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2. Summary. During the past few years considerable research has been
carried on by various organizations in an attempt to reduce the time and power
required to kiln dry lumber before it is ready for market. One of the factors
affecting dry kiln operating expense is the cost of power for driving the fans
that force the warmed air through the stacks of lumber. It was felt that some
improvement might be made in the reversible sheet metal disk fan now in
common use for this purpose.

A cooperative research project was established with the Engineering
Experiment Station represented by the Department of Mechanical Engineering
at Oregon State College, through the sponsorship of the Western Pine Associa-
tion and the Moore Dry Kiln Company, to determine whether or not more
efficient, reversible fans could be developed. A special test duct for testing full-
size 60-inch diameter fans was constructed, and to date, fans of twenty-two
different types and sizes have been tested, some of which have exhibited rather
unusual characteristics. The factors of fan speed, diameter, type, number and
width of blade, blade angle, hub diameter, tip clearance, blade finish, and effect
of shroud ring have all been rather thoroughly investigated. Several new fans
of improved performance have been developed. New methods of test procedure
and presentation of results have been devised to facilitate the testing and selec-
tion of reversible fans for given kiln conditions.

With the laboratory phases of the investigation practically complete, this is
in the nature of a progress report, since application tests of the new design
fans under actual kiln conditions are planned for the near future.
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II. INTRODUCTION
1. Importance of the lumber industry. According to estimates pub-

lished by the National Lumber Manufacturer's Association (1), there was pro-
duced in the United States in 1939 a total of 25 billion board feet of lumber,
including both soft and hard woods. The value of the lumber and timber basic
products during that one year alone is given as more than a billion dollars.

The western states of California, Idaho, Oregon, and Washington produced
about 45 per cent of that total, with the State of Oregon now leading the entire
country by providing 19.1 per cent of the total lumber. With an estimated
average value f. o. b. the mill of $21.97 per thousand board feet for the soft-
woods, the value of this product would be just under $250,000,000 for these
western states alone. It is also evident that the cut is at the present time much
greater than the rate given for 1939.

Outside of the value of the lumber products alone, the lumber industry
leads in the states of Oregon, Washington, and Idaho in the number of wage-
earners employed, more than 45 per cent of all workers in the state of Oregon
being connected with that industry in 1939, according to the U. S. Census
Bureau.

Practically all of the hardwoods and a large portion of the softwoods
(estimated at 60 per cent) are dried by one method or another before being
placed on the market. While no exact figures are available, a good percentage
of this drying is done in dry kilns with forced air circulation.

2. Necessity for kiln drying of lumber. The main purpose of kiln
drying or seasoning lumber is to reduce its moisture content rapidly, yet safely
and economically, to approximately the value it would eventually reach in the
atmospheric conditions of its final location. This tends to eliminate shrinkage,
cracking, checking, and warping after the lumber is incorporated in a structure
or finished product, providing the rate of drying has been properly controlled.
Controlled drying also makes for a much more uniform product structurally,
facilitates finishing, and materially reduces its weight with an attendant reduc-
tion in shipping costs.

The various woods commonly used as structural materials vary considerably
as to their initial moisture content as the tree is cut; in fact, some of them,
such as ponderosa and sugar pine, contain initially as much as 137 to 148 per
cent moisture measured on a dry basis (2, 3). Douglas fir normally runs from
35 to 50 per cent. In most cases this lumber is brought to the mill with very
little opportunity to dry out before it is cut up and delivered to the dry kiln.
Ordinarily it is dried in the kiln down to a moisture content ranging from 8 to
15 per cent, depending on the type and size of the lumber and the purpose for
which it is to be used. Thus in some cases an amount of water more than
equal to the weight of the wood itself is removed during the drying process.

For many years this drying was done by what is called the "natural"
process, in which the lumber, after being sawed, was simply stacked out in the
open or under cover. There was little control over the drying rate, this being
dependent almost entirely on the atmospheric conditions and natural circulation
of air through the piles. This process, of course, took a great deal of time,
and, due to the fact that it could not be controlled, resulted in many cases in an
inferior product. If the drying was too rapid, checking, cracking, warping, or
case-hardening was apt to occur; or if too slow, the wood was apt to discolor or
even rot before drying out to a usable condition. In any case, a very non-uni-
form product was apt to result from natural drying.
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Early attempts to control and speed up this drying process were to enclose
the lumber in a room in which was located either an open fire or some form of
furnace, thus furnishing the heat necessary for the evaporation of the moisture,
but still relying on natural convection currents to carry it away. When some-
one discovered that warm, moist air would still dry the lumber, yet minimize
the checking and distortion, a number of patented "moist air" kilns were de-
vised. It was not until about the beginning of the current century that some
forced circulation of the air in the kiln was used, and then with little under-
standing of the importance or function of circulation.

According to Hermann (4) "Probably to Mr. H. D. Tiemann, of the Forest
Products Laboratory, belongs the honor of lifting kiln drying from the status
of a very imperfect art and starting it on its way as a science .

"During 1922 the U. S. Forest Products Laboratory gave a series of short
courses in the kiln drying of lumber out here in the West which served to
stimulate greatly the interest of the lumber manufacturers in improved kilns
and kiln drying practices. Also about this time, Rolf Thelen of the same
laboratory, patented and dedicated to public use, the Reversible Circulation
Internal Fan Kiln, which employs a series of disk fans on a longitudinal shaft
to produce the all-important circulation. This design represented a large im-
provement in over-all efficiency of the air-circulating system over the external
blower type installed up to that time. In one form or another, the internal fan
kiln is still the principal type in use .

3. A common type of dry kiln. This internal fan type of kiln, in its
more modern form, is shown in Figure 1, representing typical construction and
method of air circulation. The dry kiln itself may be of wood, masonry, or
concrete construction, and is so arranged that the loads of green lumber are
shoved in on a track extending through the kiln, and, in most cases, taken out
the opposite end when dried. Head clearance of several feet is usually allowed,
and clearance of from 1 to 3 feet between the sides of the load and the kiln
walls is common practice. A hinged ceiling baffle causes the circulating air to
go through the pile.

The lumber is piled on spacers so that the air may circulate horizontally
crosswise between the layers of the load, passing through steam heating coils,
then the fans, more heating coils, and back through the load again. As the
air becomes saturated, part of it is bled off through roof ventilators, and fresh
air drawn in through ducts located on the low pressure side of the fans and
controlled by the reversing dampers.

The fans, usually from 10 to 18 in each kiln, are mounted with equal
spacing on a single shaft 100 to 120 feet long, located either in a pit under the
tracks, or suspended from the roof trusses above the stacked lumber as shown
in Figure 1. A system of diagonal baffles causes all the fans to work in par-
allel, and the proper arrangement of the baffles and the number of right- and
left-hand fans tends to prevent longitudinal "drifting" or piling up of the air
at one end of the kiln.

