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HIGH-FREQUENCY DRYING OF WOOD

By S. M. ISHAq, Collaborator)

Introduction

High-frequency dielectric heating has been successfully used for the
setting and curing of glues in the manufacture of laminated wood and for the
preheating of plastics before molding. This method of heating has also been
made use of in the dehydration of certain products. The material to be
heated is placed between two electrodes, to which high-frequency voltage is
applied. The material acts as a dielectric and heat is generated in it due
to the dielectric losses in the high-loss capacitator so formed. In the
case of a homogeneous material placed in a uniform high-frequency electric
field, heat generated is uniform throughout the material. The method,
besides raising the temperature of the substances quickly, has an advantage
in that the temperature rise is not governed by the thermal conductivity of
the thick assemblies as is the case in the resin bonding of plywood with
steamy heated platens.

The economics of this method of heating and drying has so far
restricted its application to processes that do not involve evaporation of
large quantities of water. The possibility of employing this method for the
drying of lumber has been indicated from time to time on account of the
advantages mentioned above. Information on this method of high-frequency
heating has been so meager, however, that it was considered necessary to
conduct some tests in order to explore its scope in-the seasoning of lumber.
While high-frequency heat can bring wood to the boiling point of water in a
very short period, the real question is whether the evaporated moisture can
escape from the wood rapidly without damaging it.

Theory

When a poor conductor is placed in a high-frequency electric field so
as to form a dielectric of a condenser, hea.t is generated in it due to
molecular friction as a result of the power consumed. The power absorbed by
a condenser is given by

P=EI Cos e	 E2 27T fC x P.F.

1
-The author, assistant wood seasoning officer at the Forest Research Institute

and Colleges, Dehra Dun, India, conducted the work herein described while
engaged in advanced seasoningg - and timber physics studies at the U. S.
Forest Products Laboratory during 1946-47,
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where
P power in watts
E = applied voltage in effective volts
f = frequency in cycles per second
C . capacitance in farads
0 = phase angle
P.F. = power factor,

Since C =---, the power loss may also be expressed as

P = E2 274. KA x p 113

7-.

where
K = dielectric constant of the material
A = area of the electrodes
t = distance between the plates (thickness of the material)

The above equation may be rewritten as

E2= 271 (=) V (K P. F. ).

The expression ( K x P.F.) is termed the loss factor and is the main
criterion of the behavior of the material at high frequencies.

Other factors remaining constant; the power loss increases (1) with
increase in frequency; (2) as the square of the voltage gradient Eft;
(3) with increase in volume of the material; and (4) with increase in the
loss factor.

factor
Neither the power/nor the dielectric constant of a material is con-

stant. Both vary with the type of material, its moisture content and
temperature, and the fre.quency of the electric field employed for heating.
In general the power factor, as well as the dielectric constant, increases
with increase in moisture content but decreases as the frequency is
increased. It is clear, therefore, that the absorption of energy during
drying will vary with time, depending upon the values of the various
constants and factors involved.

A rough calculation of the power required in any particular case can
be made by assuming that moisture is evaporated from wood at the boiling
point of water. Energy supplied to wood is used for two purposes, (1) to
heat the wood from the initial temperature to the boiling point of water,
and (2) to evallorate the water at that temperature. The total amount of
heat that must be supplied is given by

H = SW (T2 -
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where W = weight of the material in pounds

S = specific heat of the material
T1 = initial temperature of the material, °F.

T2 . final temperature to which material is heated assumed to
be 212° F. in case of wood drying) °F.

M = weight of moisture to be evaporated in pounds
L = latent heat of vaporization of water at its boiling point

(971.3 B.t.u.)

The rate of supply of heat in B.t.u. per minute is given by:

H SW (T2 - T ) ML

t

Certain considerations impose a limit on the frequency to be employed
in high-frequency heating and drying. In such cases it is desirable to work
with the lowest possible voltage gradients in order to avoid arcing between
the electrodes. This can be accomplished by increasing the frequency. But
it is not practical to increase the frequency beyond a certain limit, since
the efficiency of the vacuum tubes and other associated circuits decreases
at higher frequencies. Furthermore, the size of the electrodes also intro-
duces another complication, As the capacitance formed by the electrodes
increases with increase in their size, it becomes more difficult to tune the
load to attain resonance with a minimum of inductance. With electrodes of
big size, the problem of standing waves also enters the picture, and this
results in nonuniform heating as a consequence of variations in voltage at
different points of the electrodes.

