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Heating Wood by High Frequency Electricity

INTRODUCTION:

This research was undertaken to determine a pos-
sible method of dry bending of wood., The necessity for
this work was brought about by the shortage of materials,
caused by the war, Wood has replaced metals in many places
in the last few years, and due to additional research, it

is still entering many new fields,

This new use of wood is very likely to continue
even after the shortage of materials is at an end, This is
because the raw material is much cheaper., All metals are
necessarily hard to mine and the supplies are exhaustable,
The more metals that are used up, the more costiy they will
become since lower con;ent ores will be used, The lumber
supply of our country, if properly husbanded, as is our
present government policy, ia inexhaustable, as it is con-
stantly being replaced, Then, too, the type of wood most
suitable for our uses can be grown, and thereby improve the

raw material source,

In fabricating products of wood, the labor required
does not need to be as skilled as in other fields. As wood
began to replace metals in some airecraft parts, piano manu-
facturers and other wood working agencies, which figured they

were outside the realm of war work, were surprised to obtain



war contracts, Unskilled labor was rapidly trained and put

to worke

Many people express amazement when they learn that.
wood i8 replacing metals in aircraft parts, but they forget
that the original airplanes were constructed of wood almost
entirely. The use of wood in aircraft parts was brought to
a rapid stop by the crash of the airliner that cost Knute
Rockne his life in 1931, This crash brought about so much
unfavorable publicity concerning this wooden winged plane

that wooden parts were outlawed,
A .DIFFERENT AGE:

Since that time a new era in glues has come to pass, _..
In the o0ld glues, their animal origin supported mold growth
and enaouraged termites. It was a common saying that, “That
plane will keep on flying as long as the termites hold hands?
The new glues are of chemical origin and discourage both
mold and termites. These glues are of a type called "ir-
reversible.®* That is, they are thermosetting. Once a high
temperature is applied and the glue sets, the joint cannot
be destroyed, Samples of wood have been soaked in wated

until the wood started to rot away, but the glue joint re-

mained.

Coupled with all these other factors, indicating the
eontinued use of wood, is the fact that, for many of its
new. uses, it is actually doing a better job than was its

predecessor, On this point aircraft use is by far the most



spectacular,
USE AND ADVANTAGES IN AIRCRAFT:

The facts, from actual planes constructed, show that
any plane made of wooden parts will show at least a ten mile
an hour increase in speed over a metal model., The reason for
this 1s very clearly seen from tests by the National Advis-
ory Committee for Aeronautics, These tests revealed that one
row of normal, roundhead rivets, placed spanwise, a third of
the distance from the leading edge of a wing, results in a
27% inerease in drag. Nine rows of rivets increase this sta-
rtling loss to slightly over 30%. Even the flush riveted wi-
ng is inferior to the wooden wing. The complexity of the
thousands of parts required for a metal wing is overcome by
its wooden counterpart, thus simplifing and speeding prod-

uction,

Strangely enough, the amazing advantages of woods,
result from what appear to be the very weak points of the
material. To achieve an equal strength/weight ratio, wood
must be thicker thap metal- this is a blessing in disguise,
Metal being very thin is therefore very flexible and must be
reinforced with many stiffeners, Regardless of the number
of stiffeners used, inside practical limitations, the metal
will ripple in flight and cause a flutter or tremor to run
through the ship at high speeds, However minute are these

ripples, loss of 1ift and added drag result., Increased

3.



“ gkin friction * is brought about and the boundry layer of
éir, that elings close to the surface of the wing, is apt
to break away from the upper surface of the wing much fur-
ther forwar?éf the trailing edge than would ordinarily be

expected,

Another weakness of wood proves to be an advantage
under shell fire, Because wood shears more easily, it of-
fers less resistancé than metal to the passage of a bullet.
This means that the bullet will not be flattened or badly
éigtorted. Consequently, bullets and shell frggments leave

much cleaner exit holes when they rip through the far side

of a wooden structure, Not only does metal distort the bullet,

but it frequently " tumbles * the projectile in flight so
that it rips great'exit holeé. The metal blossoms or " flo-

wers " around the exit point,

The wood, being thicker, possesses a greater mod-
ulus of rigidity and has, consequently, what is known as a
greater local strength, Because of this, the amount of re-

inforcing may be a minimum,

This plywood is actually very resistant to fire,
Every glue layer will retard the advance of fire, As str-
ange® as it may seem, a piece of plastie bonded plywood of
equal strength/weight ratio takes many times as long as
elther duraluminum or stainless steel to hole through under

the flame of an acetylene torch,

4.



Builders of all metal planes are daily amazed as
they diécover different uses for wood, Starting with little
items like trim tabs, plastie plywood is being used for an
ever increasing number of parts; bomb-bay doors, air ducts,
and scoops, flaps, pilot seats, ammunition chutes, and wing
tips. It seems that numerous metal items can be replaced

by this.processed wood, even to gasoline tanks,
DRY BINDING:

The purpose of dry bending is to overcome many of
the difficulties met in old methods of bending wood, For
generations wood haa\bonn bent by soaking it until it be=-
came thoroughly wet and then elamping it to & form until
dry. This required hours of soaking and also hours of
drying. Many forms were required if any number of pieces

were to be made,

Another old method of bending wood is to steam it,
This raises the moisture content and the temperature, 1In
this method of dbending the same result is obtainable as
above, but more rapidly. All these methods of adding mois-
ture necessarily add hours of waiting for drying outy It
was therefore planned to overcome this difficulty be bends

ing the wood dry.