These fans, each mounted on the fan shaft near a wick-oiled babbitted
sleeve bearing, are also housed in such a manner that simply reversing the
direction of rotation will reverse the direction of the air flow through the
lumber, a procedure essential to obtain uniform drying in both sides of the
pile. The warm, drier air entering one side of the pile and picking up moisture
there will naturally lose its ability to absorb much more as it travels through
the pile, so the exit side of the pile would not dry as rapidly as the entering
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side. Thus by reversing the direction of air flow at intervals of several hours,
a much more uniform drying rate is obtained throughout the pile.

The disk fans now installed vary from 36 to 84 inches in diameter, and
operate at from 250 to 600 rpm, the larger fans running at slower speeds. The
hubs of these fans are split, so that any one fan may be easily mounted or de-
mounted without disturbing the others, or removing the fan shaft.

The static pressures across these fans probably range in value from 1/16
to 5/16 inch of water, although definite information on this point is decidedly
lacking, probably due to the difficulty of accurately determining this figure under
operating conditions, plus a general lack of interest in obtaining such data.

4. Previous attempts to improve rate of drying. Improvements in
the rate of drying of lumber in kilns generally fall into two classes, (a) the
technique of drying, and (b) improvements in the kiln itself.

A discussion of the technique of drying is beyond the scope of this report,
except to recognize that the possibility of manipulating various factors, such as
temperature, humidity, air circulation, and time in the kiln, allows a wide range
of operating conditions, some of which are better than others for certain woods
and certain sizes of lumber. Discussion of this subject with kiln operators
brings out the fact that no one method or procedure is universally used, the
conditions at each separate plant being affected by the local conditions involved.
It might be said that the almost universal adoption of control instruments has
aided materially in taking the guesswork out of kiln operation.

Regarding improvements in the kilns themselves, considerable investigation
has been under way for several years, by kiln designers and manufacturers, lum-
ber manufacturers, and other organizations connected with them. Notable work
has been done in this field, particularly in the drying of the western pines by
the Western Pine Association under the direction of Albert Hermann, Research
Engineer (3, 5, 6). Here again, many of these improvements are beyond the
scope of this discussion, such as improvements in heating coils, methods of
stacking lumber, side clearances between pile and kiln walls, and the size and
arrangement of fans. It was recognized that improvement in the fans them-
selves would play a significant part in the general improvement of the kilns.
As a part of that project, two complete test kilns were constructed, one at
Bend, Oregon, (3) and the other at Lewiston, Idaho, (5) for the study of opti-
mum rates of air flow and the factors affecting them.

Early in these investigations it was recognized that increased velocity of
air flow, up to certain limits, gave promise of faster drying of the lumber. It
was found that speeding up of the usual sheet metal disk fans increased the
volume of air delivered directly with the speed, but the horsepower required to
do so increased approximately as the cube of the speed, creating power costs
entirely out of proportion to the benefits obtained. In the older kilns, using
smaller fans, where increased air flow would be particularly desirable, the cost
of "gutting" the kiln and installing larger disk fans would be prohibitive.

At this stage of the problem, in the summer of 1939, the Engineering Ex-
periment Station of Oregon State College was asked by the Western Pine
Association to undertake a cooperative proj ect to determine whether or not a
more efficient disk fan could be developed to be used as replacement fans in old
kilns and thus increase the air flow at a reasonable minimum cost.
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5. Characteristics desired in disk fans for use in dry kilns. At the
beginning of the project, the fan characteristics desired and outlined below
formed the basis of testing procedure:

a. Axial or substantially axial discharge.
b. Equal efficiency in reversed rotation.
c. Improved efficiency under static pressure of the order of 0.5 inch

of water.
d. Diameters limited from 36 to 60 inches.
e. Speeds limited from 250 to 600 rpm.
f. Split hubs for ease in mounting or demounting.
g. Quiet operation desirable but not essential.

The first two characteristics desired formed the main limiting factors, in
that the fans must have axial discharge, must be reversible, and have equal
efficiency in both directions of operation. This immediately ruled out the cen-
trifugal type fan which is not reversible, and to a great degree, precluded the
use of an airfoil-section propeller-type fan, which may have a high degree of
efficiency in one direction, but probably a much reduced efficiency in reversed
rotation.

With higher rates of air flow in mind, the static pressures are apt to
increase up to 0.5 inch of water, the probable limitation being the amount of
power required per fan to deliver the air against that pressure. The matter of
"improved efficiency" was of considerable importance, although at the start of
the project the efficiencies of the sheet metal disk fans then in common use
were unknown, but were believed to have possibilities of considerable improve-
ment. If an increase in the efficiency of from 25 to 50 per cent could be ob-
tained simply by replacing the old fans with new ones of better design, and
possibly changing the motor and drive, a material increase in air flow through
the load could be obtained without the expense of remodeling the kiln.

Another limitation on the new fans from the standpoint of possible
efficiencies was that the maximum speed was set at 600 rpm. This was imposed
since the present kilns used plain babbitted sleeve bearings, directly exposed to
the heat of the kiln, and above that speed bearing troubles were likely to occur.
Also, above that speed, considerably more care would be required in balancing
the fans during manufacture, an expense not justified if increased efficiencies
could be obtained at lower speeds.

No attempt was made in the laboratory models of the fans to incorporate a
split hub since that was a mechanical feature that could be later applied to any
type blade or fan the tests proved to be desirable.

In checking through all of the available literature on the subject it was
found that little improvement had been made in disk fans for many years, but
considerable research work had been done on centrifugal fans and axial-flow
fans of the high-speed propeller type.

6. Fan and fan testing terminology and methods. Perhaps an ex-
planation of the terms, formulas, and methods used in the design and testing of
disk fans would eliminate any misunderstanding on the part of the reader. In
the first place, a disk or axial-flow fan is peculiar in that normally the direction
of air flow, both entering and leaving, is nearly parallel to the fan shaft or in an
axial direction, from whence this type of fan gets its technical name. This is
to differentiate it from the centrifugal type of fan in which the air may enter
the fan parallel to the fan shaft, but leaves at right angles to it.
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Disk fans properly include those with flat blades, usually of sheet metal
of uniform thickness and fastened to a small central hub, with the blades
making some angle with the plane of rotation, usually between 20 and 45
degrees. This angle is commonly called the pitch angle, but to avoid confusion
with the terminology used in connection with propeller fans of constant and
variable pitch, the term "blade angle" will be used throughout in referring to
the fans discussed in this report.

Where the term "tip speed" is used, it simply refers to the actual velocity
in feet per minute of a point at the tip of the fan blades. The diameter of the
fan in feet times the rpm times 3.1416 will give this value.

When comparing or rating fans of various kinds, some standards should
be set up so that the values or units used are on a common basis. The term
"standard air," used in giving fan performance, is air weighing 0.075 lb per
cubic foot (7). Tests made with air at conditions other than this should be
corrected to this value for proper accuracy. As explained later in this report,
this correction was not made in all cases for the fans tested in this project.

