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PREFACE

The history of electric resistance furnaces 1s one of
progressive development and regression.

The resistance furnace was first introduced to industry in
the period of 1920 to 1922, Very effective sales campalgns were
conducted and the industrlies made up the proving ground for the
equipment, Sales increased steadily until industry, through
new gained experience, realized the resistance furnace was not
the cure-all as they were lead to belleve, As a result, the
rapid growth in the use of resistance furnaces suffered a re-
versal and an equally rapid decline in sales in many industrial
heating processes occurred,

In recent years the industries, under heavy expansion,
began to realize the outstanding features offered by the resistor
furnace. The designers and users began to compare the resistor
furnaces with fuel fired furnaces from a different standpoint
than their predecessors. They began to understand that the value
of the resistor furnace did not 1lie in thinking in comparative
terms of electricity and fuel costs, but rather the furnace's
value wﬁs hidden in the improved quality of the product and over-
all cost figures, not just those of fuels alone.

In splte of the many advances being made, the designers of
the electric resistance element of the resistor furnace are
neglecting to consider one very important factor, namely, economy.

The purpose of this thesis 1s.to show the design engineer

and the user of electric resistance elements that economy, based



on sound e@gineering fundamentals, can be obtalned and incorpo-
rated intoithe resistance element,

It islthe hope of the author that the materiél presented
here may bé of some value to the englineers working In the field
of electric heating elements and their users, and that it may
prove to be beneficial to others Interested in conducting more

research along the same general lines.
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CHAPTER I

In the consideration of economics of resistor heating
elements, it is of prime importance to review the conditions the
element must meet, the conditions under which the element must
operate, and its applications in order to fully understand the

factors involved,
THE RESISTOR FURNACE

The resistor furnace offers a large number of distinctive
features over other kinds available. The main features are:

(1) simplicity of application, (2) reproducibility of any process
resulting in the improvement of the quality, (3) the heat distri-
buted or radiated is uniform, and (l.) freedom of choice of the
atmosphere, In addition, several minor factors may be mentioned,
such as: (1) easier metering, (2) ease with which small units
can be constructed, (3) simpler construction, (li) simplified
operation, (5) no combustion products to dispose of, (6) the
amount of heat radiated to surroundings is relatively small, and
(7) less space is required,

At the present time, electrically produced heat is availa-
ble for almost any application, i.e., heating air, liquids,
solids, melting metals, heat treating, drylng, sterilizing,
brazing, and many others. Electric heating units can be sus-
pended in air, immersed in liquids, or embedded in solid material
insuring highest efficlency in the transfer of heat for the two

latter cases because all of the heat must pass into the liquid



or sclid being heated,

Electrically produced heat does not require a flow of air,
does not emit fumes, or create soot nor is there a flame., The
electric furnace will, in general, take less floor space and can
more easily be loaated than a fuel fired furnace when such
factors as fuel storage and ash disposal are taken into account.

The accuracy of control over the temperature or flow of
heat applies to both uniformity in space and uniformity in time,
both having their effect on the uniformity of the temperature of
the charge. In regard to flow of energy or temperature uni-
formity in space, proper furnace design coupled with the proper
placing of the charge in the furnace will provide uniformly
generated heat or that the heat transferred to the charge is
uniform. For example, heating elements can be .properly distri-
buted within the heating chamber and then easily grouped in
separate sections,; each with its own control. Used this way
they can compensate for local high heat losses avoiding cool
aréas near doors or other openings. This uniformity is‘very
seldom, if ever, accomplished in the fuel-fired furnace. Auto-
matic controls have been developed for all types of furnaces,
fuel-fired as well as electric, and on the surface it appears
that the furnaces should be alike as far as uniformity of energy
flow or temperature with time is concerned. However, no fuels
are consistantly alike, The changes in composition requires
different air-fuel ratios which cannot be achieved automatically,
This obstacle is not present in electric furnaces resulting in

a superiority of uniformity of temperature with time,



Rapid developments have been and are being made in con-
trolled atmosphere processes which is a very important advantage
of resistance furnaces. The heating chamber and the source of
heat in a resistor furnace are practically independent making
possible the control of the atmosphere and its function to almost
the same degree of precision as 1s electrical energye.

Some engineers have classified atmospheres in heating
chambers of resistance furnaces as (1) natural atmosphere and
(2) artificial atmosphere.t

The natural atmosphere, as the name implies, is the result
of air entering the heating chamber by intent or leakage and
mixing with the gases gilven off by the charge. The natural
atmosphere continually changes during the heating process being
dependent upon the amount of gas liberated from the charge which
is naturally a function of the temperature of the charge, the
chemical reactions taking place in the chamber, and the rate at
which air is allowed to enter. The only controllable factor is
the rate at which air enters, such control can be obtained by
sealing the chamber and using throttling vents., Natural atmos-
pheres can be used to control the oxidation of the charge in
processes not warranting the use of an artificial atmosphere,

