. Where large rheostat plates or 

tanks are to be welded, it may not be practical to 

anneal them at the high temperature required. Then to 

avoid corrosion it is necessary to either use stabilized 

stainless steel throughout or to locate the welds where 

electrolytic corrosion will not attack them. 
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GENERAL RHEOSTAT DESIGN 

Electrode Configuration 

Balanced three phase loads can be determined by using 

three like resistances connected either star or mesh. 

By paralleling two or more resistors in each leg of the 

connection, the resistance can be reduced to almost any- 

desired amount. These resistance elements in the 

liquid rheostat are formed by the solution resistance 

between electrodes. The aforementioned star or mesh 

connection can be obtained in the liquid rheostat by 

several means, each one having certain merits over the 

others. The value of these merits depends upon the use 

and requirements of the rheostat. Figure 6 illustrates 

three of the basic types of connections. The line-to- 

line resistance of each of these connections can be 

reduced by adding the proper nuraber of electrodes in 

the correct positions. 
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(c) 

Figure 6. Balanced three-phase electrode connections. 

The triangular arrangements of electrodes in Figure 

6 (a) is the simplest forni of a balanced mesh type load. 

The electrodes must represent the corners of an 

equilateral triangle in a horaogenous solution. In this 

case then, the value of r in all three legs will be the 

same. This configuration is well adapted to use with 

high voltage, since the spacing can be made quite large 

and still maintain a low value of resistance between 

electrodes. These electrodes would usually be in the 

form of long-cylinders. 

The star connection is illustrated in Figure 6 (b). 

The electrodes for this connection are usually large, 



flat plates, and the minimum number of plates necessary 

is seven. Each phase resistance is composed of two 

resistors in parallel to neutral, as indicated. This 

type is well adapted to high voltage use because of the 

space that can be iriaintained between line electrodes. 

The phase resistance is eoual to r and the direct line- 

to-line resistance is r. 

A seven plate mesh type connection is shown in 

Figure 6 (c). This type of configuration is well adapted 

to low voltage use because the line-to-line or phase 

resistance is r where r represents the resistance 

any two plates. Seven is the minimum number of 

plates that can be used for this rheostat. It was this 

electrode configuration that was chosen for this 

rheostat design because of the low voltage characteristics. 

This rheostat can be used for single phase and 

direct-current loads, as well as balanced three phase 

loads. There are two possible values of line-to-line 

resistance for single phase or d-c loads, depending 

upon the method of connecting to the rheostat. If 

only two terminals are used, the resistance becomes r. 

It two terminals are used for line leads and the 

other terminal is paralleled with one line, the line- 

to line resistance will be r. In each case, r repre- 
¿4. 

sents the plate-to-plate resistance. 
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Plate Size a.Q Spacing 

The value of r between the electrodes is represented 

by the basic equation 

r ,., L Eq. (2) 
A 

where Is the resistivity ol' the solution in ohms per 

Inch cube, J is the length of solution between electrodes, 

and A is the cross sectional area of solution between 

the electrodes. Because the resistance material is a 

water solution, the resistivity will vary with tein- 

perature, as shown in Equation (1). It must also be 

remembered that the curve represented by this equation 

can be shifted either up or down the resistivity axis 

by seasonal changes. The requirements for the labor- 

atory type rheostat establish general limits as to the 

resistance range. If the resistivity were constant 

with temperature, the ratio of I to A could be 

manipulated until a spacing and area could be obtained 

that would give the proper resistance and economic 

construction. An adaptation of this method is used in 

choosing the spacing and area for this design. This 

method is shown in Figure 7 as a family- of curves. 

Plate-to-plate resistance (r) is plotted as a function 

of the ratio ofEto A for different values of 

resistivity. The resistivity is allowed to vary over 
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the range of the average resistivity curve of Corvallis 

city water, from 1000 to 8000 ohms per inch cubo. Thus, 

any reasonable value of 1/A can be assumed and the 

plate-to-plate resistance range readily found. The 

power that can be dissipated by this rheostat can also 

be shown on the same figure as a function of f/A. A 

specific example is shown on Figure 7. This illustrates 

the total power as a function of I/ for the resistivity 

range, when balanced three-phase 220 volts is applied 

to the rheostat. Because the rheostat connections are 

mesh in character, the total power is given by the 

equation 

P = 3 E2 Eq. (3) 
R 

where 

R = r Eq.(4) 
2 

Equation (3) can be reduced to a function of the 

plate-to-plate resistance. 

P 6 E2 Eq. (5) 
r 

It is worthy to note that by this same method, the 

single phase power can be represented in the same way. 

When using only two terzainals at the rheostat, this 

power is 

p = E2 Eq. (6) 
r 
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When the third terminal is paralleled with one o' the 

other terminals, the power is 

2 
= 

4rE Eq. (7) 

From these two families of curves, a complete 

resistance and power range for any reasonable value of 

//A can readily be found. 

Design and Estimated Characteristics 

A value of resistivity of 2500 ob.rris per inch cube 

Is taken as an over-all average working resistivity from 

the accumulated data of Figure A- , Appendix A. This 

is an arbitrarily chosen point and has no definite mean- 

ing other than average. The basic requirement of the 

rheostat with 220 volts three-phase applied is a load. 

of about 40 kw. Using these values on Figure 7 the 

plate-to-plate resistance is about 7.5 ohms, and the 

ratio of / to A is about 0.003. A value of one inch 

is assumed for plate spacing. This value of spacing 

is chosen to allow room between plates for steam 

bubbles. A large amount of steam bubbles moving up 

between the plates will carry a large amount of water 

with them. If the spacing is small, the movement of 

water and steam will cause a changing amount of con- 

ducting medium between the plates, therefore causing 
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an unstable resistance. The spacing of one inch will 

give an area of 333 sq in. of' plate surface. For square 

plates, the dimensions are 18.2 in. by 18.2 in., but 

for convenience the plates were actually cut 18 in. by 

18 in. for the test electrodes. The ratio of .j to A 

of' 0.003 on the curves of' Figure 7 gives a plate-to- 

plate resistance range of' twenty ohms to four ohms, as 

the temperature changes from a minimum to boiling. Over 

this sanie range, the power that can be developed changes 

from fourteen to eighty ki1lowatt. The complete data 

for Figure 7 is included in Table I, Appendix D. 

The temperature of the solution in the rheostat 

will rise as soon as a potential is applied to it. As 

explained previously, this is due to the negative 

temperature coefficient and the cumulative effect of the 

dissipated power. The rate of temperature rise is 

dependent upon the mass of the water, the rate of change 

of resistivity with temperature, the impressed voltage, 

and the rate of heat radiation. An equation has been 

derived for time as a function of temperature. Using 

this equation and a given set of conditions, the time 

for the rheostat to reach a certain temperature can be 

calculated. This equation is as follows: 

-a T 

t:LIK 

JM cl 
F T - U E + DJ Eq. (8) AE iL 
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E applied voltage, volts, constant 

A : plate area, sq in., constant 

M mass of water, lbs, constant 

: plate spacing, in., constant 

K 1055 watt-sec 
Btu 

C - specific heat of water - Btu 
- 0E-lb 

c) 
U = constants in resistivity equation as a 

function of degrees Fahrenheit 
d J -aT 

T temperature, degrees Fahrenheit 

t time, seconds 

D constant of integration 

The above equation does not account for the heat lost 

due to radiation from the rheostat tank. This radiation 

is a function of the room temperature, tank surface 

conditions, air currents in the room, and the exposed 

area. During actual tests on the rheostat, the radia- 

tion was measured and found to be small. 

Equation (8) was derived on the assumption that there 

is uniform current density between the plates. Actually 

this is not quite the case. There is considerable 

fringing at the plate edges and stray currents to the 
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tank sides. The paths for the stray currents are quite 

long and the reduction of rheostat resistance will be 

slight. Uneven heating of the water is of niore iniportance 

becaude Equation (8) assumes a constant temperature 

throughout the mass of water. This results in longer 

theoretical time-to-boiling as compared to the actual. 