The volume of air delivered by a fan is given in cubic feet per minute
(cfm). This volume is calculated from the area of the duct and value of the
average velocity in the duct.

Q = AVvg

where Q volume of air in cfm
A = area of duct, sq ft

Vvg = average air velocity, ft per mm
The velocity head or pressure is the pressure corresponding to the velocity

of flow and is a measure of the kinetic energy in the fluid (8). This can be
determined with a Pitot tube and some form of manometer, and is usually
given in inches of water pressure. A full description of these instruments is
given in several references (7, 8, 9, 10).

One difficulty with a Pitot tube is the fact that the velocity pressure ob-
tained gives the velocity at the point of the tube only, whereas the air velocity
may vary considerably over the cross-section of the duct. The velocity at any
one Pitot tube position or station is found from the formula (8).

V1= 9524 ..t/(459.6 + t)

where V1 = air velocity at tip of Pitot tube, ft per mm
p velocity pressure, in. of water
t air temperature, degrees F
b corrected barometric pressure, in. of mercury

In order to obtain the average velocity over the cross-sectional area of the
duct it is necessary to make several readings, commonly referred to as a Pitot
traverse, in which the tube is placed in the center of each of 20 or more dif-
ferent equal sections of area in a circular duct, as shown in Figure 2. The
velocity at each point can be calculated from the formula above and these 20
or more velocities averaged to give the average velocity. This method becomes
rather cumbersome if many traverses are completed. Assuming that the air
temperature and barometric pressure do not change during the time the readings
are taken, these values can be brought out from under the radical to simplify
considerably this calculation. For example, if the air temperature were 75 F
and the corrected barometric pressure 29.70 in. of mercury,

V1 952.4 \IP (459+ 75) 4,004
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In this case, then, the velocity at each point in the traverse is proportional
to the square root of the velocity pressure at that point times a constant. The
average velocity, V.5, will then be proportional to the average of the square
roots of the velocity pressures taken in the traverse. It is a simple matter to
take the square roots of the velocity pressures with a slide rule, determine the
average of these square roots; then multiplying tins by a constant will give the
average velocity.

Vavg 4,004 ( Vj5) avg
Since the duct area is also a constant, that can also be included as a factor,

and the voltime calculated directly. Further simplification of these calculations
appears later in Chapter V.

The velocity formulas given above apply particularly to normal tempera-
tures, and in this range the effect of humidity on the density of the air is
practically negligible. However, if it is possible and desirable to measure the
velocity of air under kiln conditions where the temperature may reach 200 F,
and the humidity may at times be almost 100 per cent, a different formula should
be used. Based on the same considerations as the above velocity formula, the
velocity is directly proportional to the square root of the velocity pressure and
inversely proportional to the square root of the density of the air (8).

V2

where V2 velocity of air, 1 pm
p velocity pressure, in. of water

w - density of air and water vapor mixture,
lb per cubic foot

The variation in the density of air and water vapor mixtures is given in
Table 1 for the various dry bulb and relative humidity conditions that might
occur in a dry kiln. Note that the density decreases with an increase in the dry
bulb temperature, and also decreases with an increase in the relative humidity.
Thus air saturated with all the moisture it can hold at 200 F, or at 100 per
cent relative humidity, only weighs 57 per cent as much per cubic foot as dry
air at 70 F. This is simply because at the higher temperatures a given space
will hold a higher percentage of water vapor by weight, and the density of that
water vapor is less than that of the air, due to its smaller molecular weight.

Table 1. DENSITY OF AIR AND \VATER VAPOR MIXTURES

Pounds per Cu ft of the mixture at standard barometric pressure of 29.92 in. mercury

Dry bulb

Relative Humidities

0 per cent 20 40 60 50 100
temp, deg F (dry air) percent1 per Cent

I

per cent per Cent per cent

70 0.0749 0.0748 0.0746 0.0745 0.0744 0.0742
80 0736 .0734 .0732 .0730 .0728 .0726
90 0722 .0719 .0717 .0714 .0712 .0709

100 0700 .0706 .0702 .0699 .0605 .0692
110 0697 .0692 .0688 .0683 .0678 .0674
120 0685 .0679 .0673 .0667 .0662 .0655
130 0673 .0666 .0608 .0650 - .0642 .0635
140 0661 .0652 .0642 .0633 .0623 .0613
150 0651 .0638 .0625 .0614 .0602 .0589
160 ----------------------------------0641 .0624 .0610 .0595 .0580 .0563
170 ------------------------------------- .0611 .0592 .0573 .0554 .0535
180 --------------------------- .0621 .0597 .0574 .0550 .0527 .0504
190 ------------------------------ 0611 .0582 .0553 .0524 .0495 .0467
200 ---------------------------------- 0602 .0566 .0531 .0497 .0463 .0427
210 ----------------------------------0593 .0552 0509 .0467 .0425 .0354

Calculated from tables in Fan Engineering (8)
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This accounts for the fact that some dry kilns must be heated before the
fans can be turned on, or the motor will overheat. The fans attempt to handle
approximately the same volume of air, and if it is cold, or much denser, the
motor may be overloaded when starting a cold kiln. The static pressure also
varies directly with the density, and in a cold kiln this pressure would be
greater, thus imposing a heavier load on the motor.

The density of the air in the kiln will also vary with the climatic condi-
tions and the altitude, both of which affect the barometric pressure. Table 1
is based on the standard barometric pressure of 29.92 in. of mercury, and these
values will be directly affected by any variation from this value. The lower
the barometric pressure, the less dense the air becomes. The air pressure drops
due to changes in altitude approximately 1 inch of mercury for each 1,000
ft of elevation above sea level.

For an excellent discussion of the fan laws and their relationship under
variable conditions of speed, size, horsepower, capacity, air density, pressure, and
temperature, the reader is referred to "Fan Engineering," 4th edition, pp.
198-201 (8).

The static pressure referred to in fan tests is the compressive pressure
existing in the air, at any particular point, given in inches of water above at-
mospheric pressure. The pressures usually encountered in fan tests are so
small as to have a negligible effect on the density of the air, and that factor is
commonly neglected. For example, 1 inch of water pressure corresponds to
a change of less than one quarter of one per cent in the volume of the air (8).

The efficiency with which the fan turns its available shaft energy into air
delivery against a given static pressure is an important characteristic. This is
called the static efficiency, and can be computed from the formula given below,
the derivation of which can also be found in other references (8, 9).

QX p. X 0.000157E. hp
where E. = static efficiency, expressed as a decimal

Q = volume of air delivered by fan, cfm
p. = static pressure difference on opposite

sides of fan
hp = shaft horsepower required by fan.

Since this static efficiency is a measure of the useful work done by a fan
with respect to the power input, any variation in the static efficiency would be
reflected directly in the power required to deliver a given volume of air against
a specified static pressure. Therefore, in the fan tests under this project, every
effort was made to increase the value of the static efficiency of the disk fans,
which improvement should show direct benefits in the amount of power
consumed.