Gases of known and previously determined composition
Introduced into a tightly sealed heating chamber constitutes

an artificial atmosphere., The gases so injected may enter

1 N, R, Stansel, "Industrial Electric Heating," General
Electric Review, XXXI (October, 1928), 560,




directly into the chemical reaction taking place in the heating
chamber, combining readily at the high temperatures, or they may
remain neutral to reactions., In controlling the flow of the
artificial atmosphere one must bear in mind that gases may be
liberated from the charge and the reactions taking place occur
at elevated temperatures and various pressures; all this must be
considered when selecting the gases and determining the rate of
flow, Also grouped under artificial atmospheres are the atmos-
pheres maintained at a pressure below atmospheric,

Below is a classification of the use of gas atmospheres,
being defined on the basis of the material to be heated and the
process in view,

(1) Processes in which the result, wholly or in part, is
due to formation of an oxide, One example 1s the baking
of oll-bonded sand cores. This is an oxidation process,
A second example is vitreous enamelling in which the bond
between the ground coat and the base metal is formed by
an oxlde., For processes of this kind natural atmospheres
are used,

(2) Processes for which the oxygen content of a natural
atmosphere is permissible provided it 1s restricted by a
closed, but not necessarily sealed, heating chamber. An
example is the annealing of machine parts preliminary to
machining., A certain limited amount of scaling, i.e.,
surface oxidation, is acceptable, the limitation being that
the degree of this action must not make machining difficult.

(3) Processes for which the atmosphere of the heating
chamber must be neutral, i.e., without effect upon the
material of the charge. The annealing of copper in an
atmosphere of steam is an illustration of processes of
this kind,

(lL) Processes which require an atmosphere which will
bring about the reduction of an oxide, The use of hydrogen
as a flux in the brazing of steel parts is an example,

(5) Processes which require holding the charges at an
elevated temperature for a period of time. Here excessive
oxidation would result if oxygen is permitted access to the



charge, and the atmosphere of the heating chamber must be
neutral or, as is generally used, reducing in character.

An example 1is the heat treatment of steel to improve its
magnetic properties.

(6) Processes in which a constituent of the heating chamber
atmosphere combines with the charge to change some physical

property of the material as in gas carburizing, nitriding,
ete,

(7) Processes for the purification of metals.2

It would not be fair to look only into the advantages of
resistance furnaces; it, like everything else, has decided
disadvantages. Among these are: high first cost, fuel storage
is impossible, repalirs are more expensive, the furnace 1s more
subject to abuse, and forcing of the furnace 1s impossible,
Several of these points may be argued; for example, certainly
fuel storage is impossible but perhaps this is not objectionable
In certain installations with our present practice of inter-
connecting power systems and through the use of a loop primary
feeder. Another example might be the higher first cost item.
Comparing furnaces in regard to Btu per dollar for first cost
makes the resistor furnace usually appear higher than the other
types. This would be somewhat like looking at only part of a
mathematical equation., Complete consideration should be given
of the entire cost figures, This will, in many instances,
justify the purchase of a resistance furnace with the decision

based on this one item alone, especially when such factors are

considered as the ability of an electric furnace to be located

2 N, R, Stansel and C. Dantsizen, "Industrial Electric
Heating," General Electric Review, XXXII (March, 1929), 163,




directly in the line of material flow reducing handling costs,
accurate control and reproducibility of any process minimizing
re jected work loss, and comfortable working conditions can easily

be maintained,
RESISTANCE FURNACE TYPES

Electric resistance furnaces are divided into the two
general classes of batch and continuous furnaces., Each main
classification is further divided into several types and these
types are given a descriptive title according to the method used
to convey the charge to and from the heating chamber, the shape,
or the means of support.

The batch type furnaces, as the name implies, is designed
for heating individual stationary or non-moving charges. Its
use 1s mainly for heat treating of castings and forgings; an-
nealing of steel castings, bar stock, and plates; relieving of
stresses in welded structures; nitriding; carburizing; and other
artificial atmosphere treatments.

The continuous furnace has a continuous or intermittent
conveﬁor feed, TFurnaces of this classification are used for
hardening gears, bolts, ball and roller races, and other parts;
annealing steel strips; heat treating glass; drawing; brazing;
normalizing; vitreous enamelling; and other processes., These
furnaces also are frequently used with controlled artificial
atmospheres, A slow cooling or a quenching chamber may be
attached to this type of furnace and be incorporated in its
feed,



The selection of the type of furnace depends upon the
method of handling the charge, character of material to be
heated; the process; weight, size, shape, and volume of pileces;

and the desired rate of production.
THE RESISTOR ELEMENT

The electrical element of the furnace, the reslstor, is
the most important single item in the design of resistance
furnaces. The resistors are the element of highest temperature
placed directly in the heating chamber and hence more subject
to the danger of failure than any component,