The exact derivation of Equation (8) is given in 

Appendix B. 

Rheostat Plate Shaping 

The above discussion of the theoretical rheostat 

design was made under the assumption that the entire 

plate area is immersed in the water solution. Under 

this condition, the only variable factor effecting a 

resistance change is temperature. As temperature is a 

function of the power dissipated in the rheostat, it is 

impractical to control. Equation (2) states that 

resistance is a function of resistivity, spacing, and 

area of plates. Resistivity is a function of temperature 

and water conditions, and thus is very difficult to 

change with any rapidity and ease. Spacing is 

impractical to change due to the construction of the 

plate system. The area of the plates in the conducting 

medium can, however, be controlled very nicely. This 

can be done by changing the height of the water on the 
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plates. This water level can be varied either by chang- 

ing the amount of water in the rheostat tank or by 

changing the vertical position of the plate assembly. 

The various methods used in accomplishing this will be 

discussed in detail later. The resistance is an inverse 

function of area; thus the smaller the exposed area, the 

higher will be the resistance between plates. When 

resistance is changed, the rate of change will be effect- 

ed by the rate of change of area. This can be dependent 

upon two factors: (1) the rate of water level rise with 

respect to the plates; (2) the actual shape of the 

plate electrodes. This means that the rheostat oa.n be 

built to give any desired resistance or carrent 

characteristic with respect to the water level. Calcu- 

lations were made using three different shapes of plates. 

In each case, the total area was kept constant. The 

spacing was kept at one inch. With an area of 324 sq in. 

in each case, the ratio J to A was O.003O. An average 

water resistivity was assumed and held constant at 2500 

chins per inch cube. Figure 8 illustrates and gives the 

dimensions of these plates. 
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Figure 8. Electrode shapes. 
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The plate in Figure 8 (a) is the shape and size of those 

used in the test rheostat. A correlation of the calcu- 

le.ted and. test curves for this plate will be niade later. 

The calculated characteristic cu.rves for the above plate 

shapes are shown in Figures 9, 10, and 11. These 

resistance and current characteristics are given as a 

function of the per cent height of water above the 

bottom edge of each plate. Thus the characteristics 

are comparable. As each plate has the saine area, the 

100 per cent water height will give the same resistance 

and current for each plate. The resistance value on 

these curves is the phase resistance, or the plate-to- 

plate resistance divided by two. This is done to give 

the mesh-connected phase resistance of the typical 



rheostat connection shown in Figure 6 (c). Figure 10 

shows the resistance characteristics plotted on serai- 

log paper so that the lower values of resistance can 

be shown in some detail. It is well to note that at 

the one per cent height ordinate the square plate does 

not give a resistance above 4.00 ohms, while the other 

shaped plates give resistances well above ten times 

this amount. The calculated data for the above 

mentioned figures will be found in appendix D 

Tables III, IV, and V. 
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Resistance Chapgiug Methods 

The conducting area of the plate electrodes is govern- 

ed by the height of the water above the bottoni of the 

plate. A change o this area can be accomplished either 

by moving the plates and keeping a constant water level, 

or by holding the plates stationary and changing water 

level. If the plates are to be moved, there are certain 

mechanical devices that are necessary for best operation. 

Tracks or rails must be provided so that the plate 

assembly will niove only in a vertical direction and there 

will be no danger of the plates hitting the tank. Sliding 

contacts or flexible leads niust be provided the assembly 

for current flow. A hoisting mechanism must be con- 

structed that will have no reverse slip. The plate 

assembly must move slowly if accurate control of 

resistance is to be maintained. This non-slip, slow 

drive could be incorporated in a single unit, a worm 

drive. The electrode assembly should be counterbalanced 

to relieve the strain on the working parts of the drive 

assembly. The moving electrode method of resistance 

changing is very adaptable to either amplidyne control 

or push-button station control. 

The alternate method of resistance changing, that 

of liquid level control, involves less equipment and is 
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more compact in arrangement. This is the method used with 

the test rheostat. With this method, the electrodes re- 
quire a rigid mount inside the rheostat tank. The water 

level can be controlled with any one of the following 

described mechanisms. 

(a) A positive displacement type, reversible pump 

and water storage tank may be used. The size of pump is 
determined by the volume of liquid in the tank, the 

sensitivity of resistance control desired, and the rate 
of filling of the tank desired. In order to hold a 

specific liquid level, the pump must act as a closed 

valve when stopped. Some pump slippage can be tolerated, 
depending upon the design specifications. A reversible 
motor with suitable control apparatus must be used to 

drive the pump. A suitable liquid storage tank must be 

provided. An overflow pipe is necessary on the rheostat 

tank. Suitable electrical limit stops should be provided 

to prevent overpuinping in either direction. 
(b) Solenoid-operated valves may be used to control 

the liquid. At least two valves are required, one for 

liquid inlet and one for liquid outlet. The size of 

valves required is governed by the saine factors that 

govern the pump size in part (a). If a liquid conserva- 

tion system is to be used, a sump pump must be provided 

that will return the liquid from the rheostat to the 



storage tank. It will also be noted that the storage tank 

must be above the level of the rheostat to provide a 

gravity flow. The saine overflow and limit precautions 

should be made as with the pump system. 

(e) Pressure, either gas or liquid, may be used to 

fill the rheostat tank. The tank would be enxptied by 

gravity flow. No valves would be required between the 

storage tank and rheostat if the storage tank is placed 

below the rheostat tank. Pressu.re admitted to the full 

storage tank would force the liquid into the rheostat 

tank. When this pressure is released, the liquid would 

flow back into the storage tank. This mechanism would 

require a complicated pressure and valve system, depend- 

ing upon the completeness of the design. The saine over- 

flow and limit precautions should be provided for as 

mentioned in the pump system. The disadvantage of this 

method of resistance changing is that each rheostat tank 

must have a separate storage tank. 

The resistance changing method selected for the test 

rheostat of this thesis is that of variable water level 

by using a reversible pump. There are several qualifica- 

tions which must be met by the pumping system for satis- 

factory operation. Of these, the most important is that 

the pump be of the positive displacement type. This 

means the pump is reversible for both filling and 
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emptying the rheostat tank. When the pump is stopped, it 

will act as a closed valve in the water system. Natural- 

ly there will be some slippage. I1 this slippage is 

small, it can be tolerated. Slippage will result in a 

change in the water level or the rheostat tank and thus 

cause a resistance change. When the rheostat is carrying 

a load, the temperature will rise and the resistance of 

the water will decrease. Thus, if the rheostat tank is 

placed above the storage tank, the slippage of the pump 

will partly compensate for the decrease in resistance 

due to the increase in temperature. This compensation 

cannot be complete, because neither slippage nor 

temperature will cause a constant rate of resistance 

change. 

The pump capacity and speed are determined by the 

rheostat tank size and the type of loading required by 

the rheostat. The pump capacity and speed determine 

the rate of resistance change when either increasing or 

decreasing the water level. If the rheostat is used 

only to load alternating or direct-current generators, 

the time required to fill the rheostat tank is not 

important. The governing factor for this purpose is 

the size of incremental load changes. A small pump 

will give a small change for fine control. This effect 

can also be obtained with a larger pump if the pump and 
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niotor assembly are provided with an electric brake. The 

brake will prevent the pump and motor from overrunning. 

An overrun is produced by the inertia of the motor, pump 

and water column. A high-capacity pump and motor will 

have considerable inertia and will therefore be difficult 

to control for small increments of load change. The 

electric brake should be of such a type as to be "Ofl" 

when the operating motor is not energized. Thus, when 

the motor control goes ?t0fft? the motor and pump will 

stop immediately. If the rheostat is also to be used 

for d-c motor starting, the filling time should be rather 

short to decrease the starting time. Thus for over- 

all laboratory use it would seem advantageous to use the 

larger pump with the electric brake. The electric brake 

can be adjusted to allow a slight overrun, if this is 

desired. Such an adjustment depends upon the smallest 

load increment desired. Any type of driving motor can 

be used, providing it is reversible. The driving motor 

should have low inertia, as this tends to decrease the 

overrun of the pump assembly. If direct current is 

available, a d-c motor with a split-series field may be 

used with a simple control system. 