The actual horsepower input required by the fan in these tests was deter-
mined by the use of a cradle dynamometer, taking into consideration the ef-
ficiency of the V-belt reduction drive and fan shaft bearing friction.

2RNW X E.hp= 33000
where hp = actual horsepower required by fan

R = radius of dynamometer lever arm, ft
N = rpm of dynamometer

W net load in lb on dynamometer lever arm
= mechanical efficiency of V-belt drive and fan

shaft bearings, expressed as a decimal.
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Substituting the value of 101 inches or 0.875 ft for the length of the dyna-
mometer lever arm, the formula simplifies to

NWEV
hp - 0.000 1667 NWEV or

6,000
A much more rapid determination of the horsepower was made by plotting

a set of curves with the load on the dynamometer lever arm as abscissa and the
shaft horsepower as ordinate. A separate curve was drawn for each common
fan speed, taking into account the V-belt efficiency at that speed and load. Thus,.
knowing the load on the dynamometer lever arm and the fan speed, the actual
horsepower input to the fan could be determined directly.

In some fan tests the terms "total pressure" and "total efficiency" are used,
in which the sum of the velocity pressure and the static pressure at any given
point gives the total pressure. This value, if substituted for the static pressure
in the static efficiency formula, gives the total efficiency. Since the determina-
tion of the velocity pressure near the fans is practically impossible under actual
kiln conditions, the values of total pressure and total efficiency are not referred
to in the tests made on this project, as they would be meaningless. Although
the static and velocity pressures were not obtained at the same point in the test
duct, the total pressure at the outlet of the fan can be easily determined, but
again, this figure would have no value in this instance.

It might be said concerning fans in general, that once a certain fan is con-
structed and installed, it will have certain characteristics at a certain speed; that
is, it will deliver a specific volume of air against a definite pressure, but if that
resistance is changed, the volume delivered will change, though probably not in
direct proportion. For a certain duct set-up, the fan will build up a static
pressure until an equilibrium point is reached, determined by that particular
fan's characteristics.

Although the dry kilns ordinarily have many of these disk fans operating
in parallel, from the characteristics determined for one fan alone in a test duct
can be predicted the characteristics of the whole system. They would all be
operating against the same static pressure, and the volume delivered and the
hos'sepower required would be that of one fan multiplied by the number of fans
in the kiln.

III. DESIGN, SELECTION, AND CALIBRATION
OF FAN TESTING EQUIPMENT

1. Design and construction of test duct. In order to forestall any
difficulties with scale effect on the results of the fan tests, it was decided to test
only full-size disk fans, ranging from 36 to 60 inches in diameter. Also at-
tempts were made, insofar as practicable, to test the fans under air flow condi-
tions comparable to those under which they usually operate in the kilns. No
attempt was made to heat or humidify the air used in the tests, and the diagonal
baffles normally located a few feet from the inlet and outlet sides of the fan
could not be duplicated and still allow accurate measurement of the air flow
and static pressure. The cross-sectional area and shape of the duct ahead and
behind the fan, however, were made similar to those found in a kiln using
60-inch fans. The size and location of the fan ring diaphragm were the same
as the usual kiln installation.
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Although exact kiln conditions in respect to temperature and humidity were
not maintained in the test duct, all the fans were tested under similar conditions
in the duct and their relative performances under kiln conditions can be pre-
dicted therefrom; that is, a fan that showed improved performance in the test
duct would be expected to exhibit similar characteristics in the kiln.

Due also to the limited funds available for the construction of the test
duct, and the physical limitations of the laboratory building, the standard disk
fan testing duct, as recommended by the National Association of Fan Manu-
facturers (7), was not used. Had it been used, it would have necessitated a
duct approximately 80 feet long, with portions of it 12 feet in diameter. In
addition, a large motor-driven centrifugal fan with a capacity equal to the disk
fan would have been required. This would have been necessary to determine
the free flow capacity of the disk fan, data which would be of no interest in this
case, even had this extra equipment been available. Wherever possible, how-
ever, the essential principles of the standard test duct were used.

After selecting the essential dimensions necessary, the test duct was con-
structed as shown in Figure 2. The first 16-foot section at the inlet was made
of i-inch plywood braced with 2 x 4-inch timbers, the duct being 66 inches
square inside. The center line of the fan was located 6 feet from the inlet end
of the section. A view of the inlet end is shown in Figure 3.

Since it was expected to test fans smaller than 60 inches in diameter, and
also to increase the accuracy of the air flow measurements by increasing the
air velocity, the cross-section of the test duct was changed from 66 inches
square to 431 inches in diameter by means of a transition section 7 feet long.
This changed the cross-sectional area from 30.25 sq ft in the square portion
down to 10.32 sq ft in the round sheet metal section, thus increasing the average
velocity of the air about three times, and the velocity head about nine times,

ligure 3. VIEw OF lEST DUCT AT INlET END.
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giving much greater possibilities of accuracy in measurement. With this ar-
rangement it is impossible to obtain complete free flow of the air, since with
the duct wide open the fan is operating against the head required to increase
the velocity of the air in the smaller duct section. In most instances, however,
this resistance was much less than that expected in the kiln.

The round sheet metal section 15 feet long contains the Pitot tube stations
and at the outlet end a flat sheet metal damper was installed, adjustable to any
position from zero to full flow, as shown in Figure 2.

After consideration of several possible methods of measuring the velocity
of the air in the round section of the duct, the Pitot tube was selected as being
the most accurate, least expensive, and, being in the nature of a primary instru-
ment in itself, did not require calibration.

A single Pitot tube was used that was only long enough to extend halfway
across the duct, so it was inserted in four separate holes in the duct to give the
standard 20-station traverse shown in Section B-B of Figure 2. The numbers
indicate the usual order of taking the Pitot readings.

The total and static pressure taps of the Pitot tube were connected to an
Elhison draft gage of 2.0-inch capacity, which had been calibrated with a hook
gage, and could be read to within 0.003 inch of water pressure.

The static pressure taps, consisting of copper tubes located 2.0 feet beyond
the straightening vanes, were made flush with the inside surface at the center
of each of the four sides of the duct. Rubber tubing connections from these
taps were manifolcled and connected to an Ellison inclined draft gage of 3.0-inch
capacity, which had also been carefully calibrated and could be read to within
0.003 inch of water pressure.

Previous to the installation of the straightening vanes, accurate values of
the static pressure or the velocity pressure could not be obtained due to the
whirling action of the air as it left the blades of the original sheet metal fan.
This centrifugal action of the air caused the static pressure to be much higher
at the outside of the duct when measured at the usual place shown in Figure 2
(without the straightening vanes in place). At the outlet end of the duct the air
was whirling at an angle of about 30 degrees with the centerline of the duct, as
measured from a silk thread. The centrifugal action was so much in evidence
at this point that a Pitot tube would indicate a negative velocity head in the
central portion of the duct.