The proof is very simple., If a piece of very thin
wood, 1/16th of an inch or less, is held above an open

flame,far engugh away so that it is not burnt, it may be

Se



slowly bent downwards at the ends., The underlying theory of
this is fairly simple, The fibers of wood, when heated, lose
their ability to withstand a compressive force, and the abilps
ity to withstand tension is still present., This causes the
neutral axis of the wood to move toward the tension side of
the specimen, As the specimen is bent, the fibers telescope
into one another, and, if the wood is held in this position
until it cools, these fibers will still resist tension but
will be more dense from being compressed, Thus the piece will

retain its new shape,
METHODS OF HEATING:

These facts established, the problem becomes one of
choosing a method of heating the wood, In choosing a method
of heating the wood, three methods were considered. Two of
these methods were steam or gas hedtad plates, or rolls.

The other method of heating considered was the use of high
frequency current, The first two methods will be considered
as one because of their similarity., In order to compare the
different methods of heating, an elementary explanation of
the electrical method will be given here, while the formulas

and computations will be given further on.
ELECTRICAL METHOD:

Elementary physics teaches that energy is the force
of nature that is utilized to do work. Energy occurs in a
number of forms, but it cannot be created or destroyed. It

can, however, be converted from one form to another, The

6.
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total amount of energy will remain the same and will be re-

coverable in its new form, except for losses,

Science has developed the atomic theory of matter.
That 1s, that all matter is made up of molecules, These
molecules are in turn made of atoms, The atoms are gfouped
in various geometric arrangements, This difference in arr-

angement of atoms is what makes the different substances,

If these molecules are disturbed, for instance rubbed
together, heat is produced by the friction, just as a fire
may be kindled by the heat generated by rubbing two sticks
together. Everyone is familar with the conversion of one
form of energy into another, If a wire is bent back and forth
rapidly, the wire will become heated whera the bending occurs.
Actually this heat was generated by the molecular friction
caused by deforming the wire, This is an example of mech-

anical energy being converted into heat,

All forms of energy have standards of measurements,
Mechanical energy is eXpressed in foot pounds; heat energy
in B.T.U's ( British Thermal Units ); and electricity in
watts. One kilowatt is 1,000 watts. This quantity of
electricity operating for one hour ( one kilowatt hour )

will produce 3, 413 B,T.U's,

High frequency electrostatic heating is merely taking
electricity and converting it to a form that will cause
molecules in a substance to distort and rub together, thus

setting up friction which results in heat,

8.



This distortion of the molecules occurs with each
roversai of the current, or twice in each cycle, When radio
frequency current is applied to the wood at a frequency in
the millions, there is rapid distortion of the mélecules.

As they are pulled one way and another, several million times

per second, the wood is rapidly heated,
HOT PLATE METHOD:

For years hot plates have been used in making plywood
and veneering furniture, Their temperature must be high
enough to drive the heat by conduction from the contact sur-
face to the glue line, or point where heat is desired, The
application of heat reduced the setting time of the glue.
Until the heat was used, all parts had to be held in clamps
for four hours or more until the chemical reaction in the
glue could take place, When heat was applied on thin veneers,
"the same job could be done in two minutes where it took hours
before, Every wood fabrication involving the use cf glue
would use heat if it could, but the thickness of the wood

definitely limits ite use,

Wood is not & good condustor of heat as evidenced in

the table shown on Page 10,

Calories transmitted per second through a R

plate 1 Cm. thick over an area of 1 square Cm. when the X
temperature difference between the faces of the plate is !

1l degree C,

9.



Substance Conductivwity

Copper 1.00
Aluminum 0.50
Brass 0.26
Steel 0.15
Brick, common red 0.0015
Asbestos paper 0.0006
Cardboard 0.0005
Wood ( Fir) 0.0001

The fact that wood is a poor conductor of heat is
the reason for its utility for insulating purposes, How-
ever, for transmitting heat to glue between two pieces of
wood, it is much a poor conductor that only thin plies can
be handled rapidly with heat applied to the surface, If
too high a temperature is applied to the surface, it is a
well known fact that the surface may be checked, hardened,
or scorched, If plywood is not carefully handled, its
structure may be exploded, or its surface'steam blistered

by the high surface temperature of the hot plates,

Figure 2 shows how slowly heat penetrates wood as the
thickness of the wood between the hot plate and the measured

point inecreases.

Figure 3 shows how much more rapidly a typical glue
sets at higher temperature, The time that could be saved if

the temperature could be raised throughout the wood uniformly
is obvious.