The contacts of the push-button at the control 

station may be used for motor starting and reversing if 

they have suíficient current breaking capacity. This 
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requires that the control circuits carry the full motor 

current, and for three-phase and single-phase motors 

more than a single contact is required. Therefore an 

auxiliary control contact which operates a motor starting 

and reversing contactor may be more desirable. 

Control Circuits 

The control circuits described herein are those used 

for the test rheostat. Because of the wide variety of 

control circuits possible, a general control circuit will 

not be discussed. The driving motor used with the test 

rheostat is a three-phase induction motor, and thus it 

is necessary to use auxiliary motor contactors. The 

control of the motor contactors consists of a three- 

wire, two push-button control circuit. Because the test 

rheostat is for remote control, upper-level and lower- 

level limit relays are incorporated in this control 

circuit. For a visual indication of these limits, the 

limit relays also operate pilot lights. These lights 

are so connected. as to go "on" when the particular 

limit is reached. An additional set of pilot lights 

are incorporated at the push-button station. These are 

small neon lights connected across the individual push- 

buttons. They also indicate when either the upper or 

lower limit is reached. The complete electrical control 



58 

circuit is shown in Figure 12. 

The auxiliary motor contactors for direct motor control 

are of the type used for normal forward and reverse 

control of small three-phase motors. These are two four- 

pole contactors connected as shown, employing both 

electrical and mechanical interlocks. The contactor coils 

are operated. from the usual two push-button station with 

the limit relay contacts connected in series. The 

function of the limit contacts is to stop the operation of 

the pump when either the upper or lower water level limit 

is reached. 
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At the sanie tinie the control circuit is interrupted, the 

limit contacts energize a pilot light to indicate that 
the rheostat has reached a water level limit. Figure 12 

shows that the saine voltage source may be used Thr con- 
tactor coils and pilot lamps, provided that both are o 

the same voltage rating. The limit relays are operated 
by water contacts. The water contacts are coaxial stain- 
less steel cylinders placed through the rheostat tank at 
the level where the water is to be stopped. The details 
of construction of a limit contact are shown in Figure 13. 
When the space between the electrode and shield is filled 
with water, the resistance is low enough to permit opera- 
tion of the limit relay. 

16 GA., 3/4" DIA. STAINLESS 
SPARK PLUG STEEL TUBE 

STAINLESS STEEL ROD 

Figure 13. Water level limit contacts. 
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Coaxial water contacts are used with the outer cylinder 

grounded to the tank to act as a shield. This shielding 

protects the limit circuit from stray currents from the 

rheostat plate assembly. Without shielding the stray 

currents sometimes cause chattering and misoperation of 

the limit relays. 
The operation of the upper limit is as follows. The 

"up" button is closed by the operator and if the water is 

below the upper limit the circuit is complete through the 

contactor coil and the normally-closed contacts of the up 

limi.t relay. The motor starts and the water level rises. 
Then, when the water reaches the up limit contacts, the 

circuit is completed to operate the up limit relay which 

opens the contactor coil circuit and stops the motor. At 

the saine time the relay closes a contact which operates 

the pilot light, indicating a fall tank of water. At this 
time the neon bulb connected across the up button goes 

out, leaving only one neon bulb lit. This lighted bulb 

is marked Up?? and shows that the upper limit has been 

reached. The operation of the lower limit is similar to 

the upper limit and is fully illustrated in Figure 12. 

The voltage for the limit-relay circuit is supplied 

from a one-to-one ratio isolating transformer at each 

rheostat. This provides necessary insulation for the 

rheostat tank from stray currents between rheostats or 
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to the power source. 

When rheostats are used in parallel, only two circuits 

need be interconnected at a common point. The necessary 

number oÍ rheostat electrode circuits can be par.11eled 

with one set of coinraon leads then connected to the source 

of power. Like electrodes do not have to be connected to- 

gether because the rheostat tanks are all insulated from. 

each other. With the relay and contactor circuits em- 

ployed, the control for parallel rheostats can be such 

that rheostats operate individually or all from one push- 

button station. This latter case can be effected by 

paralleling the control circuits of the other rheostats. 

This point of interconnection is indicated on the wiring 

diagram of Figure 12. By connecting one push-button 

station at this point, all rheostats may be controlled as 

one unit. 

The main pilot lights will operate as each individual 

rheostat reaches its limit, but the push-button pilot 

lights will function only when the last rheostat has 

reached its limit. Thus with two sets of pilot lights, 

the complete operation of parallel rheostats will be 

indicated clearly. 

The push-button station lights are neon bulbs cross- 

connected in the push-button station. Using neon bulbs 

as indicated in Figure 12, there is no need to bring 
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pilot wires to the station to operate these lights. It 

is important to note that the operation of these lights 

depends upon the operation of the limit controls. 

The flexibility of this control circuit can be 

illustrated by the fact that automatic control devices 

may be substituted for the push-button stations. The 

automatic control device would operate two relays that 

function as the push-buttons. The automatic control 

could be used to control current, voltage, power, speed 

and other quantities related to testing or experixnenta- 

tion. As these automatic controls cover such a wide 

range, no attempt will be made here to discuss a typical 

circuit. 

Temperature Regulation 

The original design of the test rheostat included 

methods of cooling the water. By the use of these methods, 

the temperature of the water in the rheostat was not 

allowed to rise above a certain limit. By imposing this 

limitation on the rheostat, there is a certain amount of 

control on the steaming. Originally, it was believed 

that near-boiling temperatures or boiling water would 

cause the load to be unstable or that flash-overs might 

occur in the tank. Later experiments disproved this 

and lt was found that the load was quite steady even 
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under severe boiling. These experiments were conducted 

using a maximum voltage of 250 volts d-c and 230 volts 

three-phase a-c. Higher voltage sources that would pro- 

duce severe boiling were not available, so no upper limit 

of voltage was established that would give a stable load. 

Two methods were tested to control the water tempera- 

tare -- one being to inject cold tap water into the 

rheostat and draw off an equal amount of hot water; the 

other to circulate the rheostat water through a heat 

exchanger. For the design of the temperature control 

system, water level is assumed to be a function of the 

load requirements only. Thus any temperature control 

system must be able to regulate temperature without any 

change in water level, i.e. for a definite load condition, 

the temperature control must hold a constant water level. 

With both the above mentioned methods of temperature 

control, a thermostatic valve is employed that will admit 

water or allow circulation through a certain temperature 

range. The thermostatic element used has a null condi- 

tion of about 10° C. Thus with high values of load, the 

water temperature passes over this ten degree range 

rather rapidly. This causes the regulating device to 

operate frequently. This oscillating effect is not as 

pronounced at low load conditions and can probably be 

tolerated. 
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Water circulation through a heat exchanger was ob- 

tained with a variable speed drive connected to a 

centrifugal pump. This pumping means was used for the 

experimental purposes of obtaining any required flow re- 

gardless of the valve opening. The maintenance of a 

preset water level is automatic with this system, as the 

cold water in always equals the amount of hot water out. 

The water injection system of cooling calls for a 

simplified system of holding a constant water level. The 

thermostatic valve injects raw water under city pressure, 

but any outlet valve works under different heads, depend- 

ing upon the load or water level. Water level is 

maintained by a float-valve. Naturally there must be 

some change in water level to operate the float, but with 

proper float design, this change can be made very small. 

The valve used with the float is a balanced pressure 

tjrpe, where the water exerts an equal force tending both 

to open and close the valve. Thus the float has only 

to lift the valves and. stem and does not work against 

the weight or the water. The operating cycle is such 

that shortly after the thermostatic vqlve starts to 

inject water, the float opens the valve to let an equal 

amount out. This is possible with any head or rate of 

flow of injection water. To account for changing loads, 

the float is connected to the valve stem with a 



magnetically operated dog. The valve stem is notched its 

full length to accommodate the dog. The magnet that 

operates the dog is connected in parallel with the pump 

motor. Thus when the pump is operated to change loads, 

the float is free of the valve stem and can rise or fall 

with the water level. When the pump stops, the float is 

connected to the valve stem and functions as part of the 

tenerature control system. 