On this basis it was found necessary to install some g-inch streamlined ply-
wood straightening vanes 18 inches long 5 feet back from the center line of the
fan with 6-inch spacing horizontally and vertically. With these in place, the
above difficulties in measuring the static and velocity pressures were almost com-
pletely eliminated. A 30-station static pressure traverse taken 2 feet back of
these vanes with the damper wide open and the 60-inch sheet metal fan operat-
ing at 300 rpm gave an average static pressure from which the average value
obtained from the four regular stations varied only 0.6 per cent. These
straightening vanes also decreased the yaw of the air flow at the duct outlet
from 30 to about 3 degrees, thus allowing accurate measurements with the Pitot
tube. Due to the high turbulence given the air by the fan and the short dis-
tances of air travel necessitated by the construction of the duct, the centrifugal
action was not completely eliminated, as evidenced by the velocity traverses
shown in Chapter IV. Considering the purposes for which the duct was de-
signed, however, and other factors affecting the test results, extreme accuracy
was not necessary or expected.
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The inside of the test duct was sealed, using paper tape; and flood lights,
inspection windows, and an inspection door were installed. Located on the out-
let side of the fan and just clearing the blades were fine brass wires to which
were attached silk threads about 6 inches long on 6-inch centers both horizon-
tally and vertically. These were very useful in determining the characteristics
of the air flow leaving the fan blades under any operating condition. Silk
threads were also fastened in alternate holes at the inlet side of the straightening
vanes to indicate the direction of air flow near the center of the duct.

2. Fan drive and mounting. Since it was essential that the power re-
quired by the fan be accurately determined under all ranges of speeds and rates
of air flow, the selection of the fan drive and mounting was important. The
low fan speed range of 300 to 600 rpm eliminated the possibility of a direct drive
with any of the motors available, so a 4 to 1 V-belt reduction drive was
selected, connected to a S-hp General Electric direct-current cradle dynamo-
meter, which is essentially a motor with a floating frame. Four i-inch V-belts
were used, with a V-belt pulley on the motor shaft and a flat pulley on the fan
shaft, as shown in Figure 4. The variable speed control on the dynamometer

Figure 4. DRIVING UNIT AS SET Ur CON DETERMINING V-BELT DRIVE EFFICIENCY.

plus the possibility of varying the d-c generator voltage on the motor-generator
set allowed excellent speed control from 200 to 600 rpm of the fan shaft. The
torque or reaction of the dnamometer frame was accurately measure4 by
means of a beam scales incorporated in the power unit, and also shown in
Figure 4.

The fan itself was mounted on an 8-foot section of 2iasinch shafting sup-
ported in two single-row felt-sealed ball bearings. The bearing nearest the drive
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pulley was clamped tightly to the shaft and braced to take the end thrust of the
fan. The bearing supports were the standard cast iron pedestals usually used
in the dry kilns.

3. Calibration of V-belt drive. The use of the V-belt reduction drive
necessitated the measurement of the power losses between the dynamometer and
the fan, including belt friction and slippage, pulley windage, and the friction
losses in the felt-sealed ball bearings supporting the fan shaft. The efficiency
of this drive was obtained over a wide range of speeds and loads by means of
attaching a small water-cooled Prony brake to the fan end of the fan shaft,
as shown in Figure 4. On the basis of the data taken simultaneously at the
Prony brake and at the cradle dynamometer, a set of curves was devised with
which, knowing the fan shaft speed and the torque reading of the dynamometer,
the actual horsepower used by the fan could easily be determined. At its
designed load of 7.5 hp at 300 rpm of the fan shaft, the mechanical efficiency
of the drive was 98 per cent, whereas when transmitting only 1.0 hp at 600
rpm, the efficiency fell below 50 per cent. Incidentally, these efficiency values
were re-checked after one year's service and found to be practically identical
with those obtained when it was first installed.

IV. TESTS ON 60-INCH ORIGINAL SHEET METAL FAN
1. Construction of original sheet metal fan. In order to determine

the characteristics of the disk fans now in common use in internal fan dry
kilns, one of 60-inch diameter was installed in the test duct, as shown in
Figure 3.

The fan is composed of ten 12-gage sheet metal blades riveted to a split
cast steel hub l4 inches in diameter, the blades being set an average angle of
33 degrees with the plane of rotation. The blades are 20 inches wide at the tip,
narrowing down to 7 inches at the hub, and are flat, except for a narrow crimp
along the leading and trailing edge used to stiffen the blade and to provide for
riveting the blades to the hub. A shallow crimp 9 inches long crosswise of the
blade and 1 inch in from the tip is also for the purpose of stiffening the outer
portion of the blades, as is a x 2-inch steel band placed completely around
the fan and welded to the tip of each blade.

In the usual installation, a fan of 60-inch diameter is set centrally in a sta-
tionary 1-inch angle iron fan ring, bolted to a sheet metal diaphragm perpen-
dicular to the fan axis. Being 61? inches in inside diameter, this gives a tip
clearance of f inch between the fan blades' and the fan ring. When installed
in this manner, the blades overhang the fan ring in an axial direction about 5
inches on either side.

The normal speed for this fan is 300 rpm, though tests were made at
speeds both above and below this value.

2. Fan test procedure. Following the calibration of the instruments to
be used in the tests, complete performance data were obtained on the 60-inch
original sheet metal fan, as usually installed, at speeds of 200, 250, 300, 350,
and 400 rpm, and using the standard fan test code procedure insofar as it ap-
plied to this particular test duct.

The fan was brought up to within 1.0 per cent of the desired speed and
held within that range during the entire test run, being checked three times at
each damper setting for a 1-minute period with a hand revolution counter and
stop watch. Eight damper settings were usually made at approximately equal
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increments of flow between zero flow and full flow, when the damper was com-
pletely removed.

For each damper setting the following data were also recorded three times
while the 20-station velocity-pressure traverse was made: dynamometer torque,
inlet static pressure, and discharge static pressure. The dry bulb and wet bulb
temperature and the damper position were recorded once for each rate of flow
and the barometric pressure recorded once during each complete set of runs.

Since the discharge static pressure and the velocity pressure were not read
at the same location in the duct, the total pressures as usually obtained from
the Pitot tube were not taken. Also, due to the fact that the density of the air
in the testing laboratory did not vary more than 1 or 2 per cent from standard
conditions, the usual corrections due to slight variations in temperature, humid-
ity, and barometric pressure were not applied, such accuracy not being war-
ranted under the conditions involved and the time available.

After calculating the values of volume, horsepower, and efficiency, these
were plotted in the usual manner.

3. Results of tests on original sheet metal fan. The characteristics
of the 60-inch original sheet metal fan at its normal speed of 300 rpm and also
at 400 rpm are shown graphically in Figure 5, using the standard method of
presenting such data.