Materials Tested

Douglas-fir and yellow birch blocks and boards were used for test
purposes. The blocks were 1 and 2 inches thick, 5 inches wide, and 5
inches long. The 1- and 2-inch boards were 8 inches wide and 2 feet long.
A few blocks of eucalyptus and pochote were also dried, and a small number
of tests were carried out with pencil slats of California incense-cedar.

The Douglas-fir heartwood had an initial moisture content of about
35 percent and the sapwood about 140 percent. The moisture content of the
yellow birch was about 95 percent green and that of the incense cedar ranged
from about 125 to 150 percent.

Test Procedure

Two series of tests employing the condenser-field method were
carried out. In one series, the drying of the 5- by 5-inch blocks was
investigated, the second series of tests was conducted on the 1- and 2-inch
boards. The blocks were dried in the vertical position between two
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parallel electrodes 7 by 7 inches in size, as shown in figure 1(Upper). The
material was insulated from the electrodes by inserting pieces of fiberboard
5/16 inch thick between them. A 3/16-inch air gap was also provided between
the faces of the block and the fiberboard to permit the escape of moisture
in the form of water vapor from those faces.. A 10-megacycle high-frequency
generator (fig. 2) having an output of 1/2 kilowatt was used to heat the
small blocks. Resonance was maintained in the load circuit throughout the
drying period as indicated by the maximum value on the ammeter in the plate
circuit. The voltage across the plates of the load condenser was measured
by means of a radio frequency voltmeter. Peak voltages varying from about
600 volts to 1,000 volts were maintained across the various loads.

The drying of the boards was carried out with a bigger generator
having an output of 7.5 kilowatts (fig. 3). The unit was run at a frequency
of about 11 megacycles. The material in the form of a board was placed in
the horizontal position la .a parallel-plate condenser as shown in figure 1
(lowei). The, electrodes were insulated from .the load by 1/2-inch-thick sheets
of fiberboard,. In addition, a 1/4 inch air: gap was provided for the escape
of moisture as mentioned previously, The ends of the boards were covered, by
inserting pieces of' fiberboard between .the 'electrodes at the ends in order,
to maintain a high atmospheric humidity at these places for prevention of
excessive end checking. The voltage across the load was measured as before.

Before heating was begun, a number of thermocouples were fixed on one
of the narrow faces of the blocks and boards to measure the, temperature at .
different distances from the faces. This was done by boring 5164-inch, holes
to a depth of 2,5 inches and plugging these holes with round _splinters of
wood after inserting the copper-coristantan thermocouple elements in them.
Care was taken to see that these holes did not lie along the same line normal
to the faces of the speeimens. Temperatures were me.asured with the help of
a potentiometer calibrated in degrees 'fahrenheit.

The blocks and speei.mens were placed in position after being weighed,
and the initial temperature: wasmeasured at different locations before the
high-frequency field was switched on. Heating was stopped at frequent
intervals to measure the temperature and weigh the test specimens, which
were withdrawn for this purpose. The ^variations in the voltage across the
plate of the load condenser were also recorded. The power supplied to the
tank circuit was- kept at a constant value throughout each run.

At the end of the drying period, each block and board was cut to
obtain a section 2 inches long with the grain. This section was further
sawn into a number of parallel strips to study the moisture gradients across
the thickness of the test pieces. Three more sections were also cut at
equal intervals for -determining the moisture content variation along the
length of the boards.

The California Incense-cedar slats were bulk piled one above the
other, and placed between parallel-plate electrodes. No air tap was provided
between the outside slats and the insulating fiberboards in this case. The
temperature measurements were made along the line of separation of the
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adjacent slats by fixing thermocouples at those places. Two rates of arying
were tried. In one case, the slats were dried from an initial average mois-
ture content of 127.2 percent to a value of 4.3 percent in 75 minutes; in
the other, they were dried from 153.4 percent moisture to 9.1 percent in 8
hours, with an intermediate shut-off period of 20 hours. The main idea in
studying the high-frequency drying of slats in bulk pile was - to find out
whether this method of drying is commercially applicable to the drying of
the green slats in packages.

Discussion of Results 

Table 1 records the data on the blocks, while in table 2 are given
the data on the drying of boards. The typical curves for the rate of heat-
ing and drying as well as the distribution of moisture at the end of the
drying period are shown in figures 4 to 10. From these curves it will be
seen that the rise in temperature is quite fast and the temperature soon
attains a value corresponding closely to the boiling point of water. On
further heating, the temperature remains more or less constant at this
value with slight variation. This condition continues until all the free
moisture has disappeared. There is then a gradual rise in the temperature
of the material when drying starts below the fiber-saturation point. This
rise is more sharply defined in the case of the blocks as compared to that
for the boards. This is due to the fact that in small blocks in which the
quantity of moisture escaping from the end grain is appreciable, drying is
fairly uniform throughout the block. Incidentally, this behavior indicates
the possibility of employing the above method as a rough means of deter-
mining the fiber-saturation point in certain woods.