To aid in the design of a cooling system, calcula- 

tions were made to determine the cooling water require-. 

ments for the test rheostat. Figure 14 shows the results 

of these calculations in gallons per minute as a function 

of' the load in kilowatts for different amounts of tempera- 

turc change of the cooling water. This temperature change 

is the temperature difference between the outgoing water 

and the incoming water. These calculations have been 

made assuming a full rheostat tank and that the specific 

heat of the water is unity. The equation used is 

(kw)(56.9 Btu/mm-kw) = g.p.m. Water Ç T 0F) (8.33 lb/gal)(l BtuÌlb- OPT 

where: kw the power dissipation in the 
rheostat in kilowatts 

T = the difference in temperature 
between water in and water out 
in degrees Pahrenheit 

The calculated cooling water requirements will apply 

to both methods of temperature control. 





REOSTAT CONSTRUCTION D TESTING 

Description of the Test Rheostat 

¿ rheostat, referred to many tinies previously as the 

test rheostat, was constructed and tested for the purpose 

of development. Naturally this rheostat underwent many 

changes during the process. A general description is in- 

cluded here so that the test results may be explained 

niore fully. Figures 15 and 16 show general view of this 

rheostat and its water system. 
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-WATER STORAGE TANK 

Figure 16. Water system for the test rheostat. 

The interior detail of the rheostat is shown in 

Figure 15. Seven stainless steel plates of 22 ga. 

metal are 18 in. square and are spaced i in. apart. 

The plates are spaced with 1 in. long porcelain tubes 

slipped over half inch diameter t'L'rykroy" insulating 

rods which pass through holes in each of the seven 

plates. The entire plate assembly Is clamped at the 

ends with stainless steel collars which have set 

screws. There are nine spacing rods used to insure 
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rigidity and uniform spacing. Connections are made to the 

plates by spot welded tabs of stainless steel. These are 

connected for balanced three-phase resistance and are 

supported from insulators. The power connections are made. 

by copper rods bolted to the stainless steel tabs and 

brought out to a terminal strip. 

Figure 16 shows the general arrangement of the 

rheostat, pump, and water storage tank. The pump is a 

positive displacement type made of cast bronze and stain- 

less steel with a capacity of 18 g.p.ni. The pipe from the 

pump to the rheostat is insulated by a short section of 

rubber hose. The rheostat is insulated from the floor 

by a wooden platform. Water is fed into the rheostat 

through two pipes in the lower corners of the tank. The 

pipes are capped at the ends and are perforated along the 

bottom to admit the water uniformly and in a diffused 

manner. This aids in preventing electrical disturbances 

caused by bursts of cold water between the plates. 

No cooling system is shown here because the tests 

to be described were performed without one. These tests 

showed that no cooling system was necessary for satis- 

factory operation within the limits for which the unit 

was designed. 

The electrical control system is shown in Figure 12 

and has been previously described. 
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Test Characteristics 

A number oÍ tests were conducted with the ecperiment- 

al rheostat to determine its operating characteristics. 

The first tests to be considered are those of constant 

applied voltage. 

Various voltage sources were chosen and applied to 

the rheostat while readings of water temperature, current, 

and power were taken at intervals of time. ?or each test 

the tank was filled with fresh tap water to just cover 

the top of the plates. The voltage was kept constant 

throughout each test. The resulting data are shown 

plotted as functions of tim.e in Figures 17 to 22. The 

heat dissipated raised the water temperature and lowered 

its resistivity, which then allowed more current to pass 

and produced more heat. This explains why the curves of 

temperature, current, and power all increase with time. 

The rate of increase is defined by Equation (8), which 

shows the time required to produce a given temperature 

rise. The temperature rise is related to water 

resistivity which determines the current and power. 

Equation (8) also shows that the time required to produce 

a certain tenerature rise is inversely proportional to 

the voltage squared. 

A family 01' five curves is shown in Figures 17, 18 
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and 19 for three-phase applied voltages. The water 

temperature varied from about 170 C to 1000 C in each 

case. When 230 volts was applied, the boiling point 

was reached in only 11.5 minutes, while with 77.5 volts 

the time was 120 minutes. The wide range of power and 

current capacity of the rheostat is shown by Figures l 

and 19. For example, at 230 volts the power varied from 

24.7 to 77.9 kilowatts, and the current varied from 62 

to 202 amperes, while at 77.5 volts the power varied 

froni 2.9 to 10 kilowatts and the current from 20.6 to 

73 amperes. 

Similar curves are shown in Figures 20, 21 and 22 

for 250 and 125 volts direct current and for 125 volts, 

single-phase alternating current. It is interesting to 

note that when alternating and direct voltages were 

both 125 the curves were not the same. This wi3,i. be 

explained when the water resistance curves are discussed. 

For these tests two terminals of the rheostat were 

connected to the voltage source and the third terminal 

was connected to one of the first two. This gave 

maximum single-phase power, as shown by Equation (7). 
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The plate-to-plate resistance calculated from, the 

three-phase data varies with temperature, as shown by 

Figure 23. The solid line is the curve of resistance 

calculated from the conductivity cell measurenents on a 

similar water sample. This calculated resistance was 

based upon Equation (2), where A is the net plate area 

of 318 sq in. and is the separation of 1 in. This 

theoretical curve agrees quite well with the experimental 

data, although at the higher teniperatures all of the 

experimental points were slightly higher than the curve. 

This may be because the temperature readings in the 

rheostat test were all t&ken near the surface where the 

water temperature was higher than the average temperature 

throughout. The theoretical resistance curve has been 

replotted on Figure 24 with the plate-to-plate resistance 

calculated from the single-phase and direct-current test 

data. The single-phase data agree well with the 

theoretical curve but the direct-current data show a 

considerable increase of resistance. When 250 volts, 

direct-current, was applied, the resistance rose to a 

maximum from a value whïch was in agreement with the 

single-phase starting resistance and then descended on 

a higher curve. Apparently the characteristics of the 

water were altered immediately and then remained fixed. 

The odor of free chlorine was noticed above the water, 



04 

(J) 

o 

IO) 
lii 
z 
H 
(flN- 
(f) 
lii 

Ui 
I- 
-J 
Q- 

o 
F- 

H 
-J 

- 
cJ 

W4TR RHEOSTAT CFfARAOTE1ISTICS 
PLATE-TO-PLATE RESISTANCE 

WITH CONSTANT THREE-PHASE VOLTAGE APPLIED 

PLATES IMMER ED FULL DEPTH 

IN TAP 1WATER 

FGURE 

\ L_ i __ 
\o i 

H i- L r 
. H 

-O-avotrs :-r--- H 
I5 VOLTS :- 

I 

i 

X 128I VOLTS - . . . 

+ IO VOLTS 

D- 7-5--VOLTS . . - SOLID LINE SHOWS RE SISTANCE CALCULATED FROM 

WATER RESISTIVITY DATA OF AUGUST 3, 1948 

20 40 60 80 lOO 

t 

TEMPERATURE- DEGREES CENTIGRADE 



T 

82 

-- WA1RHEOTATHAkCTERISTICS 
- 

PLATE-TO-PLATE RESISTANCE 

: . 

WITH CONSTANT VOLTGE APPLIED 
X4/ * -- - 1\ 

.. 'A1' . . i 

. 

LATES MMRSEO FULL DEPTH 

.., .lNTP WATER 

-- . \ .-. 2,'I8 
- _i____i___ - \ \ - _-L i . FJGL lE 24 - 

! 

\'VHH 
L 

(I, 
: 

\ . . . 