The resistors, or sources of heat, are separated from the
charge only by the atmosphere, natural or artificial, therefore,
the transfer of heat is direct., This dlrect transfer of heat
is an asset to the resistance furnace., Synonymous with it is
that a small temperature gradient exists between the resistor
element and the heating chamber, since there is practically no
thermal storage capacity in the atmosphere, and immediate re-
sponse 1is therefore obtalined from the temperature control
equipment, This, of course, leads to simplicity itself,

What are the desired properties of the resistor element
material? The conditions the ideal material must meet are many
and no méterial can fulfill each and every one. The more im-
portant properties that a material should possess are:

(1) Freedom from action with the atmosphere whether

natural or artificial., The material should resist oxidation

and scaling in a natural atmosphere or chemical reaction



with the artificial atmosphere., This is a primary
requisite,

(2) The melting point of the material should be high and
confined to a narrow range. The narrow range assures the
designer that the resistance material will not soften and
sag until well above the operating temperature,

(3) The cost of the material should be reasonable,

(L) The coefficient of expansion should be low eliminating
the need of special supports to allow for expansion and
contraction.

(5) It should be mechanically strong at high temperatures
and must not undergo a permanent increase in length,

(6) The material should have a comparatively high coef-
ficient of resistivity., Without it, heat will not be
developed economically. The current in the resistor must
be limited by its resistance. Without high resistivity the
length of wire required to limit the current would perhaps
not fit in the space available and would not produce the
required high temperature,

(7) Its temperature coefficient of resistivity from room
temperature to the operating temperature should be low and
preferably positive. If this is not possible, it should
at least be low within the working temperature range of the
heating chamber,

(9) The material should be a rather poor conductor of heat,

cool terminals are desired.,



(10) The material should be workable, that is, it should

be easy to shape into any form desired for the element,

(11) ©No chemical reactions should occur between the

resistor and its supports or terminals,

(12) The material should be non-magnetic.

(13) The resistor element should have a long useable life.

With these desired properties in mind it is readily seen
that no material can meet all of these requirements, and as
operating temperatures increase the search becomes more
fruitless.

The materials in general use can be grouped into four
classifications:

(1) nickel-chromium alloys

(2) iron and steel alloys

(3) molybdenum

() non-metallic resistors such as the silicon-carbide

products.

The nickel-chromium alloys are largely responsible for the
present state of development of resistor furnaces. These alloys
do not meet the ideal material requirements but do come suffi-
ciently close to be the most useful material at the present time.

When a resistor made of nickel-chromium alloy is first
heated an oxide film forms on 1its surface and this film acts as
a protector preventing to a large degree the formation of
additional oxide by resisting the penetration of oxygen. Fortu-
nately, this oxide has the same coefficlent of expansion as the

material itself.
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As the chromium content of the nickel-chromium alloy is
increased the resistance to oxidation increases and the element
can withstand higher temperatures before the resistance to
excessive oxidation is broken down. However, as the chromium
content is increased the material becomes less workable, that is,
1t becomes increasingly difficult to form into the desired
shapes, Alloys containing 80% nickel and 20% chromium have been
found to be a justifiable limit. This composition has satis-
factory oxidation resistance up to 1150° C., or approximately
2100° F, 80-20 nickel-chromium alloys have a rather high
resistivity, 650 ohms at 70° F, The resistance increase for
this alloy from room temperature to operating temperatures over
1000° F, is approximately 7% which is not large and can be
operated from constant voltage circuits without necessitating
voltage regulating equipment. These alloys have excellent
strength at high temperatures and only a slight amount of
expansion.

As mentioned previously, the oxide coating formed on the
surface of the material acts as a protector to oxlidation but does
not eliminate it completely. The thickness of this coating
slowly increases throughout the 1life of the element, resulting
in a smaller cross-section of alloy avallable for the passage
of current or an increase in resistance., This increase is very
slight if the material temperature is below its operating limit.

For low temperatures, usually below 1850° F., alloys of

lower chromium content are used.
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The main object in attempting to use iron or steel resistors
is to obtain higher furnace temperatures but these elements by
themselves are practically of no value, For instancé, steel
has a melting point of approximately 2650° F. and yet, by it-
self, it cannot be used at a temperature in excess of 800 to
1000° F. because it would oxidize too rapidly, Used in an arti-

ficial atmosphere the material is still not satisfactory due to

5

its excessive expansion coefficient. .The large difference be-

{

tween the cold and hot resistance of iron and steel makes it
necessary to provide means of limiting the current on starting
from a cold state. Another objection to its use is that it is
a magnetic material in a cold state resulting in a low power
factor., The power factor does become unity when heated to the
non-maghetic state. In general, the same objections are en-
countered in the alloys of iron and steel, namely, excesslve
expansion, poor strength at high temperatures, and many of the
others mentioned above, Certain alloys do overcome the low
oxidation resistance and have a high specific resistance. LY
might be remembered that nearly all pure metals such as copper,
iron, aluminum or nickel have specific resistances that are too
low to develop heat economically and oxidize too easily without
the formation of & protective oxide coating.