During the heating period, the temperature in the center of the
material tends to be somewhat lower than that in the outer laminations,
becoming more or less uniform when it approaches the boiling point. But
when drying is continued below the fiber-saturation point, the temperature
in the center is attn.-6 higher. These observations-apply mostly to
pervious woods, which are easy to dry. In the case of such impervious woods
as eucalyptus, the temperature continues to rise without reaching a constant
stage. In such cases the steam formed inside the cell cavities continues to
build up pressure, leb.ding to a gradual rise in temperature, until the
pressure is sufficiently high to blow out the cells. Impervious woods,
therefore, cannot 1)6 dried by this method without internal checking.

The temperature of the material rises rapidly at the start of heating
and raises the pressure in - the interior of the wood. As a result of this,
a small quantity of water,00zes out from the surface in the form of drops
of free water. The amount of water leaving tie wood in this way is insignif-
icant when compared with the total amount of moisture evaporated during
drying if the rate of heat input is kept within reasonable limits. This
oozing out of free water stops soon after the temperature reaches the
boiling -.point. The drying curves show that drying taking place during the
heating period is quite small. After the temperature has reached the
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boiling point, drying proceeds at an approximately uniform rate until the
moisture content drops to about 30 percent, when it becomes a little slower.
With the same input of energy, the actual amount of moisture lost is more or
less the same during the period when evaporation of free moisture is taking
place, irrespective of the quantity of material present. The drop in the
drying rate below the fiber-saturation point is mainly due to diminution in
the loss factor, which results in a smaller absorption of energy by the load.

Small blocks of Douglas-fir and yellow birch did not undergo any
severe degrade when dried by high-frequency heating. Only a few checks,
which later closed, appeared at the cross-cut ends. No sharp moisture
gradients were present when the blocks were dried to about 10 percent mois-
ture content. Slight variation in the moisture distribution was, however,
noticed w4on the tests were taken at 20 to 25 percent moisture. Generally,
the moisture content was higher in the center than in the outer laminations,
but in a few-eases a reverse gradient. from 'surface to center was observed.
It appears that this reverse gradient'is set up-in cases where the speci-
mens are allowed to cool for some time before the moisture sections are cut.
Moisture in the form of water vapor,continues to move outward due to the
high temperature' of the material even After heating is stopped. When it
reaches the outer laminations, which :are the first to cool to room tempera-
ture, condensation takes place. This tends to raise the moisture content of
the outer portions, resulting in the development of reverse gradients as
shown in figure 7. The satisfactory behavior during drz ring by high-frequency
heat of` the Douglas-fir and yellow birch blocks may be attributed to the
end-drying effect, which facilitates the escape of moisture from those sides:

On the other hand, the blocks of impervious , woods like , eucalyptus did
not dry in a satisfactory manner. Two blocks having the same initial mois-
ture were dried at two different rates of power input, When the power .was
supplied; at the same rate as in case of Douglas--fir andyellow .birch blocks,
severe end checking and internal cracking occurred. The rate of drying was
much slower than that of the Douglas-fir and yellow birch. Big end checks
started. appearing after i2 minutes 1 drying, and . deep surface checks soon
followed. Only traces of steam appeared ' occasionally. No free watbr oozed
out. The middle of the piece was badly checked, as shown in section No, 2
of Figure .11`r Innumerable checks were observed throughout the section,
Severe moisture gradients were present both across the thickness and along
the grain in spite of - the' formation af• a severe honb •comt structure. The
pressure of the entrapped steam appeared to blow up the' cell walls.

This explosive effect in impervious woods was further confirmed by
heating a , block of pochote 3/4 inch thick, which burst across its thickness
along the grain, direction, as illustrated in section No. 3 of figure 11.
The temperature continued to rise with drying below the fiber-saturation
point. A. rough idea of the pressure of the entrapped vapor can be obtained
from steam tables,
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The other block of eucalyptus was heated at a lower rate of input of
power. An attempt was made to keep down the temperature as near 150 0 F. as
possible. But in spite of this low rate of power input, the temperature
continued to rise until drying was completed. A big check appeared on one
end and slight surface cracking was noticed on one face. At the end of
6-1/2 hours, moisture content tests revealed the presence of sharp gradients
across the thickness as well as along the grain direction. The central
core showed but little drying. The outer 1/8-inch shell appeared to be dry
and was badly set in tension. This is shown in section No. 1 of figure 11.
It is thus obvious that at low power input, the impervious woods behave in a
manner more or less analogous to that met with in kiln drying them.

