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ABSTRACT

The purpose of this study was to design and build an apparatus
to experimentally determine the convective heat transfer coefficients
for water flowing in a horizontal tube at turbulent flow. Also it
was planned to use the apparatus to investigate the spatial dependence
of energy deposition by induction heating.

An instrument and measuring techniques were developed that gave
reasonable correlations between experimentally determined heat transfer
coefficients and values calculated from generally accepted heat transfer
relationships developed by other experimenters. Most of the calculated
values were within = 10$% of the experimental values for a wide range
of flow rates.

It was hoped to determine qualitatively tne energy deposition due
to induction neating by measuring the steady-state temperature drop
across tne wall of the stainless steel tube used in the apparatus.
Although tne temperatures obtained on the outside of the stainless
steel tube appeared to be in error, it was concluded from another
experiment that tne deposition of energy due to induction heating is

essentially a surface phenomenon.
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I. INTRODUCTION

The main objective of this iInvestigation was to determine suitable
methods that would give an acceptable correlation between experimentally
determined heat transfer coefficients using an induction heater as the
heat source and coefficients calculated from any of the accepted heat
transfer coefficient equations.

The secondary objective of this investigation was to qualitatively
determine the energy deposition, by an induction heater, iIn a thick-
walled stainless steel tube. The stainless steel tube was split lon-
gitudinally and the two sections were cemented around a copper tube.
Stainless steel was chosen because of its low thermal conductivity, com-
pared to other metals. This gave a greater temperature drop through the
tube wall for a given heat flow. The temperature drop across the stain-
less tube wall would be considerably greater if the heat is deposited
at or near the surface than would be the temperature gradient across
the tube wall for a uniform energy deposition. If the depth of energy
deposition could be determined, it would permit the calculation of in-
ternal temperatures knowing only the external tube surface temperatures.

In srder to determine the heat transfer coefficient for convection,
the surface temperatures must be known. Attaching a thermocouple, or
other temperature measuring instruments, to the inner surface of a tube
is at best a very difficult proposition. [If a thermocouple is located
on the inner surface, it will probably disturb the fluid film which
adheres to the surface and thereby affect thermal convection from the
surface. In this study, the temperature of the outside surface of a
copper tube is measured and it is asoumed that the temperature drop

through the tube wall is negligible. For the maximum heat flow, tne



temperature drop through the tube wall does not exceed 2 F°. The
assumption is also made that the energy deposited by the induction
heater in the test specimen is completely absorbed by the thick-

walled stainless steel tube.
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1. NOMENCLATURE
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Film temperature
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I11. SCIENTIFIC BACKGROUND

A. HEAT TRANSFER BY CONDUCTION AND CONVECTION

1. Conduction. Heat flows from a high-temperature region to a
lower-temperature region within a solid body by thermal conduction.
The particles of matter (molecules, atoms, and electrons) in the iiigh
temperature region, which are at higher energy levels, transmit some
of their energy to the adjacent lower-temperature regions. In metallic
solids, the flow of free electrons is primarily responsible for heat
conduction (1). For nonmetals, the conduction of heat is caused by the
vibrations of the atoms. This process also occurs in metals but the
electron flow in metals is the primary process of thermal conduction.
The vibrations of the atoms occur in tiny bunches called phonons (2).
A phonon is a pulse of sound waves, comparable to tne pulse of water
waves from a stone dropped into water. Its name expresses its simi-
larity to the photon, which is a pulse of light waves. The basic quan-
tum nature of matter states that energy occurs only in indivisible
little lumps— quanta. Phonons and photons are respectively the quanta
of sound waves and light waves. Phonons are the carriers of heat in
nonmetallic solids.

The quantity of heat that flows through a solid per unit time is
a direct function of the temperature gradient and a property of the
solid called the thermal conductivity. Every solid material has its
own thermal conductivity and generally, every material that is a good
conductor of heat is a good conductor of electricity.