10,
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THE ADVANTAGE OF HIGH FREQUINCY HEATING:

The advantage of the high frequency method fo.lows
from thé fact that this method of heating actually does
cause the heat to be generated simultaneously and uniformly
throughout the whole body of the woecd, This means that neg-
lecting losses, the whole block of wood comes up to temper=-
ature evenly., It means that the time required, for a given
increase in temperature is independent of the thickness of
the wood, These effects are in marked contrast to the hot
plate methqd where the outer layers come up to temperature

much more quickly than the interior}

In order to obtain a more detailed picture of the
temperature gradients in the two systems the time-temper-
ature curves have been computed for several typical cases,
These are shown in Figures 4 and 5. The values from which
the steam plate curves of Figure 4 were plotted, were cal-
culated from the formula:

8 ©645- ( 65-65 ) F (x )

tx
d¢d
where:
® - is the temperature at point x and time t
©g- is the plate temperature
©,- is the original temperature of the wood
o - 18 the thermal diffusivity of the wood
d - is the thickness of the wood

Values of the function (&t x ) are given by Brown
d=

015¢
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Fig S, Time-temperature distribution curves for 1",2" ana 6"
thickness of spruce heated by radio frequency (5 watts/cu.in.).
Curve A is for the wood directly against e¢old plates; Curve B
for wood against thin metal electrodes; Curve C for a thin
insulating material between wood and press plattens,
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Marco, They ara also given by the McAdams and other sources,
but the first reference is the most usable in this case, A
value of .0063 for the thermal diffusivity of spruce at 8 to

104 moisture content was used,

The curves shown in Figure 5 are based mainly on exper-
imental measurements made on various sections of wood heated
by the high frequency method, For each time-thickness re-
lation a set of three curves is given., This is necessary
because the temperature gradient in wood heated by this method
depends on the conduction losses, These losses depend to a
certain extent on the equipment used., The three typical set-
ups that are illustrated in these curves are as follows:

1l - the case where the material is directly
against the faces of a large cold press,

2 - where the material is clamped between re-
latively thin metal plates which are exposed to the air,

3 - where a thin layer of heat-insulating
material ( such as press board) is placed between the
material and the presas, or between the electrodes and the

press.

The curves for the cold press set-yp are shown dot-
ted. The large mass of metal tends to absorb the heat and
consequently the outer surface of the wood never rises above
the ambient temperature., The curves for the thin elect-
rodes are shown broken, In this case the surface teumper-

ature rises to some extent and the gradient is less sharp.

16,



The curves for the set-up where heat insulation is used are
shown so0lid, These are purely indicative since in this case
the gradient depends on the amount of heat insulating ma-
terial, The curves shown are for measurements made with heat
insulating sheets having 1/8 th, the thickness of the wood
itself,

In comparing the curves for the different methods, the
most striking feature is the fact that for a 1" thickness the
high frequency process gives a time-cycle of four minutes(to
280°), where the steam plate method requires some fifteen
minutes to bring the center to the same temperaturse, Further
increases in the thickness of the wood causes even greater
discrepancy since, as the above formula shows, the time re-
quired for heat to penetrate increases as the square of the
thickness, Moreover, the steam plate timé-cycles are fixed
and there is no way of appreciably shortening them. On the
other hand, the time-cycles required for high frequency
heating depend entirely on the power used., The curves of
Figure 5 were calculated on the basis of a power to give
five watts per cubic inch of material., If this power were
doubled to ten watts per cubic inch, it would decrease the
time required by half, The temperature would then be

raised to 280° in two minutes.

When the comparative time-cycles for thicknesses
greater than 1" are considered, it is immediately evident

that the advantages of high frequency are enormous, As

17.



;ndicated in Figure 5, the time to heat thicker sections

by high frequency is the same as the time for the one inch
section., This statement is true, of course, only if the
power per cublic inch is kept constant, 1In other words, the
total power is increased as the thickness increases, If

the total power is held constant, then the time varies
directly as the thickness, In the steam plate method, on the
other hand, the time varies as the square of the thickness,
This leads to one of the main advantages which is that the
wood may be treated with heat throughout regardless of its
section, Yet another advantage is evident when the shape of
the curves of Figures 4 and 5 are considered, In the hot
plate methcd the outer layers of wood are at a high temper-
ature for a very considerable length of time, As a result
these tend to dry out and a degree of ™ case hardening "

sets in, In critical sections such as airecraft parts, this
is very objectionable, Sometimes the wood must be conditioned
after glueing by being wet on the ocutside to increase the
moisture content of the outside layers, With high frequency
this drying out does not occur, even when the cycle is fairly
long, because the temperature gradient has a slope the re-

verse of that which would cause such an effect.

Too much moisture may cause steam from near the sur-
face or close to the hot plate, Hence ordinary hot plate
practice has been to use almost dry wood of 2 or 3% mois-
ture, content to prevent damage @ue to steam blisters,

Then, after glueing, the recommended practice is to raise the



moisture content back up to 8 or 127, or about its normal out-
door operating moisturé content ., | Moisture content can be
high when high frequency heating is used, without likeli-
hood of damage to.the piece. This makes it unnecessary to

dry airplane wood to such a low moisture content,

The high frequency method of heating is a great saver,
By doing the job quicker, a great saving of time is affected
and therefore a saving of labor, Due to the fact that a
press outfitted with high frequency does work so much more
rapidly, it greatly reduces the number of presses required,
and therefore the floor spaee necessary. The power used for
a certain job would be less because the power 1s only on
while the unit is in use. Between loadings, the unit is
turned off, thereby eliminating the loss experienced in main-

taining a comtinuous head of steam.