It will be noted that at 300 rpm, the maximum static efficiency of 25 per
cent was reached when the fan was delivering 17,000 cfm against a static
pressure of 0.25 inch of water, and it required 2.6 hp under this condition.
The pressure and horsepower curves are notably steep, reaching their maximum
at zero flow, a common characteristic of the disk-type fan.

At 400 rpm, somewhat beyond the normal speed of the fan, the maximum
static efficiency increases to 27 per cent when delivering 23,500 cfm against
0.42 inch of water pressure. However, the horsepower required to do this
increases to 5.8. Thus to deliver 38 per cent more air by speeding up this fan
to 400 rpm requires 2.2 times as much power.

Due to the construction of the tcst duct, complete free flow of the air
could not be obtained, but since these fans would always be operating against
some resistance, that portion of the curves is not essential. The total or me-
chanical efficiency and the total pressure curves also are not shown in Figure
5, since the static pressure is the major portion of the load on these fans.
Furthermore, when these fans are installed in the dry kilns, only the static
pressures on opposite sides of the fans can be measured and no attempt would
be made to determine the velocity head or volume of air flow. For these rea-
sons, only the static efficiencies based on static pressures are herein considered.

While the air flow to the original sheet metal fan on the inlet side of
the test duct was fairly uniform over the cross-section of the duct, that was
hardly true on the exit side. As evidenced by the silk threads on the discharge
side, the air was going back toward the fan in the central portion out to a
diameter of from 32 to 36 inches, even with the test duct wide open at the
discharge end. From there out to the tips of the blades the air was coming
through with a high swirling motion, but it seemed that the greater part of
the air delivered by this fan came off the tips of the blades in a tangential
direction just back of the diaphragm that contained the angle iron fan ring.

Although there seemed no evidence of backflow either through the central
portion of the fan or between the blade tips and the fan ring even when operat-
ing at higher pressures, there was considerable re-circulation present. Even at
full flow a large portion of the air going in to the fan was thrown off the tips
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of the blades on the inlet side of the fan ring diaphragm. It was for this rea-
son that reading of the inlet static pressure at a point 31 feet from the fan on
the inlet side had to be abandoned. The turbulence set up by the air leaving
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Figure 5. CHARACTERISTICS OF 60-INCH ORIGINAL ShEET METAL FAN.

the tips of the blades ahead of the fan ring diaphragm caused this inlet static
pressure to vary with no relationship to the fan delivery volume. Particularly
at zero flow, when theoretically there should have been no inlet static pressure,
the draft gage read a negative pressure almost as great as the value obtained
at full flow. Since, then, no weight could be given these small, but negative
values, and since the fan was so near the inlet of the test duct, the inlet pressure
in all of the subsequent test runs was assumed to be atmospheric, and the
static pressure on the discharge side of the fan taken to be the total static
pressure against which the fan was operating. Admittedly, this introduces a
slight error in the test results, but again, since the interest lay only in comparing
the fans of various designs under similar conditions, that error was held to be
negligible.

The air coming back toward the center of the fan on the discharge side
was evidently being thrown out centrifugally again as it struck the blades.
Static pressures measured at full flow near the exit side of the fan indicated
high values at the outer edge of the square test duct, with slight negative pres-
sures in the central portion where the flow was reversed. It is interesting to
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note that even with the complete set of straightening vanes installed, and the
damper removed, the reversed air flow in the center of the test duct extended
considerably past these vanes and well into the transition section. From this
point on, however, the Pitot traverses indicated quite uniform rates of air
velocity. At the regular Pitot stations, the maximum velocities were located in
a concentric area about one-sixth to one-eighth of the duct diameter in from
the outside of the duct, and with a rather flat and slightly lower velocity area
across the central portion, as shown in Figures 6 and 7.
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The air flow characteristics of this original sheet metal disk fan leads the
author to believe that this particular design depends largely on the centrifugal
action of the blades in building up a rather high static pressure on the discharge
side near the tips of the blades; this in turn is converted into velocity head with
considerable energy loss, as evidenced by the low static efficiency. In other
words, it can hardly be classed as an axial flow fan.

4. Effect of exterior changes on the fan. Several attempts were made
to improve the efficiency of this fan by making exterior changes, but only one
of these made any improvement in its operation, and that change was discovered
much later in connection with the testing of new designs of fan blades. Ply-
wood disks up to 40 inches in diameter were bolted on both sides of the blades,
as shown in Figure 8, but these succeeded only in reducing both the volume of
air delivered and the static efficiency; the larger the hub, the larger the reduc-
tion of both values.

In an attempt to prevent the air from falling off the tips of the blades
and force it through them more nearly in an axial direction, a sheet metal
shroud ring 18 inches wide was bolted just inside the stationary angle iron fan

Figure 8. ORIGINAL SIIZET METAL FAN WITH 28-INCH PLYWOOD HuB AND 18-INCH SHEET
METAL SHRouD RING.
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ring, as also shown in Figure 8. Rather than increasing the maximum static
efficiency, as it was hoped, that item dropped from 25 to 20 per cent with this
change.

The possibility of decreasing the tip clearance, which in this case was
about inch, was not investigated at this time, since exploration with silk
threads did not indicate any back-flow through this opening. Furthermore, as
these fans are usually installed in the kilns, a large amount of tip clearance
seems necessary to care for possible misalignment or settling of the bearing
pedestals.

It is possible that some increase in efficiency could be obtained with this fan
had the larger hubs been streamlined ahead and behind the fan blades. As
shown in Figure 1, however, such a hub used in a kiln could not extend for
more than about 3 feet either side of the blades on account of the diagonal
diaphragms. In addition, it would have to be fitted around the bearing stands
located near each fan. The possible use of diffuser or guide vanes was also
ruled out, due to the construction of the kilns, and due also to the fact they
would hardly work satisfactorily under reversed flow conditions. The problem
of maintenance alone under the hot, moist kiln atmosphere would probably rule
out sheet metal guide vanes.

On the basis of the results obtained with the original sheet metal fan, and
the degenerating effects of various exterior changes, it was decided to design a
welded steel hub in which could be placed different numbers of various types of
blades, and so arranged that these blades could be set at any desired blade angle.

V. DESIGN OF NEW FAN

1. Factors affecting the design of a new fan. Considerable data are
available on the design of uni-directional high-efficiency and high-speed axial-
flow fans, (8, 9, 11, 12, 13, 14, 15, 16, 17) but very little information was found
that could be directly applied to a slow-speed fan of a reversible nature.
Therefore the selection of any new blade was more a matter of trial and error
based on data from previously tested blades, plus a few accidental changes that
in some cases brought some rather unusual and unexpected results.

A start had to be made on some basis, however, and the major factors to
be considered as applying to the design of the fan itself are listed below

a. Type of blades; i.e., flat, curved, warped
b. Material of blades
c. Cross-sectional shape of blades
d. Length and width of blades (width possibly not constant)
e. Number of blades
f. Pitch or blade angle of blades
g. Finish of blades
h. Diameter and shape of hub
i. Tip clearance
j. Fan ring or shroud widths
k. Position of fan with respect to fan ring or shroud

These possible variables in the design of the fan itself are entirely outside
of the variations in the test conditions, such as rate of flow, static pressure, and
fan speed.