2. Convection. Heat is transferred oy thermal convection as a
result of fluid motion (3)* Cold fluid immediately adjacent to a hot

surface receives heat by conduction which it imparts to the bulk of



the cold fluid by tnerraal conduction and by mixing with it. Free or
natural convection occurs when the fluid movement is caused by the
change of fluid density. When the fluid is moved by an external force,
the heat transfer is said to be due to forced convection.
B. HEAT TRANSFER BETWEEN SOLIDS AND FLUIDS

When a liquid flows through a pipe or tube, the fluid particles
in the vicinity of the surface are slowed down due to viscous forces.
The fluid particles adjacent to the surface nave negligible velocity
relative to the surface boundry. Neat is transferred tnrough tne walls
of tne pipe or tube by conduction and through the layer of fluid particles
adjacent to the walls by conduction. The heat is then transferred by
tne moving fluid particles into the main portion of the fluid stream.
IT the fluid moves in layers, each fluid particle following a smooth
and continuous path, the fluid is in laminar or streamline flow. When
the flow is increased beyond a certain critical velocity, streamline
flow can no longer continue and turbulence takes place. In this range
of turbulent flow, innumerable eddies and cross currents occur in the
main body of the stream. A radial component of velocity exists for
most of the fluid particles. The film adnering to the surface consists
of two separate layers. The first layer or sublayer iIs composed of
particles completely without motion clinging to the surface and of
particles creeping along in streamline flow with increasing velocity
as the distance from the surface is increased. The second layer, much
thicker than the first, is a transition zone composed of eddy currents
moving at a higher velocity altnough not so swiftly as tne main portion

of the fluid stream. The Ffirst layer or sublayer is generally termed



the laminar sublayer ad. the second layer is called the buffer zone.
The main portion of the fluid stream is called the turbulent core.
C. SURFACE COEFFICIENT OF FORCED CONVECTION

The heat flow rate, Q, througn the fluid film that is assumed to
adhere to the surface of any solid in contact with a fluid may be ex-
pressed as

Q-hA(At) @D

where At is the temperature difference between the surface of trie solid
and the bulk fluid temperature, h is the surface coefficient for film
conductance, and A is the surface area. In order to develop a mathe-
matical expression for a surface coefficient of forced convection,
where the flow is assumed to be turbulent, three different means of
approacn are employed. The first approacn is to perform a mathematical
analysis of the fluid flow, translated into thermal units through an
analogy between fluid friction and heat transfer. The second approach
to the problem is to apply the principles of dimensional analysis together
with the introduction of numerical constants derived from experimental
data. The third approach to the problem, which has less general appli-
cation, is to represent the experimental data by purely empirical
formulas.

The development of an analogy between fluid friction and film
conductance had its beginning with the work of Osborne Reynolds in
1874 through his observation that in geometrically similar systems of
piping, the transfer of heat by convection was definitely related to
the fluid friction. In more recent years, Reynolds®" analogy has been
progressively extended by a number of experimenters iIn the attempt to

develop an expression tnat will show close agreement with experimental



results for all fluids of known physical properties throughout the
widest ranges of temperatures and velocities.

The expressions devised by rigid mathematical analysis of the
analogy between heat transfer and fluid friction are quite involved.
The resulting derivations are so much more complicated tnan the devel-
opment of an expression by the metnod of dimensional analysis combined
with experimental evaluations that the latter procedure generally has
met with great favor.

One method of developing the form of an equation by dimensional
analysis is by use of the If theorem. This theorem states that any

complete homogeneous equation expressing the relationship between n

measurable quantities and r dimensional constants such as (a,b,c ...)
in the form f(a,b,c ...)~0 has a solution of the form
(ft ] ) &*-+) ~7 @

where the number of fT terms iIs n-r independent products of the terras
a,b,c ..., which are dimensionless in the fundamental units. In
equation (2), n is the number of physical quantities plus dimensional
constants involved and r is the number of fundamental dimensions
required to express them. Thus for Ffive physical quantities involved,
if they are expressed in terms of tnree fundamental dimensions, there
will be two dimensionless products orrr®s in the solution.

Taking into consideration all of the variables tnat effect trie
convective heat transfer coefficient, the following equation can be
derived by the theorem.