- -4--H--- .-- -\-----H---- .- I çJ \ 

o . -.-- -r \ rn-.. w.- --. :_-\____--t__-- -_ t 
I T\ 

.., . . 
\ 

. . )- ,' -.- 
t 

L 
S \ " %_ 

-.. p- . - -.- - .- - -4 ..-- -- . \ . ... - 

WI 
I 

\ &_ 
.0 .. . \I 
z I . N -J 

-4-t --- 4 _ -- o------ r-& 4 
I- .. -.'- ¿_ 

(ID 
i - - . . - I 

t. . 'N 
Ut1) ----. .- . -. -H----- T - 

c -i P.-. _ L.. :. 

lu ! 

p--e -- _ - ----- - ' 

c:Z 
. - 

cF4.) O 125 VOLTS,SIOLE PHASE S 

X 125 VOLTS, D-C 

I N 250 VOLTS, DC S 

w - SOLID LINE SHOWS RESISTANCE CALCULATED FROM 
sJ_s S. S 

a. WATER RESIS11IVTY DATA OF AUGUST 3,1948 

O S 

s 
S 

0 20 40 80 lOO 

TEMPElATUE-DEGREES ENTIGRADE 



and it is possible that there was an immediate loss of 

chloride ions from, the water which permanently increased 

the resistivity. \Nhen 125 volts, direct-current, was 

applied, the same immediate rise of resistance was noticed 

until the temperature reached about 500 C. Above this 

temperature the resistance of the 125 volt test diverged 

from the 250 volt curve and returned again at the boiling 

point. This excursion of the resistance curve was 

verified by repetition of the test and the ecplanation for 

it may be that at the lower voltage the tirrie reauired to 

reach the boiling point was over five times that for the 

higher voltage. A reaction was apparently taking place 

which tended to decrease the ion content of the water and 

in the greater length of time allowed in the 125 volt test 

this loss caused a considerable change in the water 

resistance. But near the boiling point the resistance 

dropped rapidly until at 1000 C it was very nearly the 

same for both of the direct-current curves. Thus, a 

new reaction apparently eliminates the effect previously 

discussed. A more detailed investigation of this 

phenomena was not xn&de. 

Figure 25 has been plotted with the boiling time 

of each constant-voltage run as a function of the 

voltage. The plot was made on logarithmic paper because, 

according to Equation (8), a straight line should result. 
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E 

log t = log k1 - 2 log E 

The dashed line shows a theoretical curve of the time to 

reach boiling point as a function of three-phase applied 

voltage. This curve was plotted by solving Equation (8) 

with the constants used for the experiments. All calcu- 

lations are shown in Appendix C. The theoretical curve 

yields a longer time to reach the boiling point than was 

actually recorded by experiment. It is probable that 

the error occurs from the fact that temperature measure- 

ments were made at the water surface and the water would 

reach the boiling temperature there sooner than near the 

bottom of the tank. In the calculation it was assumed 

that the entire mass of water reached the boiling point 

simultaneously. Therefore the use of Equation (8) 

must be restricted to predicting the approximate time 

required to reach the boiling point. No consideration 

has been made of the effect of heat loss froni the tank 

by radiation and other losses. Figure 26 shows the 

actual cooling curve for the experimental rheostat as 

the water cooled from the boiling point. This curve 

must apply only to the particular tank under test 

because the radiation loss is dependent upon the type 

of surface. In this case, the surface was galvanized 
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sheet iron. If the effect of radiation had been included 

in Equation (8), the time to reach the boiling point would 

have been even higher. As shown by the tests, the 

theoretical time was too high when radiation was neglected 

because of other considerations. Therefore, for voltages 

of the order of 125 volts or above the radiation loss 

can be neglected. For very low voltages, radiation loss 

could cause the rheostat to reach a fixed temperature at 

which the radiation loss would equal the heat input. In 

such cases Equation (8) would no longer apply. 

After the water reaches the boiling point, the opera- 

tion of the rheostat becomes more stable. With an alter- 

nating applied voltage, no further increase in load 

occurs. If boiling is violent, there is some fluctuation 

of load as indicated by the instruments. This is caused 

by the rapid formation of steam bubbles between the 

plates and is not serious. Ir boiling were prolonged 

for a great length of time, there would be some concen- 

tration of water salts due to evaporation and a 

consequent reduction of resistance. But with direct 

current a corrosion process is underway and even when 

the boiling point is reached there is a gradual fall 

of resistance because of products of corrosion entering 

the solution as ions. Figure 27 shows a tica1 curve 

of the change in resistance (plate-to-plate) for a 
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period up to 140 minutes aiter boiling starts. A decrease 

in resistance of approximately 30 per cent is shown in 

this length of time. In ternis of actual operation this 
change is not serious because it occurs gradually. The 

operator can make occasional settings of the rheostat 
to compensate for any such change. 

Description of Proposed Rheostat 

The experience derived from construction and opera- 

tion of the test rheostat has provided enough information 

for the design of a practical laboratory rheostat. This 

design differs from the test rheostat only in details of 

construction and not in principle ol' operation. Three 

views of the tank and its assembly are shown in Figure 28. 

A detail of the plate insulator assembly is shown in 

Figure 29. 

The plate electrodes are seven 16 gage stainless 
steel plates of trapezoidal shape and are identical with 

those of Figure 8 (b). The electrical characteristics 

of this plate assembly are shown by the calculated 

curves of Figures 9, 10, and 11. The trapezoid shape is 

a compromise design to provide both high resistance at 

minimum water level and retain the space-saving 

advantages of the rectangular shape. The plate spacing 

of one inch is the saine as that used in the test rheostat. 
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This spacing proved to be adequate for boiling water 

conditions because the load fluctuation proveC to be 

negligible. The advantage of close spacing is a low 

internal resistance between plates and a conservation of 

space. The detail drawing of Figure 29 shows how the 

plates are insulated and spaced. Both the porcelain 

tubes and. the "LIykroy" rods are inert to the effects of 

boiling water and retain their dielectric properties and. 

structural strength with prolonged boiling of the water. 

-PORCELAIN TUSES 

STA IN LE SS 

STEEL 
COLL AR 

--16 GA. STAINLESS 
STEEL PLATES 

Figure 29. Detail drawing of plate insulator assembly. 

The whole plate assembly is clamped in place by stainless 

steel collars and set screws which are on the ends of the 

insulating roas. 
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It is not practical to cut plates with connection 

tabs, so these are shown as separate pieces butt welded 

to the plates. Unless the plates are made of stabilized 

stainless steel the welds at the top should not be sub- 

jected to the corrosive effects of electrolysis. This 

can be accomplished by setting the upper level limit 

just below the top of the plates. Additional stainless 

steel straps are provided to connect the plates for a 

balanced three-phase load. 

The over-all dimensions of the tank are 36 in. high 

by 27 in. wide by 14 in. deep. ixperience with the 

galvanized iron tank of the test rheostat showed that some 

corrosion will take place on the sides and bottom. of the 

tank. Therefore, a 16 gage stainless steel tank is re- 

commended to provide both strength and resistance to 

corrosion. The tank is formed by bending all sides 

from a single sheet and welding up one corner. The 

corner weld. is well protected from corrosion by its own 

location. The bottom is a separate piece with outer 

edges folded down and welded to the tank sides along 

the bottom edge. This construction produces a rigid 

tank with protected welds. 

The water level is changed by water entering and 

leaving through two stainless steel pipes which project 

up through the bottom and bend 90 degrees to pass 
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horizontally below the plates,near the bottom. A row of 

holes along the bottom of these pipes spreads the water 

in an even layer and allows it to mix with that already 

in the tank before passing up between the plates. A 

sudden surge of cold water between the plates will cause 

a drop in the load current and makes adjustment of the 

load difficult. 

An overflow pipe is provided on the front of the tank 

to protect against any possible failure of the upper limit 

control. This pipe is coupled with a valved drain at the 

bottom of the tank. The bottom is sloped toward this 

drain. 

In mounting the rheostat, all pipes must be insulated 

by sections of rubber hose to isolate the rheostat 

electrically. The tank itself should be supported on 

insulators. 

The electrical control circuit of Figure 12 is suit- 

able for the proposed rheostat as are the lirriit contacts 

of Figure 13 . A pump and external water system similar 

to that shown in Figure 16 is suitable for this rheostat. 