There is also the matter of work comfort and safety
of the operators to be eonsidered, There is not the heat
ordinarily surrounding steam plates, and since there are
not hot plates to burn the operator, and the electricity is
turned off for loading and unloading, the operator is in

much more pleasant and safe surroundings,

An advantage of less importance in this case is the
fact that once this wood has been subject to the field of
high frequency current all infestetion then present will be

destroyed.,

19¢



An important consideratimn, when new press install-
ations are considered, is the fact that the presses them-
selves can be made of much cheaper design, since the mass-
iveness associated with steam plates and multiple openings
are done away with, The capacity of two 300 kilowatt units
is at least equivalent to three fifteen opening hot presses

with automatic¢ loaders,
EXPLANATICN CF COMPUTATICNS NECESSARY:

Heating wood with electrical power, aside from the
difficult application problems which invarieably arise, is
a relatively simple operation, Theoretically, at least,
it is only neceasary to have a generator of suitable char=-
acteristics and to connect the same by means of wires or

other conductors to the wood which it is desired to heat,.

An arrangement of this sort is shown in Figure 6,
The piece of wood to be heated is placed between two elect-
rods, each of which i8 coupled to one side of the line from
the generatore The area of these plates with respect to
the area of wood determinea the distribution of current and
therefore the area and volume heated, as shown in Figures

T7a and Tb.

In some cases such an arrangement as 7a would be
useful, but for simplicity and ease of calculation the
following discussion will be limited to the set-up in 7b,

where the plate area is equal to the area of the wood, With
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Fig. 6. Fundamental circuit used in heating wood with
radio frequency power, The wood is placed between metal
electrodes which are connected to a generator.G. Res-

istance to passage of the current I causes the wood to
heat,
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Fig 7. The distribution of current paths through the wood(a)
when only small contact points are used; (b) when large metal
plates, called "electrodes" are used,
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such an arrangement, the voltage generated by generator G
causes a current to flow around the circuit, thromgh the
wood, and baéx to the generator as shown. The magnitude of
this current will be determined by the voltage supplied by
the generator and the resistance the wood .offers to the

passage of the current,

If the size of the wood to be heated is known, it is
easy enough to calculate the voltage required to produce a
certain heating effect. The metal plates used for elect-
rodes constitute a condenser. If there were not wood be-
tween the plates, they would be a perfect condenser and
would be represented schematically as in Figure 8a, while
eurrent flowing would lead the impressed voltage by 900, and
the vector diagram would be as shown in Figure 8b, The

power consumed would be zero.

Since there is wood between the plates, there is no
longer a perfect condenser, as the wood presenks a leakage
path; that is, dielectric constant is greater than 1. The
circuit now formed can be represented by a shematic diagram
as in 9a, with a perfect condenser paralled by a resistance
equivalent to the wood. This value of Rp is merely a re-
presentative value, as the resistance is dependent on the
frequency of the impressed voltage., The vector diagram may
be drawn as in Figure 9b, The capacity @ of the plates
remains the same, and the current Ic still leads the volt=-
age by 900, but a new current, I,,is now included and is in

phase with the voltage, The line current is made up of these
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Fig. 8, Schematic (a) and vector (b) diagrams for a circuit
in which a generator is connected to a " perfect * condenser,

The current and voltage are 90° out of phase; hence, no
power is consumed,
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Fig 9. Schematic ( a) and vector (B) diagrams for a similar
eircuit in which the condenser has a poor dielectrie sugh as
wood, The current i_flowing through the equivalent resist-
ance Rp represents the power which is expended in heating

wood,
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components and therefore it leads the voltage by an angle
less than 107 and ther is power disappated by the current,

Since 1r is the only current causing a use of power, it the

only one which matters, In order to calculate R , 1t is
found that :
Power factor =cos © =sine( 950°-8 )
for small angles
sine ( 90°-6 ) = tan.( 90°-6 )
Therefore :
P.F.Ftan. ( 90°-0 )_ 1.
‘ —
ic
1!' '.‘..E. ic =.E-
Rp Xe
P.F. x
. ¢
R X
Po.C
P.F. (1)

The value of xc ( the capacitiw®e ) can be calculated
from:

X 1
¢ Zrfc (2)

f- is the frequency
¢- is the capacitance and may be figured from the
equation:?

C ( in farads)._KA
’ 4vd

K- the dielectric constant; A~ the area of the
plates in square centiméter ; D- is the distance
between the plates in centimeters,
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The value of the power factor P.F, can easily be
measured by means of a radio frequency bridge or Q-meter,
The power factor of a material is usually thought of as a
constant. However, recent measurements ( see Figures 10 and
11) show that P.F, varies considerably with fréquency R
moisture, and impregnation, For the calculation here an

approximate vaiue will suffice,

Now that Rp has been found, it remains to determine
the power delivered to the circuit as heat from the following

formulas:

P:ir Rp (3)

If the amount of power required to heat the material is cal-
culated, as described below, P is known and from equation (3)

ir can be calculated, Since:

E=f{ R (4)
r p

the value of E ( the voltage ) which is required to force
through the wood the current necessary to heat it the des-

ired amount, can be calculated,:

If substitution of SOhe actual values are made in the
above calculations, the reason for the use of high frequencies

will be clearly preceptible,

The following calculations aretaken from information
used in making compregnated propellor blocks by the Camfield
Manufacturing at Grand Haven, Michigan.