~om (¥ v ) =-° ©))

A solution of this equation is

hi = W
K f.o



The form in waich the function f]l and f~*can readily be expressed has

been determined by plotting the results of numerous tests. For most

practical applications, these results are well expressed by the equation
N —Cc W W ©)

This equation is known as Nusselt’s equation, and the three dimension-

less fractions are known as follows:

, Nusselt number, or modulus ®)
R*e , Reynolds number, or modulus @)
CFA , Prandtl number, or modulus ®
K

From a review of the work of various experimenters, W. H. McAdams
has concluded that a fair correlation of their results for the heating
and cooling of various nonviscous fluids in turbulent flow in horizontal
tubes is given by the equation

» - " "fW 'C W * ®
Flow is generally accepted as being turbulent when the Reynolds number
is above 2300. Equation (9) applies wnere the Reynolds number is with-
in the range of 10,000 to 120,000, the Prandtl number is between 0.7?
and 120, the length of tne tube is at least 60 diameters, and the
difference in temperature on the two sides of the film is not large.
This equation is widely accepted for the calculation of surface co-
efficients when the fluid does not have a viscosity greater than that
of water.

One of the equations that has been accepted as being one of the
better equations for describing turbulent flow in horizontal tubes is
the Dittus-Boelter Equation

“ = eew(W * CV) (10)

where b - A for heating and b -m .3 for cooling.



When the Reynolds number exceeds 10,000, A. P. Colburn has modi-
fied the Dittus-Boelter Equation by cnanging the exponent on tne Prandtl
number from ,4 for heating to 1/3= It has been well enough accepted to
be i1dentified as the Colburn Equation.

M. = ..«* (v*iy"' (% *)'* (i)

The surface coefficient of convection for heating or cooling of
water in tubes at temperatures not exceeding 180 °F may be expressed
quite accurately by the King Equation

K=  .00134 +,00-))LEX 12)
where t is the average water temperature or if the temperature drop
across the inside film is estimated to be more than 10 F°, t should
be the Ffilm temperature, i. e., the average temperature in the fluid
film.

In the application of any empirical equation for forced convection
to practical problems it is important to bear in mind that tne predicted
values of the heat transfer coefficient are not exact. The results
obtained by various experimenters, even under carefully controlled
conditions, differ appreciably. It has generally been accepted that
a correlation within + 20 per cent is acceptable.

The surface coefficient, h, may be a point value or an average
value, i. e., it may apply to a specific point along a tube where the
temperature on both sides of the film are known or it may be an average
value applying to the entire inside surface of the tube.

All calculations of the surface coefficient made by applying
equations such as McAdams®", Colburn, etc. involve the evaluation of
the physical properties of the fluid at some definite temperature (4).

At low rates of heat transfer and turbulent flow, the difference
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between the bulk temperature (temperature of tne main body of the stream)
and that of the surface with which the fluid is in contact may be in-
significant. In this case, physical properties are usually evaluated
at the bulk temperature of the fluid. At higher rates of heat transfer,
tne temperature that is usually selected is an intermediate value termed
tne film temperature. The film temperature is a mean of the bulk Ffluid
temperature and the surface temperature.
TF - MY @)

Uniform procedure for tne selection of the temperature at which
to evaluate the fluid properties has not yet been attained. Usually,
the physical properties are evaluated at the bulk temperature when
the temperature difference on the two sides of the film is not more
than 10 F° in the case of a liquid or 100 F° in the case of gases.
For larger temperature differences, the film temperature is used.
D. THERMOCOUPLES

T. J. Seebeck discovered the phenomenon of thermoelectricity in
1821 when he found that if a circuit was formed consisting of two dis-
similar metallic conductors and if the two junctions of the circuit
were maintained at different temperatures, a current flowed in the circuit.
The emf producing this current is called the Seebeck thermal emf. It
was later found that the voltage Seebeck discovered was brought about
by two causes, the Peltier effect and the Thomson effect. In short,
Peltier discovered that if a current from an external source iIs passed
through a circuit consisting of two dissimilar materials, one of the
junctions would be heated and the other cooled. This effect occured

only at the junctions and was reversible. This effect is different
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from that of a current flowing through an electrical resistance and
varies directly as the square of the current.