The points to be kept in mind, however, at all times were that whatever
the final design, it would have to be a practical, rugged, relatively slow speed
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fan that could be economically manufactured, easily installed, and be as free as
possible from maintenance troubles.

2. Design of hub and blade holders. On the basis of the observations
made during the tests of the 60-inch original sheet metal fan, it was decided to
make the new hub 36 inches in diameter. The central portion of a disk fan
does not have sufficient speed to force the air through against the static pressure
developed by the outer tips of the blades, so it was felt that this area might
just as well be completely blocked off, and allow shorter sections of blades near
the outer diameter to handle the entire flow with perhaps greater efficiency.
Another factor affecting the selection of this diameter was the statement by
Baumeister (9) (after Schmidt) that a projected-area ratio of about 0.635 is
apt to give the maximum static efficiency. With this 36-inch hub representing
36 per cent of the area included in the fan diameter, it was felt that the blades,
though unknown in size, shape, or number at the time, would add the remainder
necessary. It was gratifying to note that, according to Schmidt, there was
good efficiency even though the projected-area ratio became greater than 1.0;
that is, with overlapping blades (9).

The hub was made up as shown in Figure 9 of welded steel plate and
bolted to one half of a flanged coupling. This, in turn, was fastened to the fan
shaft with set screws. The 3-inch wide rim was drilled so that combinations of
2, 3, 4, 6, 8, 12, 16, or 24 blades could be installed at any angle, as desired. A
plywood cover plate was bolted to the rear side of the hub to make it sym-
metrical with the inlet side.

Some of the first blades, made of solid pine, were drilled lengthwise and
held in place by means of long carriage bolts with nuts and lock washers
located inside the rim. Plywood blades, as shown in Figure 9, were fastened
between two sheet metal plates, these in turn riveted to a threaded rod held in
place with a nut and lock washer. The sheet metal blades used in the tests were
riveted to a split and threaded rod. All these blade holders were designed not
only to care for the centrifugal forces present, but also for the clamping force
necessary to keep the blade from twisting.

The hub was not split, as that mechanical feature could later be incor-
porated in the commercial reproductions of the fans giving the best results in
the laboratory tests. Every feature of the huh and blades, however, was made
to be symmetrical about the center plane of rotation, since one of the prime re-
quirements of the fan was to be equally efficient with reversed rotation.
Although none of the test fans has been run in a reversed direction, by keeping
the hubs and blades symmetrical in this manner, the characteristics should be
identical in both directions.

The hub was carefully balanced statically by adding a lead weight in the
proper place, and the question of balancing the blades was handled by weighing
each blade used in the fan and placing blades of equal or nearly equal weight
directly opposite each other. When this procedure was followed carefully, no
trouble was experienced with unbalance in the fans with speeds up to and
slightly more than 600 rpm.

3. Selection of blades. Since the thin, flat, and wide blades of the
original fan seemed to give such low efficiencies, the first four types of blades
tried with the new hub went perhaps to the other extreme. It was hoped that
larger numbers of narrower blades would give improved performance. The
length of these blades was Set at 12 inches, still allowing *-inch tip clearance.

Blade 1, made of soft pine, had a flattened oval section, 4 inches wide and
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1 5/16 inches thick, while Blade 2 had more pointed leading and trailing edges
and was only 1 inch thick. Blade 3, also of pine, had what might be termed a
"reversible airfoil" section, 4 inches wide and 1 inch thick. One half of the
blade was shaped like the leading portion of an airplane wing section, and then
to make the blade reversible, that same shape was inverted and used as the
trailing edge. This gave it a peculiar shape, and this blade also developed some
peculiar characteristics, which are discussed in Chapter VI.

Figure 9. FAN COMPOSED OF TWENTY-FOUR 4-INCH PLYWOOD BLADES (DISCHARGE SIDE).

Blade 4 was also 12 inches long and 4 inches wide, but made of i-inch ply-
wood, as shown in Figure 9. The leading and trailing edges of these blades
were given a streamline shape by using a special moulding cutter on a shaper.

On the basis of the results obtained from these four blades, which will be
discussed later, other blades of various shapes and sizes were designed, con-
structed, and tested, perhaps more by a trial and error method, since, as men-
tioned before, no information on a reversible blade section could be found. All
in all, more than twenty different types of blades have been tested, each at vari-
ous speeds and blade angles, and with different numbers of each type of blade.
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Only those giving results of particular significance will be discussed in this
report.

4. A simplified test procedure devised. In starting on this new phase
of the testing program, it was somewhat difficult to establish the test conditions
that were essential for comparison of test results, particularly with so many
possible variables involved.

It became increasingly evident that some simplification of the standard fan
testing procedure was absolutely necessary. Simply taking the data for a 20-
station Pitot traverse for each of eight damper settings from zero to full flow
as required by the standard fan test code for any one speed, plus three 1-minute
checks of the fan speed for each setting, kept two men very busy for a 2-hour
period. A similar length of time was required to calculate and plot the results.

Since the test results were more for comparing the results of various fans,
rather than rating them, and extreme accuracy was not required, the test pro-
cedure was considerably simplified and streamlined, with a result that the total
time for completing any one test run, and calculating and plotting the results,
only requires from one-eighth to one-tenth of the time normally consumed when
following the standard procedure. Of course, this streamlined method cannot
be, and is not intended to be as accurate as the standard fan test code procedure,
but since the variations from the true values are less than 3 per cent, the reduc-
tion in time required to make the tests more than offsets the reduced accuracy.
At any time it was desired to do so, the standard test procedure could be fol-
lowed, as no changes were made in the instruments or equipment.

Due to the centrifugal action given the air by these disk fans, and also due
to the peculiar construction of the test duct, the velocity traverses as obtained
with the Pitot tube at the regular stations were found to be quite flat, as indi-
cated in Figures 6 and 7, regardless of the fan speed, damper setting, or type of
fan on which the test was being made. On further and considerable investiga-
tion it was found that by clamping the Pitot tube in one fixed position, shown
as No. 8 in Figures 2, 6, and 7, a reading could be obtained that would give an
air velocity having a variation of not more than 3 per cent from the average
obtained with the usual 20-station traverse, when the velocity was more than 700
feet per minute. This velocity represents a volume of only 7,500 cfm, which is
far below the useful operating range of the 60-inch fan.

On this basis, it was possible to reduce the velocity readings from twenty to
only one instantaneous reading for each damper setting, and the fan speed was
checked simultaneously for a 3-second period with a Lyons chronometric hand
tachometer.

The new method of procedure, while admittedly slightly inaccurate, opened
up new possibilities for rapidly testing the effects of the variables in fan blade
design, since the results could be obtained so much more quickly and easily.