Example (1)- It is desired to use 60-cycle
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Fig 10, Variation of power factor with percent moisture for
three species, Measured values for one specie vary consider-
ably; hence, these curves shoupd be used only as a first
approximation,
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Fig. 11, Variation of power factor with frequency. At
lower frequencies these curves tend to flatten out,
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current to heat a test propeller to 240°. By the method
shown below it has been calculated that a p‘ower of 5,000
watts is required to do this in a time of eight minutss,
By calculation C was found to be 150 microfarads; hence,
from equation (2):

X 1 ! -1z
C~"Zrsfc ~6.28 x 60 x 150 x 10

and from (1):
R 17,700,000 _ 354,000,000 ohms

]

p .05 ( taking P.F, =.05)
from (3) :
P=% 2R
r P
P = 6000,R = 354,000,000
2 %
1 “_ _6000Q

r ~7354, 000,000
ir £4.13 x 10°3 ampers

grom (4): E F1.R; =4.13 x 1073 x 354 x 10°
v ‘ = 1,460,000 volts
In other words, the desired heating could be accomplished
with 60-cycle current only by the use of an entirely imprae-
tical voltage.
Example (2) -Now assume that the same black is to

be heated with current at & frequency of one million cycles:

from (2) x .1 _ 2 - __E_G_
€ 2 fc - 6.28 x 10° x 150x 10-12 =943

Xc <= 1010 ohms

from (1): R _-_1010 . 20,200 ohms
+09
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from (3):
‘ P<i R = 6000
r p
1 2 6000 : .297
r = 20,200
1. = +545 amp.
from (4):
' E =1.R,= .545 x 20,200
E=11,000 volts
If one mégacycle current is used, the unit can be operated
with only 11,000 volts across the load, If the frequency is
fncreased still higher to ten metacycles the required voltage
would drop to 3480 volts, In order to show this effect of

frequency graphically, the values of X

c Rp s &nd E for a

large range of frequencies have been plotted in Figure 12,

As can be seen from Figure 12, the voltage required
for a given power imput ( that 1s, a given heating effect )
is inversly proportional to the square root of the frequency,
This means that, generally speaking, the higher the frequency
the better, although a practical limitation is encountered
due to the fact that the efficiencies of some types of tubes

fall off at the higher frequenctes,

The actual maximum voltage used will depend on the
thickness of the load. For very thin sections only a few
hundred iolts can be used before arc-over occurs, In
thicker sections the voltage can go as high as 15,000 volts.
It is unsatisfactory to go beyoud this limit, as ihe corona
effect takes place; thatvis the plates will begin discharging

into the air,

28,



Ag,009 000

A 000, a00

4700,00

100) 000

 A9,000

qoool

/70 1N _ L

e

N
o

~
!
|
|

{

Xe and R 17 OHNnS
& st ol

: |
/0 /00 /Kc 10kC  fo0kc  /Mc POMC  JooMc

F?eguenqy

Fig 12, Variation with frequency of the reactance X , the
equivalent resistance Rp and the voltage E across th load

for a typical radio frequency heating set-up, Note that the
voltage E varies inversly as the frquencyj; hence, higher fre-
quencies mean less danger of voltage flash-over,
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CALCULATION OF THE POWER REQUIRED:

The amount of heat ( in gram calories) required to
raise the temperature of & certain quantity of wood, or any
material, a certain number of degrees can be calculated from
the relationt

H=p ¢ at x ¥olume
where: p -specific heat ( cal., per gram per degree G,)
c -density ( gram per cubic centimeter )
At-change in temperature ( degress C )
v - volume ( cubic centimeters )
The power required to produce this amount of heat in a given
time is:

P(watts) _4.187H
time in seconds

-4.187 x ¢ XAt X volume
time in seconds

If the following substitutions are made:
cubie¢ inches for cubic centimeters
degrees fahrenheit for degrees centigrade
time in minutes for time in seconds

the following equation is obtained:

P watts -,637 x p e x ¥ x volume ( cu, in,)
time in minutes }

where : ¥ = degrees F
In some cases it 1s more convenient to express this in terms
of required power concentration; that is:

Power concentration ( watts / cu. in.,)_ .637 pc ¢
“time (min)

In other cases where a limited amount of power is available,
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it may be desired to know the time required to raise the
material so many degweesa. This is simply:

time ( min) _ .637 p c At
~ Watts/ cu, in,

In order to give an idea of the power required in
typical instances, two sets of curves have been drawn (Fig.
13 and 14) showing the relation of power concentratlon‘to
time 1ntefnal, for several different temperature increments,
These curves are based on values of pe .25 , and pe .35,
Most woods give values lying between these two curves,

Where accurate data ig available, the curves may be used for

other values of pec.