The Thomson effect causes a difference o.f potential along a single
homogeneous wire when there is a temperature gradient in it. The
Thomson effect, like the Peltier, is reversible.

By inserting a potentiometer into the circuit and measuring tne
emf generated when the junctions are at known temperatures, a correla-
tion between emf generated and temperature can be established.

To insure continuity of data, the practice is to maintain one of
the junctions at a known and reproducible temperature, i. e., the melting
point of ice, boiling point of water, boiling point of oxygen, boiling
point of sulfur, melting point of silver, or the melting point of gold.
In the measurement of temperatures in the range of 0-500 °F, the melting
point of ice is usually selected. The emf or difference of potential
between the two junctions can be directly related to the difference
in temperature between the two junctions.

The hot junction of a thermocouple may be made by soldering or
fusing the two metals or by any electrical connection between the two
metals. Silver solder is useful at temperatures below 1600 °F, but
the best type of junction is made by fusion. The junction of a rare
metal couple may be made by using a small oxygen-illuminating gas flame.
Acetylene is not desirable, and flux should not be used. It is fre-
quently the practice to twist the two wires because this gives better
mechanical strength.

It Is not necessary for accuracy to expose the whole length of the
element to the temperature to be measured , because the thermo-electric

force depends only upon the temperatures of tne ends. The cold end,
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or junction, should be maintained at a constant temperature.

The four most commonly used thermocouple combinations are: platinum
platinum rhodium, ircn-constantan, chromel-alumel, and copper-cons-
tan.
E. INDUCTION HEATING

Induction heating is a means of rasing the temperature of metallic
parts by the transfer of electrical energy from a high frequency current
carrying conductor, usually referred to as a heating coil. This coil
sets up a field of magnetic flux that energizes the metal workpiece in
such a way that current is caused to flow around its surface. The
resistance of the work to this flow, or its inability to carry the in-
duced current, causes an immediate heating action to take place (5).

The principle of induction heating is basically the same as that
of a transformer. The induction coil would be equivalent to the pri-
mary of the transformer and the workpiece to be heated is equivalent
to the secondary of the transformer. When tne induction coil is ener-
gized with alternating current, the current causes magnetic lines of
force or flux lines to flow around the coils. Then, as the workpiece
is cut by these flux lines, it in turn has induced in it a current that
opposes the inducing current. The induced current in the workpiece
or secondary tends to flow parallel to primary currents but in the
opposite direction. IFf the workpiece is a magnetic material, it may
be assumed to be made up of many small particles which tend to become
polarized with a north and south pole lined up with the polarity of
tne field produced within the coil by tne flow of current. The polarity

of this field cnanges many times per second witn the alternation of the



Figure 1.

Figure 2.

Current in Coil and Workpiece

Flux Distribution Around Coils
of Induction Heater
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current necessary for hign frequency heating. The tendency for tnese
small magnets to realign themselves with tue changing field polarity
is resisted by the metal and internal molecular friction is developed
wnich dissipates itself in the form of heat. This heating effect is
due to hysteresis or the hysteresis effect.

Another source of energy deposition is that resulting from the
eddy currents which are produced in the area affected because of the
intensity of the induced current much the same as the eddy swirls set
up along the bank of a rapidly moving stream of water. Since the sub-
stance which carries the induced current is acting as a conductor, it
also has an electrical resistance to this flow of energy. Thus, in-
duction heating may be compared to ordinary resistance heating and
establish it likewise as tnat heat which is liberated as a result of
IpR losses. That is to say, there is a flow of current (I) and a
resistance to this flow of current (R) which, combined, are responsible
for tue generation of heat. The heat dissipated by the eddy currents
is much more significant than heating caused by hysteresis effect for
induction heating.

OFf great importance in induction heating is the frequency of the
A. G. power source. The frequency has a direct influence on the depth
of heat penetration. The higher the frequency, up to a certain range,
the more pronounced the surface heating effect. A frequency of 2,000
cycles per second may heat a surface to a depth of 0.125 inch, whereas
a frequency of 200,000 cycles per second will produce a much shallower
heat zone, on the order of 0.020 inch in deptn. |If deep penetration
is desired, frequencies of 2,000 to 10,000 cycles per second usually

are applied, where only surface heating is required, a frequency range
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of 200,000 to 500,000 cycles per second is preferable. For extremely
thin heat layers, frequencies of 1,000,000 cycles per second may be
used.