Molybdenum, as a pure metal, 1s sometimes used as a material
for high temperature laboratory furnaces. It must be protected
from oxidation having oxidation resistance only up to 700° C.
By using an artificial atmosphere the material can be very

useful for high temperature work having an extremely high melting
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point of 26250 C, or h?SOO.F, The melting ﬁoint is higher than
the softening point of refractory materials resulting in the
heating chamber temperature being limited by fhe SUpports.
Molybdenum has a low specific resistance but due to its high
melting point it can be operated at a high value of current.
When used, voltage control equilipment 1is necessary because of the
large change 1in resistance with temperature. The high cost of
this material limits its use to laboratory units.

In the field of non-metallic resistors the most important
type is made of silicon-carbide sold in the United States under
the trade name of Globar. Resistors of this material are
available for furhace temperatures up to 200° F, The silicon-
carbide products are not subject to oxidation, ‘They do have
serious objections and offer a fileld open to much improvement.
The resistivity of this material is not constant; starting at
foom temperature the resistivity drops by about one-third
reaching a minimum about 800° F, and then increases, The
material has a change of resisfivity with time as well as
temperature following an irregular pattern with magnitudes on the
order of 1:5 or more., After a period the resistance of the
element becomes too high reducing the current through 1t and
thus its temperature. The remedy 1s to increase the applied
voltage or renew the element, The manufacturers of Globar
recommend the use of transformers having és high as thirty-six
voltage taps.

Other materials are in use but their use is confined to
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the lower temperatures of512OO° F, or less and thus have limited
applications, primarily that of small low temperature furnaces

and appliances,



CHAPTER II

In the study of electriec heating element economics, what
factors are going to determine the point of economlcal operation?
This question goes back to the grass roots of the use of heating
elements and can best be answered by another question, what is
the purpose of the resistance element? Naturally, it is %o
produce a useful output of heat, |

Heat energy can be transmitted from one place to another
by three distinct methods: conduction, convection, and radi-
ation, Conduction occurs if the transmission of heat takes place
by a point-by-point process within solid bodies or between solid
bodies if they are placed in intimate contact (also occurs in
liquids in combination with convection)., For instance, if one
end of a metal rod 1s placed in a hot furnace, the heat will
travel along the rod by the process of conduction, Convection
is the transference of heat in liquids and gases due to moving
masses of matter caused by the differences in densities. As the
molecules move from hotter to colder ?arts they convey the heat
contained within themselves., The transfer of heat by "heat
waves" or radiant energy is called radiation. This method of
tfansfer involves the conversion of internal enefgy into radiant
energy. At the receiver this radiant energy is converted back
to internal energy with no heating of the intermediate gas or
vacuume

For temperatures above 1200° F,, resistors are located

within the heating chamber so as to transmit heat directly to
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the charge by radiation. At the high temperatures and low
temperature gradlents that exlst in a resistance furnace, the
natural convection component is small and heat transferred in
this manner can usually be neglected, leaving only heat trans-
ferred by radiation to be considered in a heating chamber,

A brief review of the laws of radiation will be necessary

to fully understand the problem at hand.
LAWS OF RADIATION

A black body is defined as a body that absorbs all the
radliant energy that falls on 1t and reflects none, When a body
of this nature is heated so as to act as a source, the radiation
emitted is called black body radiation.

By using a source that approaches the idealized black body
and after making necessary corrections for absorption in various
parts of the apparatus, curves can be obtaiﬁed showing the
energy distribution in the spectrum of a black Body at various
temperatures. These curves, which are reproduced in Figure 1,

were first obtained by Lummer and Pringsheiml

after a thorough
study of a radiation. The curves show that the spectrum is
continuous and has a definite characteristic shape.

The German physicist, Max Planck; found these curves could

be it by an equation which bears his name. Planck'!s empirical

equation is

1 Lumner and Pringsheim, "Die verteilung der Energle im
Spektrum des schwarzen Korpers," Verhandlungen der Deutschen
Physikalischen Gessellschaft, I.(1899), pp. 23 and 215, II (1900),
Po 103,
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' C

Wy = ;5 5 (1)

i e AT1 -~ 1
Where € =3Naperian base of logarithms (2.718...)

W;% = Radiant energy emitted per unit area per unit range
of wavelength

A = Wavelength in microns

Ci1 = Iirst radiation constant

Cop = Second radiation constant

T71 = Absolute temperature of radiating body.

Referring again to the energy distribution curves it may be
noted that the energy of each wavelength rises rapidly With an
increase in temperature and that the higher the temperature the
shorter is the wavelength at which méximum energy occurs, By
taking Planck'!s equation and differentiating it with respect to
wavelength, ){, it is possible to find the position of the peak
energy relative to wavelength, This relation can be expressed

as
Amax T = 2897 (2)

wﬂich is often called Wien's displacement law,

The total energy radiéted from a black body can be found by
intergrating Planck's equatlion from zero to infinity or, in other
words, finding the érea under the curve of W7\ shown in Figure
1, This rélationship is expressed by the Stefan-Boltzmann law,
which 1is

W= & Tob | (3)

{ :
1



18

where
W = Radiant energy emitted per unit area
T = Absp;ute temperature of radlating body
S = étefan—Boltzmann constant which depends upon the units

used for expressing W and Tip.
The above equation ylelds the total energy radiated to cold
space (absolute zero) and has very little use 1in dealing with a
practical problemo The law 1s usually expressed in a modified

form as
W= eos (Tl - T ()

where

e = Emissivity factor (black body = 1)

Tg = Absolute temperatufe of the surroundings.