If a number of rheostats are to be operated, they may all 

use a common water storage tank. This storage tank should 

be located with respect to the rheostat tank so that most 

of the pump slippage is from the rheostat tank to the 

storage tank. With the storage tank in this position, 
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the increase in resistance due to slippage will be some- 

what compensated for by the decrease of resistance due 

to temnperatu.re rise in the rheostat. 
Figures 30 and 31 illustrate the completed rheostat 

design installation. Figure 30 shows a bank of eight 
rheostats as they are installed in Dearborn Hall at 
Oregon State College. 1x11 right rheostats are supplied 
from the one storage tank. Figure 31 is a close-up view 

of one unit of the complete installation. This figure 
clearly shows the control mechanism, motor, and pump in 

relation to the rheostat tank. 

Figure 30. Completed installation of the 
proposed rheostats. 
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Figure 31. One unit or the completed. installation. 

Rheostat Life stiinate 

It is proposed that the rheostat tank, electrodes, 

and all internal fittings be raade of stainless steel. 

The purpose of this construction is to minimize corrosion 

and len'then the useful life of the rheostat. The 

region of most direct attack is the plate electrodes 



and it is expected that the most severe corrosion would 

take place on them. Therefore an estimate will be made 

to show the approximate life of the plates under direct- 

current operation. 

From this estimate the proposed rheostat of Figure 

28, having seven trapezoidal plates, will be assumed. 

These plates have the dimensions shown in Figure 8 (b). 

The plate area is 324. sq in. and the spacing is one inch. 

When the plates are connected for the lowest resistance 

between two terminals, the plate-to-plate resistance is 

R/4 and one-fourth of the line current will be passed 

between two adjacent plates of opposite polarity. Under 

this condition there are two plate spaces which are not 

conducting any current. The other possible plate connec- 

tion gives a plate-to-plate resistance of R/3 and two 

plate spaces will conduct one-third of the current each 

while the other tour will conduct one-sixth each. This 

shows that the total line current is never passed between 

any two plates. In normal use the wear should be evenly 

distributed by random connection of the terminals and 

random choice of polarity. For purposes of estimation, 

it will be assumed that a current of 100 amperes line 

current is continuously passed and that the average 

current between two electrodes is 25 amperes. Then the 

corrosion which would. occur on the positive plate can be 



calculated from the data given on p. 31, which resulted 

from a laboratory corrosion study. The rate of corrosion 

was determined to be 0.0264 grani per ampere hour per 

square inch of area. In this case, the current density 

will be 0.0771 amperes per square inch and the corrosion 

will be assumed. to occur on both sides of the plate. If 

16 gage stainless steel is used for the plates, it will 

have a weight of approximately 8.3 grams per square inch. 

It will be assumed, that this plate will be allowed to 

corrode to 25 per cent of its original weight. 

Time = (0.75) (8.3 g/sq.in. 
(.0264 ___________ )(2 sq.in. (.0771 amp/sq.in. 

amp-hr-sq-in. 

- 1520 hours 

This figure represents only the most severe operation 

and in terms of actual laboratory duty is a long time. 

This is particularly true when the natural diversity of 

electrode use is considered. Actually, all of the elec- 

trodes are not subject to this current density at the 

saine time. In practice the result will probably be that 

the electrodes will be worn away first at the bottom 

where the most use occurs. If this is true, the bottom 

areas should have a life determined by the figure shown 

above. Since the current density assumed was a maximum 

condition, it will be assumed that when all factors are 



considered the daily use at this current will average no 

more than 1.5 hours per day for 36 five day weeks per 

ye ax. 

Years = 1520 hours 
(1.5 hours/d.ay)(5 days/week)(36 weeks per year) 

5.67 years 

Then in continuous use the bottom areas of the electrodes 

could be corroded to 25 per cent of their original area 

in about 5 or 6 years. This would not impair the useful- 

ness of the rheostat, and it is quite probable that with 

normal use the rheostat could be used for several more 

years before the electrodes would be very seriously 

corroded. 

One factor which tends to extend the life of a 

laboratory rheostat of this design is the fact that many 

three-phase a-c loads can be handled directly by the 

rheostat rather than by loading a d-c generator coupled 

to a three-phase motor. The a-c loads present no 

corrosion problem.. 

Stray currents to the stainless steel tank and 

fittings will cause sonia corrosion, but the current 

density at these points is very low compared to the 

plate electrodes. Therefore the life of all parts other 

than the electrodes should be very long. The electrodes 

are easily removed and if necessary may be ram.oved and 

replaced. 



CONCLUSIONS 

The preceding discussion has been concerned with the 

design of a low voltage, laboratory type water rheostat. 

The conclusions summarized below have been drawn from the 

experience gained in this study. 

The voltage class determines to a great extent the 

spacing and shape of the electrodes. In the low voltage 

rheostat a balanced, three-phase load may be obtained 

with seven parallel plates spaced approximately one inch 

apart. This design gives great economy of size. 

For a given voltage and spacing the resistance of the 

rheostat is governed by the exposed plate area and the 

resistivity of the electrolyte. 

Tap water is a very satisfactory electrolyte and. 

its resistivity can be determined by experiment. These 

expertents should. be conducted over the period of a 

year in order to establish the amount of seasonal 

variation. Tap water has the advantages of availability 

and reasonable uniformity. It has the disadvantage of 

fairly high resistivity. 

The variation of water restivity with temperature 

is considerable. This is true even if salts are added. 

The variation can be determined by experiment and must 

be considered. in the rheostat design. The rheostat will 
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have a high resistance with low temperatures and a low 

resistance with high temperatures. 

An analysis of the various methods of rheostat load 

control showed that the method of variable water level 

is very satisfactory when a reversible, positive- 

displacement pump is used. Variations in the rate of 

change of resistance or current can be obtained by the 

proper shaping of the electrode plates. When remote 

control of the pump is used, some means of water level 

limit control should be employed. 

Water temperature regulation is an individual problem 

and may be considered when a high degree of stability is 

needed. It was found that the laboratory rheostat 

performed satisfactorily even while boiling so a cooling 

system was not necessary. However, a means should be 

provided for disposal of the steaixi generated by boiling. 

Electrolytic corrosion is negligible with sixty 

cycle a-c operation but becomes a serious problem when 

direct-current loads are used. 

Stainless steel is one of the best structural metals 

for resistance to electrolytic corrosion. Vhen welded 

construction is used, care should be taken to avoid inter- 

granular corrosion in areas near the weld. If this is 

not possible the welds should be located in areas where 

current density is a minimum. 
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The water rheostat performs very satisfactorily and 

within its limitations is one of the simplest methods or 

obtaining a continuously adjustable resistance where 

large arn.ounts of' power must be dissipated. The greatest 

disadvantage is in the natural decrease of resistance of 

the water with an increase in temperature. When this 

change occurs slowly the usefulness of the rheostat is 

not appreciably effected. 
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PPENDLL A 

WATER RESISTIVITY 

Method ot Water Resistivity Measurement 

AU volume resistivity measurements were made with a 

standard laboratory conductivity cell. The cell and. its 

accessories are shown in Figure A-l. 

Figure A-1. Conductivity cell and accessories. 
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The procedure is simply to measure the resistance of the 

water between the two platinum plates at 1000 cycles. 

The high frequency is necessary to insure the measure- 

ments against polarization effects. The platinum 

electrodes are quite inert and will not contaminate the 

solution. Terirperature must be accurately determined and 

maintained, because the resistance of a solution varies 

considerably with a small change in temperature. A 

thermometer was inserted through the top of the conductiv- 

ity bottle so that the bulb was immersed in the solution 

under test. To prevent rapid changes in temperature, a 

water bath was used around the cell, and this bath was 

heated to any desired temperature by a current flow 

between two electrodes. Care was taken before each 

reading to be sure that the water in the cell had reached 

a stable temperature. 

Conductiviy Cell Calibration 

The cell must be calibrated before any measurements 

can be interpreted in terms of resistivity. This cali- 

bration is based upon the general volume resistivity 

equation when a solution of known resistivity is used. 