Three basic types of equipment are used for inductivily heating
metallic parts. These equipment are the motor-generator set, the spark-
gap converter, and the vacuum-tube or electronic-type generator. In
principle they are all alike in that an inductor or heating coil surrounds
the work to be heated.

The motor-generator set is used for the lower frequency range of
2.000 to 9,600 cycles per second. These sets are therefore widely used
for the heating of parts where deep hardening is required, or for the
through heating of bars, such as those required for forging.

For shallow heat penetration applications, the spark-gap converter
and vacuum-tube oscillator are employed. The spark-gap converter op-
erates in the frequency range of from 25,000 to 250,000 cycles per
second while the vacuum-tube oscillator operates in the range of from
100.000 to 1,000,000 or more cycles per second.

The induction heater used in this study has two output terminals,
one for high voltage output and one for low voltage output. The high
voltage output terminals on the left are used for feeding multi-turn
coils where the loads require relatively low-power densities. The low
voltage output on the right is used for feeding single-turn coils and
very small multi-turn coils where the loads require relatively high
power densities. The high voltage output terminals on the left were
used for this study, (dee Fig. 5, P* 2*0
F. INTERNAL HEAT GENERATION

A number of applications of the principles of heat transfer are



concerned with systems in which heat may be generated internally.
Nuclear reactors are one example, electrical conductors and chemically
reacting systems are others. The general conduction equation for iIn-
ternal heat generation is

T + f H w
where e = time and G is the spatially dependent volumetric heat source
term. For steady-state conditions, the term on the right side of the
equality sign is equal to zero.

Since the heat generation by an induction heater is a volumetric
heating effect, equation (14) can be used to determine the steady-
state temperature distribution in the member provided the spatial de-
pendence of G is known. Part of this study was aimed at trying to de-
termine the spatial dependence of G by measuring the steady-state
temperature distribution in the test apparatus. Solving equation (14)
for tne steady-state condition of uniform volumetric heating in an
infinitely long, annular wall with the external surface insulated,
produces the following equation

Atu us)
where A tu = temperature drop between the outside and inside of the
stainless steel tube for uniform heat generation.

IT it is assumed that all of the heat is deposited immediately

16

at the external surface of the annular wall, the temperature drop across

the tube wall is given as follows

A - L Px
ts an-KL s l-, (16)

where a ts is the temperature drop across the tube wall for surface
heating and Q is the total steady-state rate of energy deposition in

Btu/hr. The total heat transfer rate Q is related to the uniform
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volumetric heat rate G by

Q — G(volume of tube wall) = (T ( LA
Substituting tnis relationship into equation (16), the following equation
is obtained

* »,
Ats L ( ) In —ttx an
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1V. EXPERIMENTAL METHOD

A. TEST EQUIPMENT

1. Thermocouples. The thermocouples used in this investigation
were 28 gauge copper-constantan thermocouple wire. The reasons for
the selection of this metal combination for the thermocouples are given
in the following discussion.

It was discovered that only the constantan lead need be located
at the point where the temperature was to be determined when measuring
temperatures along copper tubing by means of copper-constantan thermo-
couples. This was accomplished by letting the copper tube act as the
conductor to a common copper wire, which can be located at any convien-
ient point along the tube. To prove that the copper tube would con-
duct the current to the copper lead, and that impurities in the copper
tube would not alter the reading, a test was devised to measure the
boiling and ice temperatures of water. When the temperature of boiling
water was measured, both the mercury thermometer and the potentiometer
indicated a reading of + 211 °F, although the temperature of the copper
connection was approximately 80 °F. When the boiling water was replaced
by ice and water, the mercury tnermometer and the potentiometer indicated
a reading of + 32 °F. Therefore, it was concluded that this method
gave accurate results. This method was better than the conventional
way of attaching thermocouple leads because tiie copper lead could be
located away from the coils of the induction heater. This reduced the
possibility of extraneous current being induced in the thermocouple
circuits used to measure the copper tube temperature.