It should be noted that the power requirements, as
indigcated in the figures, are the power which must de used
up in the wood itself, In other words, if there is any loss
of power, it will have to be supplied in addition to the
above., This power loss, while a small percentage if large
sections are used,is a large and important factor on thin

sections,
ESTIMATED INITIAL COPERATING COSTS:

o The cost of radio frequency power per kilowatt is
not ﬁniform but rather decreases gradually as the power
of the installation increases. This is illustrated by
the curve of Figure 15, which has been drawn on the
basis of such ipformation as is available on installe

ations made to date, Unfortunately, varying applic-
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ations and engineering costa were necessarily in-
volved in these, Also, there was some difference
in cost of equipments of different manufacture.
For this reason all available information was
plotted and a broad curve drawn so as to include
all points, The result at least gives a quick
indication of what installations to date have
cost. The dotted line on this graph indicates

the average "cost per KW" at various powers,

Operating costs in equipment of this type
are made up mainly of tube replacement and power
costs, Since there are no moving parts, other
maintenance costs are negligible. Contrary to
some statements, the useful life of the equip-
ment is long and will most likely be terminated
by obsolescence rather than wear, Depreciation,
therefore, can only be based on some arbitrary

figure such as that used for tax purposes,

In order to gain some idea of operating
costs, a number of equipments of various powers
were analyzed and the results shown as the curves
of Fig. 15, In this calculation average tube
life was assumed as S000 hours( which is a reas-
onable estimate of the life of present day tubes
in this service), Power was assumed to cost l¢

per kilowatt hour. Depreciation was figured on
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the basis of 25,000 hours of operating life (app-
roximately three years at 24 hours a day, or nine
years at 8 hours a day.). The overall cost, of

coursa, is simply the total of depreciation, tube

and power costs.

It is worth noting that these costs can
only be assumed to hold for the present period,
Simplifications in design, improvements in tube
construction and other factors which can be
quite clearly foreseen will undoubtedly lead to
lower first cost and lower operating cost, How=-
ever, it is apparent that even on the basis of
the costs indicated in Fig. 15, there are many
present day jobs on which this type of equip-
ment can easily be justified from the cost

standpoint.
EQUIPMENT AND RESULTS:

In choosing the source of power, there are two poss=
ibilities, The first was a straight occilator circuit. The

objection to this type of power supply was that the frequency

# This estimated cost section is from inform-
ation supplied by the R.%.A, Manufacturing
Company, In¢. This firm is one of the major

companies supplying such equipment,



would vary ®ith every change in load. While this type of
circuit required the least equipment, it would give only

around 307 efficiency.

The other possibility was a crystal controlled
amplifier circuit. In this sytem the frequency would re-
main constant and simple. This system also offered the ad-

vantage of having from 75 to 80% efficiency.

The equipment described in the following is shown

in the photographs of Figures 17 and 18,

The original equipment consisted of a "Ham" trans-
mitter, All the tubes and necessary parts were on this set,
The problem of getting the equipment in shape for testing

amounted to rewiring and altering about half the stages,

When the first tests were run, the main power supply
was the original one from the transmitter, After a short time
this supply blew out and another one had to be built, This
supply was tested, but it was found that the plate voltage
on the gecond buffer stage ( see blue print in pocket )was
too low, This necessitated the bullding of a separate power

supply for the second buffer stage,

The transmitter being in shapa for actual coupling to
the load, the rest of the equipment was built, Since this
high frequency current is identical to that used in radio
broadcasting , it was necessary to take unusual precautions

to ses that the unit did not get on the air, This was espec-
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_ially necessary because of the war and the action taken by
the Federal Communications Commission in ruling all private
transmitters off the air. The unit was not complete as to the
stage for voice pickup, but the remaining mechanism was cap-
able of emitting waves that might have caused "jamming" of

eertain wave bands,

A shielded room was built of fine mesh acreen wire,
This wire was all electrically connected together and con-
nected to a pipe driven into the ground. Thia was to prevent

any possible escape of radio waves from the equipment,

A large box was built for holding the electrodes,
This box was compietely lined with sheet metal as a precaution-
ary measure, This would not only keep the radio waves in,but
would protect anyone working around it being burned by the
high frequency current, There was usually around 3,000 watts
on the plates, and anyone contacting them would undoubtably be

injured,

The original plates used were made of " aluminum and
were 6"wide by 24" long. The lower plate was mounted on bee-
hive insulators about 2" from the bottom of the box. In test-
ing with these plates, it was found that they were too large
for the capacity of the transmitter, and, also, that the
capaelty effect of the plates with the metal side of the box

was too great,

Smaller plates were made from 1/16" thick aluminum,

These were 6" wide and from 3"™to 12"long. The lower plate
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this time was mounted nearly in the middle of the box on long
tubes with beehive insulators on top, This set-up was as

shown in the photograph of the equipment, Figure 17,

The equipment being complete, the problem was one of
coupling the power to the load, The first attempt was made
by direct contact to the tank coil in the final stage of the
transmitter, From there each side of the line was fed through

a variable condenser and then to one of the plates,

This arrange ment was not satisfactory,as the desired
control could not be obtained, so an inductive coupling to the
tank coil was arranged, as shown in the schematic diagram in-
cluded in the pocket of this thesis, With this set-up the
desired coupling could be arranged by shifting the pick-up
coils with respect to the tank colil, The line was fed from
each piek-up coil through the condensors and then to the

plates,

The purpose of the pick-up coils and the condensers
is to allow tuning of the circuit., This tuning consistis of
varying the capacitive and inductive effects in the circuit
so that a resonant condition can be established, Resonance
is a balance between the capacitive and inductive character-

istics such that maximum power and efficiency can be obtained,

The transmitter was attached to the board and tuned,
and a test was started when there occured a dead short across
the condensers. When the equipment was turned off, it was