In order to study the behavior of longer boards, a few tests were con-
ducted on the 8- by 24-inch boards 1 and 2 inches in thickness. The general
observations in these tests were the same as those for the small blocks.
The moisture gradients and end checking, however, were more severe in the
boards. Horeover, slight internal checking at the center was also noticed
in a few cases while cutting moisture sections, although the outside of the
board remained sound except for the little deformation in the section due to
uneven shrinkage. One such case is shown in section No. 4 of figure 11.

There exists a close relation between the voltage across the plates
of the load condenser and various stages of drying. At the start of heating,
the voltage across the plates remained more or less constant during the
heating period with slight drop in its value. As soon as the teliTerature
reached that of the boiling point of water, it started to diminish and con-
tinued to drop until a minimum value was reached at about the fiber-
saturation stage. As drying proceeded further, there was again a gradual
increase in the voltage. At the end sf drying, when the material had
attained about 10 percent moisture content, it was higher than the initial
voltage.

The drying of pencil slats of incense cedar was very slow, although
the temperature rise was rapid. Very little steam was seen to be formed.
High temperatures, coupled with little drying, indicated the presence of
entrapped vapor at high pressure. There were occasional audibly popping
explosions. On examination, the pieces were found to have developed long
surface and end, checks. The close texture of the wood appeared to restrict
the escape of evaporated moisture, resulting in long checks at the middle
of the slats. Power was fed in the plate circuit at a rate of 950 watts in
this case. Another test was run with a lower input rate of 350 watts. In
this case, drying was extremely slow. It took 8 hours to dry the slats from
153.4 to 9.1 percent moisture content with an intermediate shut-off period
of 20 hours, The slats became warped and twisted. Slight collapse and
discoloration were also noticed in some cases. Extremely slow drying of
treated slats at the high temperature of 216° F. appears to be responsible
for the incidence of collapse in this material.
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Conclusions

Results of these tests make it •evident that Ulf) high-frequency drying
of wood has its own limitations. Both the development of sharp moisture
gradients , with the core at higher mOsture content than the surface, and
the incidence of deep checks at the ends and sometimes in the interior give
evidence of the fact that drying of wood by this method is-limited by the
rate at which moisture evaporated from the material can escape at the
existing' temperature. If the rate at which moisture is evaporated is greater
than that: at which it can escape from the wood, a pressure is gradually set
up ih the material and checking and splitting become inevitable when the
pressure becomes high enough to force the vapor out of the material.

It is possible that the maximum rate of supply of heat that would be
consistent with the rate of outward diffusion of moisture could be determined
for a . given species at the attained temperature. The method will not,
however, be worthwhile when cheaper and simpler means of supplying heat at
the same rate ar available. The rate of power input would work out to be

theextremely low ini case of impervious hardwoods of refractory nature. , Eoreover
the high temperatures that usually develop in this process introduce another
objection to its wide adaptability for the drying of wood. High-frequency
drying seems to provide no other advantage over other means of drying beyond
the fact that material can be heated very readily and more'uniformly in the
early stages. The tests on the small size specimens, however, indicate that
this techni que of rapid drying may be useful in the case of small dimension
stock of -certain woods for some special jobs.

Another restriction on the wide use of this process of drying is
ixrpos_ed by its economic aspect. The efficiency of the process varies con-
siderably, depending upon the quantity of moisture to be evaporated. The
efficiency figures, when- calculated on the basis of the power supplied to
the tank circuit, vary from about 15 to 38 percent, The efficiency is low
where the amount of moisture to be 'removed is small. This shows that there
is a certain optimum rate of power supply for which efficiency will be at
a maximum for a given problem. At higher rates, efficiency decreases as
part of the available energy, which could otherwise be utilized to evaporate
moisture, is lost in other forms. At rates below the optimum value drying
will proceed too slowly. This'optimum value of rate of energy input is in
turn determined by the rate at which evaporated moisture can escape from the
material at the temperature of boiling water, Thus the best rate of supply-
ing heat will have to be worked out for each individual problem depending
upon the species of material, its thickness, and its moisture content.

The rate of drying by high-frequency heating is faster than with
other means of heating at the corresponding temperatures. This is due to
the fact that more or less pressure is invariably developed inside the
material on account of the entrapped vapor. This pressure helps to induce
a greater rate of flow of vapor as compared to ordinary drying where
moisture is moved in response to smaller differences of vapor pressure due
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only to variations in moisture content in various parts of the material.
This is another advantage of high-frequency drying whicil commends its use
in cases where the escape of moisture is not very much restricted by the
structure of the material.
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