The 26 gauge thermocouple wire was selected because the smaller



19

size leads could be attatched with a minimum amount of solder, a large
build-up of solder around a thermocouple connection, when exposed to

a magnetic field induction, could give an erroneous temperature reading
due to the excess mass cutting more Flux lines thus indicating a higher
temperature. Also, the large mass of solder creates an electrical
junction between the thermocouple metals that measures a temperature
other than at the desired point.

2. Test Specimen. The test specimen constructed for this in-
vestigation is shown in Figure 5b*

The test specimen was prepared by longitudinally sawing a twelve
inch section of type 30" stainless steel tubing into two halves. Eleven
1/16 inch diameter holes were drilled along a straight line through
one of the pieces of tubing. A 28 inch section of 5/8 inch 1. D. copper
tubing was next selected. The 0. D. of the copper tube was reduced
starting at a point four inches from one end of the tube and extending
twelve inches toward the other end. The reason for reducing the 0. D.
of the copper tubing was to obtain a sufficient amount of bonding agent
between the copper tube and the two halves of the stainless steel tube.
Also, this would insure that the two halves of the stainless steel tube
would fit as closely as possible around the reduced 0. D. section of
copper tube. The reason for mating the two halves of the stainless
tube as closely as possible around the copper tube was that a tempera-
ture build-up can occur at a sharp break in the surface of the test
specimen because of the change of the path of eddy currents. A straight
line was scribed along the twelve inch section of copper tube which
had the 0. D. reduced. Eleven insulated constantan thermocouple leads

were soldered on alternate sides of the scribed line at one inch
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intervals. (See Fig* 3b) Copper-constantan tneraocouple junctions
were run through the 1/16 inch diameter holes in the stainless tube
section and soldered to the 1. D. of this section. (See Fig. 3a) The
copper tubing was slightly dented where the insulated thermocouple
wire, Tastened to the stainless tube I. D., would rest on the copper
tube. It is believed that denting the copper tube had the effect of
increasing the calculated heat transfer coefficients due to increased
turbulence induced by the dents in the tubing. The constantan thero-
couple leads on the copper tube were put through the 1/16 inch diameter
holes in the top section of the stainless tube. (See Fig. 4a) A two
part epoxy resin cement was mixed and applied to the inside of the
two halves of the stainless tube. The two halves were then clamped
around the copper tubing and the epoxy cement allowed to cure for two
days. The epoxy resin cement was selected as the bonding agent because
no bonding agent could easily be obtained which would properly wet the
surface of the stainless tubing at low temperatures. The critical
temperature being the melting point of the solder used to fasten the
thermocouples to the stainless and copper tubing. Therefore, no bond-
ing agent could be used which would have to be applied at a temperature
which could disturb the position of the tnermocouples. A sample of
the epoxy was obtained and used to bond a small section of copper tube
to stainless tube as would be done for the actual test specimen. This
small specimen was exposed to temperatures (200-300°F) which would be
encountered in actual testing and the bonding strength of the epoxy
at these temperatures was considered adequate.

After the epoxy cement had cured for two days, thermocouples were

attatched to the 0. U. of the stainless tube. (See Fig. 4a ) The test
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specimen was wrapped in asbestos cloth to prevent the specimen from
touching the coils of the induction heater which would cause a heat
build-up at the point of contact and produce uneven heating of the
test specimen. Also, the asbestos cloth was applied to reduce heat
transfer from the external surface. Slits were made in the asbestos
cloth to permit the thermocouples to project out radially between the
coils of the induction heater.

3. Induction Heater. The induction heater used in this experi-
ment was a Westinghouse single phase multipurpose heater. (See Fig.
5) It is composed of a motor-generator set with a fixed frequency of
9600 cycles per second. The motor-generator set is cooled by circu-
lating water obtained from the Missouri School of Mines power plant.
It is protected from overheating by relays located in the motor which
automatically shut off the set wnen tne water reaches a temperature
of about 90°F, or the water gauge pressure falls below forty pounds
per square inch. The motor-generator is capable of supplying voltage
over a range of 12 1/2 to 800 volts. The induction coil used is made
of 3/8 iinch diameter copper tubing, consisting of 14 turns, and was
approximately 12 inches long. The tubing of the induction coil is
connected to the coolant water supply to keep the tubing from over-
heating during operation.