" found that the bakelite strips supporting the plates of the

42



.variable condensers had been “cooked", The large amount of
power being drawn by the load was go great that the current
had sufficient power to ard through this insulation, burning
i1t, and causing it to swell, Because of this a new and better

type of insulation had to be used,

There was another difficulty noted in this trial., The
equipment was found to be very sensitive to its surroundings,
When it was attempted to tune the circuit, the effect of cap-
acity between the human hand and the condenser plates was too
great, The circuit would apparently be in resonance, but when
the hand was removed from the dials it would no longer be
tuned, Also,the front panel of the transmitter was found to
be heating, evidently from the passage of current between the

twa condensers by way of the fiberboard panel,

To correct the above conditions it was necessary to
move the condensers 6" back from the front panel and the dials,
Additional insulation was put in between the condensers and the
supporting panels, The new plastic, Lucite, was used to make
the extension rods from the dials to the condensers and teo
support the condensers from the fiber panels, The bakelite
strips for supporting the condenser plates were also replaced
by Lucite, These 8trips lasted until an unusually large load

was drawn, when they too were "cooked",

Since Lucite would not work, an even better insulation
had to be used, "Styron", a trade name for polystyrene, was

used and found to be able to withstand the load,
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During the cousse of the tests it was found that,
contrary to expectations, the plates, between which the wood
was placed, were heating, This was contrary to the supposed
theory, and the cause has not been determined, After a run
of perhaps 10 minutes, the wood would be hot but the plates
would be far hotter, Since these plates were aluminum it
would seem wjlikely that they would draw more heat from the
wood than they would lose to the air, Then too, the old
principal of thermodynamics that heat will not flow up hill;
that is, from a lower temperature area to a higher temperature
area, would deny this to be possible. To check this, a test
was run with a sheet of thin plastic between the plates and
the‘woqd. It was found that the same condition prevailed; that

is that the plates were still hotter than the wood.

Just as a matter of interest, a piece of Styron was
placed between the plates- by itself. When the power was
turned on it was found that some power was being drawn, When
the power was turned off, it was found that neither the plates
nor the Styron showed any sign of heat, Just where the power
used was disappated is a matter for speculation. So far ne

explanation for the heating of the plates could be found,

Since the sections of the wood tested wera necessarily
small, it was felt that undoudbtedly a large part of the opp-
osition to the flow of current was from the air gap between the
plates., This gap was caused by the nonconformity of the plates

to the surface of the wood, To correct this, and also to re-
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duce the radiation losses from the plates, heavy sections of
wood were clamped over the plates to hold them tightly against

the wood charge,

The matter of obtaining temperatures presented some
difficulty at first, & thermometer was impractical because of
its size. A thermocouple would fit between the plys of wood
all right, but nothing was known about what effect the high
frequency field would have on it, It was feared that the
thermocouple might pick up the high frequency current and fire
back through the potentiometer, ruining it., A thermocouple
was inserted between the plys but not connected, and a test

run was made,

The thermocouple was checked for the presence of the
high frequency current and was found to be all right, It was

then connected to potentiometer and found to operate all right.

Using the set-up outlined above several tests were run
and temperatures noted by use of the potentiometer. In heat-
ing just two plys of Douglas fir it was found this equipment
would raise the charge to 365°F. before radiation losses reach-
ed the point that no further appreciable temperature gain was
noted in five minutes,

Further tests were run with " tego resin film™ glue
between the sheets 8f wood. This glue is made of a paper
sheet impregnated with phenol formaldehyde glue solution. The
sheet of glue consists of 1/3 rd, paper and &/3 rds. phenol-

formaldehyde. The tests run on this wood showed that sufficient
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pressure could not be maintained to form a satisfactory joint,

These tests proved that the possibilities of using this
system for dry bending wood. Tests run at the same #ime in the
power laboratory of Michigan State College gave indications
of what temperatures would be required to do this bending. The
tests consisted of forming 1/16™ sheets of the wood on pipes
carrying high pressure steam. The smallest pipe the wood
could be formed to was 54" dimeter., The wood was formed by
clamping it to the pipe by a block cut to conform to its per-
iphery. The inner side of the strips of wood being bent came
to a temperature of SSOOF. while the exterior surface was from
75%0 100° lower, due to the loss of heat to the air. The
strips bent under these conditions maintained their rounded

shape.