énd W and T are as defined above,

The emissiﬁity of a body 1is a physical property indicative
of the amount of radiation., Tt is the ratlo of the emissi#e
power of én actual surface to that of a black body. Typical

values for various surfaces can be found in W, H, Adams, Heat

Transmission, McGraw-Hill, New York, 192,
Some of the typical values of the Stefan-Boltzmann constants

bases on Degrees Kelvin appear in Table I,
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TABLE I°

5.672 x 10=2 erg cm~2 deg‘h sec-l
5.672 x 10~0 watts meter-2 Feg“h
1,356 x 10~12 cal cm~2 deg~i4 sec-1
3,71 x 10=11l watts in-2 d.g‘i
1.825 x 10-8 Btu ft“zbdegwﬁ -1

.38 x 10-12 kxw-hr ft-2 deg~l hr-l
E°602 x 1079 kg-cal ft-2 deg=~l hr-1

THE ECONOMIC PROBLEM

The temperature attained by an electric heating element
is deﬁermined by the input expressed in watts per square inch of
surface area and the rate at which energy 1is lost by conduction,
convection, and radiation. The life of an element is dependent
on its temperature. Since the electrical energy input varies
as the square of the impressed voltage, 1t 1s readlly seen that
both the temperature of the element and the 1life of the element
are dependent on the impressed voltage.

Mr., G, C. Stauffer experimentally determined the relations
of these values which are graphically shown in Figure 2,3 These
relations were obtalned by performing tests similar to the
A.S,T.M, Standard Life Testslk on samples of Nichrome V,S an 80-20

nickélwchromium alioy, of 0,025 inch diameter at a temperature

2p, H, Canada, "Simplified Calculation of Black-Bod
Radiation,” General Klectric Review, XLI (December, 19&8?, Do 52

3 F, ©. Bash, "Lifé Expectancy of Blectrical Heating
Elements," Metal Progress, XXXVII (January, 1940), p. LI.

h—Specification B76-36 of the American Society for Testing
Materlals.,

5 A product of the Driver-Harris Company, Harrison, New
Jersey.
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Committee B=lL of the American Society for Testing Materials
which arrived at the standard 1life test spent two years in its
development. Wany cycles of heating and cooling were trisd and
the committee definitely established that a cycle of two minutes
heating and two minutes cooling gave the shortest 1life for #22
wire tested under the most severe ozidizing conditions, Com=.
mittee B-lL also found that the size of wire is immaterial between
18 and QM gage, These results were later verified in Europe,
The curves of Figure 2 may, thereifore, be applied to wires of
this range, #18 to #2lL gage.

The curves are plotted in terms of ratic of voltages
squaréd. This rétio is that of applled to rated voltage cr vice
versa m:kihg the ratio a number greater than one. The ordinates
of the curves show temperature change in degrees Fahrenheit
which 1s positive for applied voltages greater than rated‘and
negative for applied voltages:less than raﬁed, Also plotted as
an ordinate 1is the life factor which for increasing voltages is
to be divided into the normal life and for decreased voltages
the normal life is to be multiplied by this factor to find the
new life,

The use of these curves can best be illustrated by an
example, Consider a small furnace that is rated at 110 volts,
having a normal life of 5 years. If the furnace were to be
operated at 125 volts, its new life would be 5/l.5 or only 1.1
years., This is obtaiﬁed by taking the voltage ratio 125/110 and

squaring;vresulting in a ratio of 1l.29. Entering the curve with
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this vglue;we find the life factor to be apﬁroximately o5 or
its new life would be 5/lL.5 or only 1.1 years, The curves hold
true for vsltages lower than rated also, TFor example, 1if we
were going to operate the above furnace at 100 volts the voltage
ratio squared would be (llO/lOO')2 or 1,21 and the new life would
be approximately 5 x 3 (the life factor) or 15 years. When oper-
ated with voltage.highef than rated the life is shortened but the
temperatﬁr§ is increased while the reverse is true at voltages
less than éated. The curves of Figure 2 apply only within the
limitations of the maximum operating temperatures of the alloy,
Certainly it 1s evident that there must be a voltage at
which it would be economical to operate. This value of voltage
cah best be found by determining the minimum cost per unit of
heat output, In general the plan would be to arrive at an
equation involﬁihg all costs in the nﬁmerator and the heat output

in the denominator of an equation, such as,

Q= energy cost + total element cost (5)
v - heat output :

then byifaking the derivative with respect to the voltage ratio
a minimum can be determined, Before doing this hbwever, many
‘factors must first be determined,