4. Recorder. The recorder used in tnis study is a wheelco
continuous null balance type D. C. potentiometer. The recorder is
equipped with circuitry and automatic switches to monitor sixteen
thermocouples. The output siginals are printed on a continuously
moving chart. The reference circuit consisted of a thermocouple

placed in series with the input signal circuitry and immersing it in
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an ice bath.

A capacitor was installed in eacn lead of the reference circuit
and was grounded. This was done to filter out extraneously induced
emfs that might be generated by the induction coil in the thermocouples.
These capacitors reduced the electrical noise in the input signal.

A test was conducted to see if the iInduction heater was generating
any extraneous emfs in the thermocouples. This was done by connecting
a five turn copper coil to the induction heater. The axis of the coil
was in the vertical position. A beaker with a small cylinder of steel
in it was Filled with water and placed in the coil. The induction
heater was started and the povrerstat adjusted until the water began to
boil. A thermocouple junction was immersed in the boiling water and
the recorder indicated 211°F. From this experiment, it was concluded
that the induced emfs in the thermocouple by the induction heater did
not seriously affect the recorder reading.

B. PROCESS COOLANT WATER

The following features were considered essential in the coolant
water used for this study.

1. Reasonably free of air or other gases.
2. Low temperature.
3. Constant temperature.

The cistern of the Mechanical Engineering Building was considered
the best source of process coolant water available. The cistern is
maintained at a depth of six feet and contains sufficient water for
all the Mechanical Engineering Department power plant laboratory work.
This water is kept in continuous storage and additions made only when

the water level is at a minimum level. Because of the continuous
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storage, this water was considered to be relatively free of gases.
The cistern water was used throughout this study to cool the test
specimen. The observed temperature variations .for the cistern water
were less than one F° during the first part of the investigation.
During trie latter part of tne investigation, additional water had to
be added to the cistern and the observed temperature variations for
the remainder of the experiment were less than three F°.

C. FLOW MEASUREMENT

The magnitude of tne flow was measured for each run by weighing
the amount of water that would flow, in a given time interval (2 min.),
into a barrel setting on a platform scale. By this method, trie flow
was calculated in pounds per hour.

D. WATER TEMPERATURE MEASUREMENT

Inlet and outlet test specimen water temperatures were measured
by mercury thermometers. One thermometer was placed in the weir tank.
It was assumed that the water in the weilr tank was at the same tempera-
ture as the water pumped to the test specimen inlet since water was
supplied to both places by a common pump. A thermometer was also placed
in a tee downstream from the test specimen.

At the start of each run, before the induction heater was turned
on, water was allowed to flow through the test specimen from two to
three minutes then tne thermometer mounted in the tee was read and re-
corded as the inlet temperature. This reading was checked with the
reading obtained from the thermometer in the weir tank. The observed
temperatures from these two thermometers were in perfect agreement
throughout the study. After tne induction heater was turned on and

steady-state conditions were reached for tne particular run, the
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thermometer in the tee was again read and this was recorded as the
outlet temperature.
E. TEST PROCEDURE

The general procedure was to start the induction heater and adjust
the coolant flow to the desired flow rate. No data was recorded for
use in this study until the thermocouple chart recorder indicated
steady-state conditions were reached. After the data for a particular
run was recorded, the flow rate was adjusted to the next reading and the

procedure was repeated.
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V. RESULTS

A. COMPARISON OF MEASURED AND CALCULATED HEAT TRANSFER COEFFICIENTS

The measured values of the heat transfer coefficient were obtained
by the following equation

h*  -3-
where At == the difference between the average copper tube surface
temperature and the average water temperature and A is the inside sur-
face area of the copper tube.