Rj,' K 

then K 
0 

where 
K : cell constant 

R : resistance measured 

= resistivity of standard solution 

Eq. (A-l) 

Accurate resistivity (or conductivity) data are available 

for the water solutions of many salts. This calibration 

was made with a potassium chloride and distilled water 

solution (9, p. 254.) made up with 0.74526 grams per 1000 

grams of solution. The following values of specific con- 

ductance were given. 

Temperature, oc 

180 

-1 -1 
Sp. Cond., ohiii cm 

0.000,773,6 

0.001,220,5 

25 0.001,408,7 

A serïes of readings were taken with the standard solution 

in the cell and the curve of Figure A-2 was drawn. The 

cell resistances from the curve at 180 and. 250 C were used 

to calculate K and the two values averaged. 
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At 180 C K = (257 ohnis)(.00122 ohm1 cm ) 

= 0.314 cm 

At 250 C K (222 ohnis)(,001408 oiwi cm1) 

0.3135 cm1 

-1 
Average K 0.3138 cm 

or K 0.799 in_l 

Seasonal Curve and Data 

With the cell constant determined, a series of tap 

water tests were started. Water samples were taken at 

intervals for a year. This disclosed the seasonal 

variations in the water resistivity. The curve of 

Figure A-3 shows these seasonal variations and Table I 

lists the data for the curve. 
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TABLE I 
RESISTIVITY OF CORVALLIS CITY WAThR 

:Teiup Cell Re-: esistivity, 
Date : : sistance:ohms per :ohxus per: Remarks 

ohms : inch cube: cni. cube: 

1947 16.5 4490 1+990 12,680 
lune 26 17.7 4380 4870 12,380 

20.1 4110 4560 11,600 
24.9 3680 4090 10,390 
28.8 3380 3760 9,550 
32.6 3130 3480 8,840 
37.2 2860 3175 8,075 
43.1 2580 2865 7,280 
47.2 2410 2675 6,800 
54.1 2160 2400 6,100 
59.0 2000 2220 5,645 
64.0 1870 2080 5,280 
69.0 1755 1952 4,960 

lune 27 15.2 4800 5340 13,550 
17.7 4580 5090 12,930 
23.0 4000 4450 11,300 
25.0 3822 4250 10,790 
32.1 3280 3650 9,260 
40.0 2820 3135 7,970 
50.0 2390 2660 6,750 
60.2 2040 2270 5,760 
70.0 1790 1990 5,060 

See note below 

Period of 
moderate to 
11ht rainfall 

Same as above 

June 30 14.8 4760 5290 13,420 
17.2 4440 4940 12,550 Sanie as above 
20.1 4160 4620 11,720 
30.2 3330 3705 9,400 
38.3 2840 3160 8,020 
48.0 2400 2670 6,780 
60.2 1995 2220 5,630 
68.2 1780 1980 5,030 

July 1 16.8 4440 4940 12,550 
18.9 2+190 4660 11,830 Same as above 
53.8 2150 2390 6,070 

July 25 19.4 3720 4140 10,500 Dry spell 
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TABLE I (Cont'd) 

:Tem.p : Cell Re-: Resistivity, : 

Date :°C : sistance:ohnis per :olims per: Remarks 
ohms : inch cube: cfi. cube: 

&ug. 11 19.7 3920 4360 11,080 Moderate dry 
20.8 3800 4220 10,720 spell 
22.0 3690 4110 10,420 

Aug. 14 21.9 3610 4020 10,200 No rain since 
23.9 3430 3810 9,680 previous data 
27.9 3110 34.90 8,580 
34.1 2770 3080 7,820 

aug. 19 20.5 3780 4200 10,680 No rain since 
24.9 3420 3800 9,660 previous data 

Aug. 26 20.8 3410 3790 9,630 No rain since 
26.9 2950 3280 8,330 previous data 
33.0 2600 2890 7,350 
38.8 2340 2600 6,610 
46.1 2070 2300 5,850 
54.6 1820 2025 5,140 
65.2 1535 1708 4,820 

Aug. 27 19.8 3620 4030 10,220 Same as above 
20.8 3410 3790 9,630 
27.7 2920 3250 8,250 

Oct. 18 25.3 3590 4490 11,440 Fall rains 
31.7 3120 3905 9,940 begun 

Dec. 29 21.0 3930 4.920 12,530 Moderate 
22.0 3810 4770 12,140 rainfall 
22.7 3760 4710 11,980 
23.0 3750 4690 11,950 
26.0 3540 1430 11,280 

Dec. 31 20.0 4010 5010 12,780 Same as 
21.5 3860 4820 12,300 above 
22.5 3780 4730 12,030 
23.1 3720 4650 11,860 
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TABLE I (Cont'd) 

Date 
:Temp 
:°C 

:Cell Re-: Resistivitjr 
:sistance:ohnjs per :ohíns per 

ohms : inch cube : cm. cube : Remarks 

1948 18.3 4780 5980 15,250 Very heavy 
Jan. 2 21.2 4520 5660 14,420 rainfall 

22.1 4400 5510 14,030 
23.3 4300 5380 13,710 
26.0 4050 5080 12,920 

July 28 18.7 3480 4360 11,100 Dry period 

July 29 20.7 3300 4130 10,530 Dry period 

aug. 3 17.0 3530 4420 11,280 Same as 
19.8 3280 4110 10,480 above 
22.5 3080 3860 9,820 
27.1 2790 3490 8,910 
33.2 2470 3090 7,900 
43.7 2050 2570 6,540 
58.0 1615 2020 5,150 
74.0 1290 1616 4,110 
91.8 1045 1309 3,340 
98.3 970 1215 3,100 

Note: All measurements from June 26, 1947, to August 27, 
1947, were made with a cell having a constant of 
0.899 in- and 0.3542 cm1. All later measure- 
ments were made with a cell having the constants 
previously calculated. 
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Empirical Eq.uations of Curve 

An empirical equation for the water resistivity data 

of Auuat 3, 1948, can be derived by assuming an equation 

of the exponential form. 

ti Eq.(A-2) 

where 

p = resistivity, ohms per in. cube 

, U, a = constants 

T = temperature, degrees Fahrenheit 

These particular data have been chosen to give an em- 

pirical equation from which calculations can be made 

to compare with the experimental rheostat tests. The 

constants can be determined graphically by plotting the 

logarithm of Equation (A-2), which will result in a 

straight-line function. 

log 
6 

(iO - lo; U - aT Eq. (A-3) 

when TO 
; 

(,,o-() U 

and 
a = slope of the straight line 

Figure A-4 shows the semi-log plot of the data before 

and after the constant, Q., is subtracted. Equation 

(A-2) for the August 3, 1948, water sample then becomes 

-0.0157 T 
900 .s. 9000 C ohms per inch cube 

where 
T = temperature, degrees Fahrenheit 
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As a check on the accuracy of the empirical equation, 

it has been plotted on Figure A-4 for a comparison with 

the original data. This check shows satisfactory 

agreement. 

A similar equation has been derived for the water 

condition which represents the average of the seasonal 

variations. This equation is expressed in terms of 

temperature in degrees centigrade. 

where 

0 1100 + 6240 6 
-0.029 T 

Jq.(A-4) 

T : temperature, degrees centigrade 
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APPENDIX B 

DERIVATION OF WATIR ERATURE RISE EQ.UATION 

An equation can be derived showing the time required 

to change the water teiierature a given amount. It will 

be assumed that the water obeys the exponential 

resistivity curve of Appendix J. 

-aT 
+ u 6 ohm, per inch cube Eq. (B-l) 

The rate of temperature rise in the water is a function 

of the power dissipated in the water. The following 

symbols will be used: 

R plate-to-plate resistance, ohms 

E applied voltage, volts 

A = plate area, sq. in., per plate 

j plate separation 

M = mass of water, lb 

P = power,watts 

o = specific heat of water, Btu/ib- O 

T temperature, degrees Fahrenheit 

H heat, Btu 

k 1055 watt seconds/Btu 

t : time, seconds 

The plate-to-plate resistance will obey the volume 

resistivity equation. 
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R Eq. (B-2) 

The change of heat in the water at any time must be 

H MC T 
Eq. (B-3) 

or dli = M C d. T 

and the derivative of both sides of Equation (B-3) with 

respect to time can be written 

dT 
d.H 

- M C Eq. (B-4.) 