Considering the proposed method of approach it Wili first
e necessary to evaluate the terms in the equation, namely, the
energy cogt, the total element cost, and the unit heat output

in terms of the voltage ratio.
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3 ENERGY COST

- The energy cost of operating an element will depend on the

electfical‘energy input which can be eXpressed as
Ec HW y2 | (6)

where
Ec; = energy cost in dollars per kw-hr
H = hours element in use

W = rated kilowatts of element

actual voltage
rated voltage

y = voltage ratio,

TOTAL ELEMENT COST

The tbtal element cost expressed in terms of the voltage
ratio.is somewhat more difficult to determine. The total element
cost must include such items as replacement cost, the first cost
of the complete resistor, and maintenance costs, These costs
are dependént on the voltage ratio as shown in Figure 2, that is,
the higher the ratio of voltages the shorter life resulting in
more replacement, maintenance, and element cost, This relation
to voltage‘can be found from the curve of Figure 2 which involves
the life factor. The curve is replotted in Figure 3 on semi-
1dgarithmi¢ coordinates yielding a straight line variation.

The g?neral equation for.a straight line is

AX + %z + C =0 |
where X»in‘this case 1is the voltége ratio y2 and Y is,log Fy

the logarithm of the life factor. By using any of the availlable
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methods of determining the equation of a straight line, thé
resulting rélation is

Y ; 2,é37X - 2.237
since

Y = log F
and

X = the voltage ratio, y°2

the equation after substitution gives
log F = 2,237 y2 = 2,237
or

F = 1020237'3'2 = 2,237

(q00058)102°237y2 | | (7)

which is the 1life factor expressed in terms of the voltage ratio.

The total element cost can then be expressed as

Ao H (0.0058) 102023772 (8)

I,
where
A, = first cost of element + maintenance costs + replacement
costs
H = hours used

¥y = voltage ratio
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L = normal hours of life with standard Iintermittent heating.
The nérmal‘hours of 1life with standard intermittent heating must
be included to obtalin the cost in dbllars or the same units as
the energy cost of Equation 8.

To determine the normal hours of life more information is
neceséary, The additional information must show the relation
. between the normal hours of life and the element temperature for
the same size wire and under the same test conditions as previ-
ously used, that 1s, the normal hours of life with standard
iﬁtermittent heating as a function of temperature,

Test resultsd are plotted in Figure h shqwing the relation
betweén the total hours of 1life and the temperature of the
element under the 1life tests as devised by the A.8.T.M,

The three curves indicate the advances made in recent years
in the development of heating element materials, The "X-100B"
was a later development then the "A.S5.T.M, 1934" and "Lot 106"
represents the most recent develoiament° The three nichrome Vis
are alloys having a nominal composition of 80% nickel and 20%
chromium. It is assumed that X-100B is typlcal of the 80-20
alloys and is used as the present standard of comparisono7

| The value of Equation (8) can now be determined with the
aid of the curve of the reference standard X-100B in the study

of 80~20 nickel~chromium alloys. By knowing the operating

‘ 6 F, ¥, Bash, "Hstimating Life of Electrical Heating
Elements," Mctal Progress, XXXIII (February, 1938), p. 1lll.

7 Ibide, po 1S
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temperature the normal hours of life can be found dlrectly from

this curve or its equation

L = 10-0.00457t1 + 11,73 (9)

where
L = the normal hours of life with standard intermittent

heating

t1 = element temperature in degrees Fahrenhelt.
HEAT OUTPUT

As pointed out previously, the transmission of heat in a
resistance furnace is usually accomplished by radiation., To
determine the total energy radiated it is necessary to apply our
laws of radiation, The Stefan-Boltzmann law, Equation (l), deals
with the total energy radiated., This law expresses the relation
between the total energy radiated per unit area and the tempera-

ture as
W= es (Tl - Tl (L)

It must be kept in mind that the temperature is dependent
on the impressed voltage. The curve of Figure 1 graphically
shows the relation of temperature change with the voltage ratio
squared. Although this curve was obtained at an initial temper-
ature of 2150° F. it can be applied within limits to the higher
furnace temperatures near this value. This curve is replotted

in Figure 5 on semi-logarithmic coordinates glving a straight
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line relation, The equation of this line is

AT

1

2700 log v (10}

where
At = the change in temperature (°F)
and 7
v = the voltage ratio

The Stefan-Boltzmann law was originally derived with the
units ef temperature to be in degrees Kelvin (K = °C + 273),
Since the English system of units 1s commonly used in this
country it is desired that the law be expressed in Rankine

temperature, (°R = OF + L60), or
W= es (T1h - 1 (L)

where
Ty = absolute temperature of the radiating body in degrees
Rankine
To = absolute temperature of the surroundings in degrees
Rankine
s = 0.173 x 10”8 Btu per hr, sq rt, ORb
eﬁd W and e having the same definition as given previously.
A change in the applied voltage will ohange the temperature
of the radiating body, the resistance element, in accordance

with Equation (7), that is,
At = 2700 Log vy (7)