The values calculated by the King Equation (12) were within accept-
able limits when compared to the measured values for both runs one and
two. For low heat fluxes, the range of error of the calculated coeffi-
cients was + 3.4$ to -h 16.2% while the range for high heat fluxes was
- 1.9% to + 11.6%. The magnitude of deviation was about the same,
1285 for run one and 13*3$ for run two.

The best correlation between measured and calculated results was
obtained when the Colburn Equation (11) was used to obtain the calculated
values. The range of deviation for run one was - 4.8% to m+ 7«5% and
for run two it was - 9.2% to + 3»2%. The magnitude of deviation for
both runs is almost the same.

The largest deviation between measured and calculated results
was obtained from the Dittus-Boelter Equation (10) although the results
were still within acceptable limits. The range of deviation for runs
one and two were + 6.2% to + 19.1$ and t 0.7% to + 13*2% respectively.
B. DEPTH OF ENERGY PENETRATION

It was assumed that the heat penetration, caused by the coil of

the i1nduction heater, started at the outside of the stainless tube
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and flowed inward. During the course of this study, the thermocouples
on the 0. D. of the stainless tube indicated a significantly lower
temperature than the thermocouples on the 1. D. of the stainless tube.
After the test runs were completed, the asbestos cloth was removed

and inspection of the test specimen showed that two of the five thermo-
couples had come loose from the 0. D. of the stainless tube. This
condition raised doubts as to the validity of any of the thermocouples
on the 0. D. of the stainless tube.

Another test was conducted to qualitatively determine where the
transformation of electrical energy to thermal energy occured. A small
solid steel cylinder was immersed in a beaker partially filled with
water and the beaker was placed in the coil of the induction heater.
The powerstat of the induction heater was adjusted until the water
began to boil. The beaker of water had been placed on a balance scale
so that the time to boil away a predetermined weight of water could
be determined. The temperature on the inside of the steel cylinder
was measured by means of a thermocouple located in the center of the
cylinder at the midpoint along the axis of the cylinder. The inside
temperature of the steel cylinder was assumed to remain constant.

The temperature of the outside surface of the cylinder was assumed to
be 212°F. By knowing the time to boil away a given amount of water,
the rate of internal energy generation was calculated by

Q- m 5
where m ~ rate of water boiled away and hfe rz. the enthalpy of vapor-
azation of water. The volumetric energy release, assuming a uniform
energy deposition rate, was calculated by dividing ~ by the volume of

the cylinder. The following equation was obtained from the works of
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Carslaw and Jaeger. (6)
At- a** (L~t) —qfAp V Aayl] sAICHEYM
ZLK Krr L.

Ag = constant rate of heat production per unit volume

L = length of cylinder
z = distance between L= 0 and L
At — difference between outside and center temperatures

Using equation (18), the calculated temperature difference for the
experimental run assuming a uniform heat generation was 14 F° whereas
the measured temperature difference was only 4 F°. It was concluded
from this comparison that the calculated temperature difference could
possibly indicate that the energy transformation was far from a uniform
volumetric process but rather a surface or near surface phenomenon.
According to Osborn (7)

"The magnetic lines of force which induce the flow of energy
are more concentrated at the mid point of the width of the inductor
(coil of the induction heater) and near its inside face. But the
unusual characteristic of high frequency heating (1,000 cycles per
second and above) upon which all surface hardening applications
depend is its tendency to concentrate on the surface of the con-
ductor through which it flows."

From the above statement by Osborn, it is concluded that energy trans-
formation due to induction heating is a surface or near surface phenom-

enon at these frequencies and that the thermocouples on the 0. D. of

the stainless steel tube gave erroneous temperature readings
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VI. CONCLUSIONS

The following conclusions were drawn from the results of this
study.

A satisfactory correlation of experimental and empirical heat
transfer coefficients can be obtained using the induction heater as
the heat source without directly measuring the inside surface tempera-
tures of the copper tube.

The results obtained from tnis study for the correlation of heat
transfer coefficients compare satisfactorily with the results obtained
by accepted heat transfer correlations.

It is concluded that the transformation of electrical energy to

thermal energy in the test specimen is essentially a surface phenomenon.
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