One difficulty was found in that the exteriep surface
of the wood tended to splinter because the heat loss left the
surface temperature too low, It is felt that is the eledtriesal
method is used, the uniform temperature will eliminate this

difficulty,

The power available from the transmitter used was too
small to heat, but limited sections and to remove the wood so
heated for bending allowed it to cool so rapidly that nothing
could be done with 1it,

Several conclusions can be drawn from the results of
this work. The first is that more power should be available

for further tests, The second is that if bending is to be



accomplished the electric power should be applied to some sort
of rolls, Using a set-up shch as this would permit forming
the wood as it is heated, This would present some difficulty
as the wood is bound to vary somewhat in thickness, and that
would cause a variation in spacing between the rolls as the

wood traveled through.

Another difficulty would be that the moisture content
of wood is not uniform. The variation of moisture content
causes a variation in the dielectric¢ constant as may be seen

in Figure 19,

The two problems mentioned above will cause a variation

in the capacitance of the rolls and make the tuning of the

circuit a continuous and difficult problem,

One other system might be considered, and that is
using an electrical systiem to bring the wood up to temperature
and then forming it in gas heated rolls. The whole subject
will require much further study before a satisfactory answer

can be founde



(TN

R

W

Dselectric constont

N

——

1o 20 30 40 AO 60
Percent messture

Fig. 19. Variation of dielectric constant with percent moist-
ure content for three ppecies,

48,



TN T
| . |
{ Iy | f
l--- R \ .
’ Sspoo !
. \:\ '
{ .’.’\ '
| |
| \ |
! \'\ \
| N N
! N N
P e, f ! .
‘ v"cg;\ ‘ {
1 S l I AN
cﬂ/ o \
AN \
l \\ \
- ! h
— S O A
°»Q;;‘\\
"P ~. - !
| i -
| e e
! ~
| \
: ~
|
|
|
- — ‘
- 03 XY Y

¥ Ynoat E2Y

-Jelom $nvoveq dilw Insysnod ol1soelelb Yo noldstasV €L .8l
e28108qg 807 01 In6edroco oW

S
g

I
i
!
e
o
TCUL &

e ceue

|
l
i
AN MAA R385

Q1



BIBLIOGRAPHY

Aircraft Plywood and Adhesives ¥ Thomas D. Perry;
Journal of Aeronautical Seience, vol 8 No.5;March,1l943

Cold Heat to Expediate Plywood Fabrications™ Chester S.
Ricker; Aviation, vol. E; No. 3; March, 1943

Heating Wood with Radlio Frequency Power " John P. Taylor;
R.C.A. Manufacturing Company, Ince Camden, New Jersey

Modern Plywood ® Thomas D. Perry; Pitman Publishing
Company

Plywood for War * Thomas D. Perry; Resinous Products
and Chemical Company ; Production Clubs; February, 1943

Resin Adhesive for Plywocod ", Resinous Products & Chem-
ical Company, Philadelphis, Pa.

Thermex- High Frequency Heating " Girdler Corporation,
Thermex Division, Loulsville, Kentucky

Working Wonders with Deep Heat ", Jack O'Brien;
Popular Science, vol 142 No. 5, pp-56-59 May, 1943

Wooden Airplanes -Why ", William Winter
Alr Progress, vol 2, No.l, pp.12-13 ; 68-69;April,1943



FRACTIONAL DIMENSIONS
TO COME WITHIN + 010

DO NOT SCALE DRAWINGS

D —

'
| ,
—

.
> -
B ] !
: i :
! |
i i !
! ! A
!
) e
A
| commmmaanesane ) \ e

e

-.r.
! !
| SRR RS
t ]
| :
| .
! } )
. :
w ey
| e
3 !
, o
4

Nty
N\ iy }
e {
i
} {
ket —
}
' f
’ 2
{ |
: i
Sonigions
!
!
\

“
\
/
L)
: f - A
L
!
-~
v YWY Y i T
.
~

 SEBEE

S,

o FESpCI—— ——e

t
i
i
i
|
~.
Y A—

=3 U%- ——
PES,
{f ey
]
v R PN
"\
’
¥
)
i
s :
/
11
ecelliods )
\
SN,
¢ S s
i .
|
e e
\ PRRR——-
}
i
>
- RO {
"
\
¥
$
i
e i P
Sy pf
i ‘ m
{
D {
I !

‘
M

D, -
if
! : -
SRSt i B "
i gt t
’ o .
i
: :
"y PO I s |
i
:
:
; i
nd { ;
X 4 :
{ NS H
e A H
8 ]

.
i
\q# £<l1..||ll ~‘ »
; {
{1
. b
MRS
1 \ 1

SCALE
~ 5|
1
PART NO

U. S. A
PROCESS

APVYD.

ANALYSIS

=VANS PRODUCTS CO.
MICHIGAN

DETROIT

CK'D,
S

PART NAME

o
. g
z| ofifi |E
g o hy =
7 ¥
v
< g
4 ¥ <
\ Q
‘\1‘1/ “
m
} ) i , L]
{ | g
i Vo z
{ WS .//A,W
w ,
w .3 : m
} A RoR . X | 1../ L :
t ! ¥
”. w ‘ ot
. A (T | |
i : S <
i p o b4 o
{ ‘ { 1
m i
& M
: 211 WG SR Y
4 : ,“ o
| <
I 3
i

N
CK.

WAS

LET.

SR

Pl S St e 3 s

DATE
ST

i
e e o R

0. &0 B.P. & S.CO. 3M 41342