Substituting Equation (7) in Equation (Li') yields an
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|
expression for the radiant energy output in terms of the voltage

ratic, |

W=<3¢BT1+ AtﬂF-Tgﬂ

oo [(Ty + 2700 log y)l ~ molt] (11)

or W
SOLUTION O0F THE ECONOMIC PROBLEM

All of the quantities in the proposed equation (Equation 5)
are now exﬁressed in terms of the voltage ratio,

Equationsl(é), (8), and (11) may now be substituted in
Bquation (5).

o = energy cost + total element cost
h heat output

BoWy2 + _Ai,%fi( 0,0058) 10223772

(12)

es ‘[(Tj_ + 2700 log y)l% - Tng-]

The first derivative set equal to zero to find the minimum

gives

' : A 2
2 [(T:L + 2700 log _y)1L - Tzﬂ [Ech + 0,0299-2L102237Y ]

i ' Ac_ 2
11690 [Tl + 2700 log 3?']3 [Ech + 000058-1-;%10233737‘_‘

= 0 . ~ - (13)

This équation shows the relation that exlsts between the
i
energy cost per kw-hr, the kilowatt rating of the resistance
clement, the normal life with standard intermittent heating, the

temperature of the surroundings, the temperature of the element
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with rated voltage applied, and the voltage ratlio, Values may

be substituted in this equatlion to determine the voltage at which
a resilstance heating element should be operated for minimum cost.
Unfortunately, the equation is too involved to solve for the
voltage ratio, y, directly; a trial and error solution 1s neces-

sary.
AFPPLICATION

The following design data of a resistance heating element
for an open type range unit is taken from a slide rule printed by
Hoskins Manufacturing Company for use with Chromel "A", an 80-20

nickel-chromium alloy,.

E = 110 volts W = 0.6 kilowatts
I = 5,15 amperes when hot R = 18.9 ohms (at 75°F)
#21 gage t1 = 1650° F. length of wire = 23.6 feet

Assume the following velues apply to this element.
energy cost = $0,03 per kw-hr
total element éost = $L.00 (initial element cost plus
feplacement and maintenance costg)
and the temperature gradient to be 100° F, or the receiver of the
radlant energy is at a temperature of 1550° I,
The normal life under standard intermittent heating con-

ditions can be found from Equation (9)

L

i

(5.37 x 1011)10-0-00L57¢1
(5.37 x 1011y10-0+00457(1650)

= (5.3 x 1011)10~T<54 = 15,500 hrs.
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Substituting the above values in Equation (13) gives

2 l:(Tl + 2700 10% y))'" o Tzll] [Ecw-y- + 000299A6y102o237y ]

, . -
- 11690 !:Tl + 2700 log y] 3 [Ech + 090058f§7102°237y ] =0

i

2 [}2110 + 2700 log y)u'— 2010h] [0003(006)y

3
0.0299( 102,237y]
+ "‘1‘3%00 J

‘ 4 A
11690 [2110 + 2700 log y] 3 E);,@lgy + 1,196 x 10 1020237y ]

y

=0
=2 [(2110 + 2700 log y)l - 20104] [00018
# (7.71 x 10“6)y102°237y2:|

b P
11690 [2110 + 2700 log y] 3 [00018 + 1°1L%yx 10 102.237y]

]

=0

The easiest method to follow in solving this equation 1is

to eqﬁate its two parts,
2 Ezno + 2700 log y)M - 201oﬂ [00018
2
+ (7.71 x 10“"6),7102"2375’]

o P
= 11690 [2110 + 2700 log y] 3 [00018 4 Lehot x 10 102°237Y2]

J

then solve by trial and error carrying on a plot of the two sides
of the equation at the same time. The inters?ction point of the

two curves thus formed will result in its golution which in this
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case gives y = 1.25.
The heating element can then be redesigned for a voltage of
1.25 fimes 110 volts or its new kilowatt rating will be its

original rating multiplied by the voltage ratio squared,
W' o= Wy2 = 0,6(1.56) = 0,936 kw,

To obtain this wattage it 1s necessary to go back to the
original design data which gives the current drawn, when hot, as
5.115 amps and original wattage of 600 watts at 110 volts. From
this it can be determined that the resistance is 20.2 ohms (hot)
for the 23,6 feet that compose the resistance unit., It 1s now
desired that its resistance be changed so as to consume 0.936 kw

2

ted voltage b resist 111 be &£0 ; .
at rated voltage or the new resistance wi be 336 or 12,9 ohms
The new length of wire can be found by proportlon,

23.6 _ length
50.2 = T12.9

or the new length will be 15.1 feet.