A constant applied voltage will be assumed for this 

derivation. 

PE2 
R 

Eq. (B-5) 

P :kdH 

P = k M C dT Eq. (B-6) 

Equations (B-5) and (B-6) can be equated and. the 

resistivity Equation (B-l) substituted. 

k M C dT = E2 

()( + 
U E 

dT AB i [ -aT 
dt LJkc1 L+U E 

+ 
-aTJ 

dT 
(AE2 

M C J 
dt Eq.(B-7) 

The variables are separated and integration can be 

performed 



where 
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J{ 

T - U 
' 

aT 
+ DJ Eq.(B-8) 

D = constant of integration 

The constant of integration can be solved from the initial 

conditions, where t = O and the temperature is known. 

This equation will then give the time required to change 

the temperature from any initial value to some new 

temperature. 
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APNDIX C 

CALCULATION 0F TThÍ TO BOILflIG POflT 

A theoretical curve of the time to reach boiling point 

as a function of three-phase applied voltage can be 
cal- 

culated troni the experimental data with the aid of 

Equation (8). The constants are as follows: 

A 318 sq in., net area exposed per plate 

M 257 lbs 

1 in. 

k 1055 watt seconds/Btu 

C 1 Btu/lb - 
O 

:9OO 
L troni water san1e, Aug.3, 1948, 

U9OOO f 

I 

Appendix A 

a 0.0157 J 

D : constant of integration 

k.11vI C (1055) (1) (257) (1) 852 

A 318 

To solve for the constant of integration, 
let t O, then 

T 620F. 

O 

L 

(900) (62) - 9000 6(O.O157)(62) D] 
E 0.0157 

D z 574,000 - 55,OO 
2 . 644 

161,200 
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For time to reach the boiling point, let T 212° F. 

i 
t 852 ______ - 9000 [(9oo2l2 

Ò.0157 
+ l6l20o] 

852 r-1 

j2 
L 

90,800 - 572,000C3'33 + l6l200] 

= 852 (331,500) 

: 2.83 x 
10 

E2 

For three-phase applied, voltage to the seven-plate 

rheostat, six plate spaces must be considered. 

t 2.83 x 108 = 4.72 x lO7 seconds 

6E2 E2 

- 4.72 x lO7 7.89 x 10 minutes 

E2 (60) E2 

The following tabulation is for three-phase voltages 

applied to the test rheostat as calculated from the 

above equation. 

ThBLE I 

Voltage, volts 50 75 100 150 200 250 

Time, minutes 316 140 78.9 35.0 19.7 12.6 
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APPENDIX D 

DATA FOR RHEOSTAT DESIGN CURVES 

Tables I and II contain data for Figure 7, p. 40 and 

are calculated from the following equations: 

R = , £ ohms, plate-to-plate 
/ A 

p = 6 E2 kilowatts, for three-phase applied 
(1000)R voltage of 220 volts 

TABLE I 

Plate-to-plate resistance, ohms 
5000 4000 p 3000 : 2000 1000 

.00001 .05 .04. .03 .02 .01 

.00005 .25 .20 .15 .10 .05 

.0001 .50 .40 .30 .20 .10 

.0002 1 .80 .60 .40 .20 

.0004 2 1.60 1.20 .80 .40 

.0006 3 2.40 1.80 1.20 .60 

.0008 4 3.20 2.40 1.60 .80 

.0010 5 4 3 2 1 

.0020 10 8 6 4 2 

.0040 20 16 12 8 4 

.0060 30 24 18 12 6 

.0080 40 32 24 16 8 

.0100 50 40 30 20 10 

.0200 100 80 60 40 20 

.0400 200 160 120 80 40 

.0600 300 240 180 120 60 

.0800 400 320 240 160 80 

.1000 500 400 300 200 100 

.2000 1000 800 600 400 200 

.4000 2000 1600 1200 800 400 

where 4' plate separation, inches 

A = plate area, square inches 

= resistivity, ohms per inch cube 
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TABLE II 

/A '= 
5000 4000 p 

Power kilowatts 
300ò p 2000 1000 

5810 7280 9700 14,500 29,100 
.00001 
.00005 1160 1L.50 19L.0 2910 5810 

581 728 970 ll5O 2910 
.0001 
.0002 291 363 

182 
4.85 

272 
728 
363 

1150 
728 

.000Li 11i5 

97 121 161 242 .85 
.0006 
.0008 72.8 91 121 182 363 

58.1 72.8 97 115 291 
.0010 
.0020 29.1 

14.5 
36.3 
18.2 

48.5 
24.2 

72.8 
36.3 

145 
72.8 

.0040 

.0060 9.7 
7.28 

12.1 
9,1 

16.1 
12.1 

24.2 
18.2 

48.5 
36.3 

.0080 
5.81 7.28 9.7 14.5 29.1 

.0100 

.0200 2.91 
1.45 

3.63 
1.82 

4.85 
2.42 

7.28 
3.63 

14.5 
7.28 

.0400 

.0600 0.97 1.21 1.61 2.1+2 

1.82 
4.85 
3.63 

.0800 0.728 
0.581 

0.91 
0.728 

1.21 
0.97 1.1+5 2,91 

.1000 
0.291 0.363 0.485 0.728 1.45 .2000 

.4000 0.145 0.182 0.242 0.363 0.728 
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DATA FOR CALCULATED ELECTRODE CHARACTERISTIC CURVES 

Tables III, IV, and V contain the calculated data 

for Figures 9, 10, and 11, the dimensions of which are 

shown on Figure 8. All calculations are based upon a 

nominal water resistivity of 2500 ohms per inch cube. 

The current is that which would flow if 220 volts, 

three-phase were applied. 

TABLE III 

Square Plates 18" by 18" 

Resistance Line 
Per cent Height Area ohms current 
height inches sq in. plate-to-plate per phase amperes 

o o o o 

1 0.18 3.24 771 385 0.99 
2 0.36 6.48 386 193 1.97 
5 0.90 16.2 154.6 77.1 4.94 

10 1.80 32.4 77.1 38.5 9.90 
20 3.60 64.8 38.6 19.3 19.75 
40 7.20 129.8 19.25 9.62 39.65 
70 12.6 226.5 11.02 5.51 69.2 

100 18.0 324.0 7.71 3.85 99.0 
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TA.BLE IV 

Trapezoid Plates 16" by 20" High by 18" Wide 

Per Resistance Line 
cent Height Area ohms current 

height inches sq. in. plate-to-plate per phase aniperes 

O 
1 

0 
0.2 

0 
0.09 27,800 

00 
13,900 

0 
0.0274 

2 0.4 0.36 6,950 3,475 0.110 
¿4. 0.8 1.44 1,736 868 0.4.39 
5 1.0 2.25 1,110 555 0.688 

10 2.0 9.0 278 139 2.74 
20 4.0 36 69.5 34.7 11.0 
40 8.0 108 23.15 11.57 33.0 
70 14.0 216 11.58 5.79 65.9 

100 20.0 324 7.71 3.85 99.0 
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TABLE V 

iang1e Plates 36" High by 18" Wide 

Per 
cent 
height 

Height 
inches 

Area 
sq in. plate-to-plate 

Resistance 
ohms 

per phase 

Line 
current 
amperes 

O O O O 

1 0.36 0.0324 77,200 38,600 0.00987 

2 0.72 0.129 19,300 9,650 0.0395 

5 1.80 0.810 3,084 1,542 0.247 

7 2.52 1.587 1,576 788 0.483 

10 3.60 3.24 772 386 0.987 

20 7.20 12.9 193 96.5 3.95 

40 14.14. 51.9 48.2 24.1 15.80 

60 21.6 116.8 21.4 10.7 35.6 

70 25.2 158.7 15.76 7.88 48.35 

100 36.0 324.0 7.71 3.85 99.0 