This will give the most economical element,

Economy is not achieved through the shorter length of wire,
In developing the conditlions for economical operation the total
element cost, Ag, which consists of the initial element cost plus
the replacement and maintenance cost, 1s taken as a constant or
fixed value for any glven element. (Bee Equation 8). The change
in the length of the wire would represent only a vefy small part
of this term. Economy of operatlion ig achleved through obtaining

the minimum cost per unlt of heats



ASBUMPTIONS

In this development of the economical operating voltage
several assumptions were made which should be brought to the
readerts attention.

First, the emissivity was considered to be a constant.
Strictly speaking, the emissivity varies with the temperature
or, as presénted here, would be dependent on the Ilmpressed
voltage, This variation is slight and in no practical problems
involving small temperature changes 1is it considered.

Second, the resistance of the heating element material
was considered to be constant over the temperature range con-
sidered. The assumption would not iﬁtroduce an appreciable
error since the resistance change with temperature of the(BO-ZO
nickel-chromium alloys 1s usually less than 1% in its working
range.

Thirdgvall the heat lost or transferred by conductlon and
Qonveétion_is neglected, This has been discussed in detaill in
the text of this thesils,

Fourth, the curve of Figure | showing the total hours of
life under standard intermittent heating in relation to temper~
ature has been extended through the use of its equation (Equation
9). The amount of extension necessary to cover furnace temper-
aturés would be small and the errors introduced in this manner
would be slight,

Fifth, the curve showing temperature Increase as a function
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of the squere of the voltage ratio, Figure 5, was determined
freﬁ aﬁ ipitial temperature of 2150° F, In other words, this
curve ehows the increase in temperature that accompanies an
increase in applied voltage over and above the temperature of
2150° F, obtained when operated at an impressed voltage equal to
the rated voltage. This 1is perhaps the largest source of error,
The lower the element temperature the greater the error intro-
duced¢ An extreme example 1s: assume an element operated with
an impressed voltage of two volts at a temperature of lOOO P
has 1its voltage increased by one volt giving a squared voltege
ratio of 2.25., It is evident that the increase in temperature
would not be [[75° F. as indicated by Figure 5.

The relations expressed by this curve would apply to only

the higher operating temperatures of the alloy,
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| CONCLUSIONS

The cdst of energy, resistance element temperature, temper-
ature of the surroundings, rating of ths element, normal hours
of life with standard intermittent heating, the voltage ratio,
and the total element cost--initial cdst plus replacement and
maintenancg costs--determine the economical operating voltage of
a resistan&e heating element,

The bésis of any furnace problem is--or should be--a heat
problem: how to heat the charge to the required uniformity at
lowest costo8 The engineers in the field of heating element
design appear to be unaware of the economics involved. Designers
prove this statement by the nature of their product and deceive
the consumér by advertizing, At the present time, elements
are designed with a certain energy density, watts per square
inch of surface area, in mind. The energy density is chosen to
give a ver& long 1life with no economic justification.

One of the important factors which determines the economi-
cal operatihg point 1s the total element cost consisting of the
initial cost of the element, replacement cost, and maintenance
costs, The initial cost and the maintenance costs are items
without much possible improvement. The largest component in
the total élement cost in many cases 1is the repiacement cost,

To decreasé the replacement cost which will extend the

8 V. Paschkis, Industrial Electriec Furnaces and Appllances,
IT, pPe Vo
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economical‘lifeS design engineers should also devote their
attention to the elements physical construction. A plug-in unit
would result in an enormous decrease 1in the replacement cost
and, at thé same time, an increase in the economical lifeo

Economy is very seldom thought of by the consumer, however,
he should be informed and be aware of the factors involved. The
only way this can be accomplished is for the engineers to change
their desiéns with the full-hearted backing of their companies,
keeping injmind the relations determining the minimum cost per
wnit of heat.

The other factors determining the point of most economical
operation are not as easily varied, The resistance element
temperature and the temperature of the surroundings are fixed by
the charge to be heated, the furnace design, and the emissivity
of the resistance element: all of which are out of the control
of the heating element designer. The cost of energy is another
of the det?rmining factors out of the control of the design
engineers, !The reduction of the energy cost to a minimum value
is the probiem of the consumer,

The developments made here are based on information available
which has been determined iunder standard intermittent heating
tests as proposed by the A.S.T.M, As stated before, these tests
are used since their applicaﬁion results in the shortest life of
the materialo It shculd be kept in mind that the heating and
cooling cygle of two minutes on and two minutes off is seldom,

1f ever, encountered in practice., The 1life of an element in

normal use would be several times to as high as thirty times
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longer than indicated here .9
‘ The rénge of wire size discussed is rather limited, #18
to #2& gage. This size of wire would only be found in small
uniﬁs. To apply these principles to large units, where the
application of economics would be of the most value, further
experimental work 1s necessary to establish the relations between
life factor, temperature, normal hours of life, and voltage ratio
for resistors of larger cross-section and rectangular shapes,
Economy based on sound engineering principles can be adapted
to the design of electric resistance heating elements. More
research along the same general lines of this thesis would be
desirable, The economics of heating element design is of value
not only to the user of electric furnaces and heating devices

but also to the manufacturer.
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