Furthermore, the slight corrections usually made for changes in tempera-
ture, humidity, barometric pressure, and fan speed were eliminated from the
calculations since rather ideal atmospheric conditions prevailed in the testing
laboratory. The fan speed was at all times held within 1 per cent of the
desired value. This made it possible to construct sets of curves by which the
air volumes, and fan and air horsepower could be quickly obtained. Using this
streamlined method, once a certain fan is installed in the test duct, it can now
be tested by two men at four different speeds, from zero to full flow for each
speed, and the results calculated and plotted in approximately two hours. This
saving of time has allowed the completion of many times the test runs possible
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had the standard procedure been used, at a much reduced expense to the
sponsors of the project. Accurate tabulations of the temperature, humidity,
barometric pressure, and fan speed have been kept, however, in case a more
accurate check on any particular test run is desired.

5. Selection of speeds. Since the speed at which any new fan should
turn was one of the many variables affecting its operation, and it would obvi-
ously not be necessary to operate it at all speeds, values of 300, 400, and 550
rpm were selected. The first was selected because it was the normal speed of
the 60-inch original sheet metal fan; 550 rpm was selected because at that time
it was the maximum safe speed obtainable with the dynamorneter. The 400
rpm was selected simply as an intermediate point useful in determining values
between 300 and 550 rpm, and also tendencies below 300 or above 550 rpm; that
is, it is too uncertain to extrapolate on a curve in which speed is a factor when
only two points are available.

At various times other speeds were used, but most of the fans were tested
at these three speeds in order to give a basis for comparing results.

VI. FIRST SERIES OF TESTS ON NEW FANS

1. Standards of comparison. In order to determine whether or not any
of the new fans demonstrated any improvement over the original sheet metal
fan, some basis or standard of comparison had to be established. Just because
a new fan showed a static efficiency greater than that of the original fan did
not necessarily mean that it was a better fan, since the two fans might be
operating under vastly different conditions when each developed its maximum
static efficiency.

If a new fan delivered an equal quantity of air against a given static pres-
sure for less horsepower input than the original fan, however, or delivered a
greater quantity of air against the same static pressure for the same horsepower
as the original fan, it could truly be said to be an improvement.

With this in mind the first tentative standard established was that the new
fan should not deliver less than 20,000 cfm at full flow and at 400 rpm; also
that against a static pressure of 0.25 inch of water it should deliver not less
than 17,000 cfm, nor require more than 2.7 hp. This corresponds to the point
of maximum static efficiency of 25 per cent for the original sheet metal fan at
300 rpm, its normal speed.

The new fan at 550 rpm would be required to deliver a full flow of 27,500
cfm, or not less than 21,000 cfm against a static pressure of 0.50 inch of water,
nor require more than 6.2 hp. This condition is selected near the point of
maximum efficiency (27 per cent) for the original sheet metal fan when oper-
ating at 400 rpm.

Note that these were tentative standards of comparison established near the
start of the tests; others were established later as other factors and information
became available.

2. Results of tests on blades 1, 2, 3, and 4. With 6 and 12 of the No. 1
thick pine blades in place, the volume of air delivered was too low, and with 24
of them in the hub, the volume came up to the standard hut the static efficiency
was not as high, only reaching a maximum of 21.4 per cent at 400 1pm. It was
interesting to note that the horsepower curves for these No. 1 blades were
practically flat, regardless of static pressure or rate of flow.
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The No. 2 pine blades, of the same 4-inch width and 12-inch length, but
only 1 inch thick at the center and coming to a rounded point at the leading and
trailing edges, showed a slight improvement over the No. 1 blades. They still
did not come up to the standard, however, so no data or curves are included
for them.

The No. 3 pine blades, also of the same width, length, and thickness as the
No. 2, but having a "reversible airfoil" section, developed some rather inter-
esting characteristics. These blades were notably quiet in operation, and the
silk strings on the exit side of the fan showed less turbulent flow. Also, the
horsepower curve increased to a maximum at full flow, just opposite the char-
acteristic of the original sheet metal fan. Outside of developing these unusual
traits, however, the volume and static efficiency values were disappointing.

The next blades tried were the No. 4 blades, shown in Figure 9. These
were of the same width and length as the previous blades No. 1, 2, and 3, but
were constructed of -1-inch plywood, with edges of more or less streamlined
shape starting at a point about f of an inch back from the edges. With only
six and twelve of these blades in the hub, the volume delivered was too low,
though the static efficiency indicated some promise, rising to 31 per cent at 550
rpm with a blade angle of 20 degrees.

The blade angle materially affected the maximum static efficiency and the
maximum volume at any one speed, and one cannot be obtained without sacrific-
ing the other. As the blade angle is increased, the maximum volume also in-
creases, but the maximum static efficiency decreases.

At 550 rpm and with a blade angle of 20 degrees, the maximum static
efficiency reached with twenty-four of these blades was 34 per cent. The maxi-
mum volume delivered, however, 23,000 cfm, was somewhat under the standard
set up for comparison with the original sheet metal fan.

3. Effect of tip clearance and blade finish. Since some improvement
was shown thus far, at least in static efficiency, it was thought that perhaps
some other factors might be changed to further improve the performance of
this fan.

Cutting down on the normally large tip clearance of 1 inch was tried, as
also shown in Figure 9, by placing two strips of 1-inch plywood inside the sta-
tionary 1-inch angle iron fan ring. With the tip clearance then only about
1 inch, a series of tests was made, but no significant changes in either efficiency
or volume were noted.

At this time, also, the effect of the finish of the blades was determined. As
normally installed, the plywood blades had been smoothly sanded by hand, and
the leading and trailing edges had been shaped to a smooth, blunt point. A
single coat of varnish was applied, raising the grain and presenting a consid-
erably roughened surface. After being tested in this condition, this coat of
varnish was sanded down with fine sandpaper, and the fan tested again. Fol-
lowing this, a coat of floor wax was applied, allowed to dry, and highly polished,
and the blades were run again. Following all these tests, in which the blade
finish was the only variable, the conclusion was reached that at the range of
blade speeds at which this fan was operating the effect of these variations in
the finish was negligible. The tip speed of the 60-inch fan at 300 rpm is 4,710
fpm; at 550 rpm it is 8,640 fpm.

4. Effect of stationary shroud ring. In spite of the fact that the 18-
inch stationary sheet metal shroud reduced the efficiency of the original fan,
one 6 inches wide and made of linoleum was tried on the fan composed of
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twenty-four No. 4 plywood blades. This showed immediate improvement, in-
creasing the maximum static efficiency about 10 per cent over the values obtained
with the angle iron fan ring alone, and also made the static efficiency curve
maintain a much higher level past the maximum point, and in the low static
pressure range, rather than dropping off rapidly.

With this evidence, tests were made on the useful range of blade angles
with the 6-inch shroud in place. For a basis of comparison with the values
given for the original fan in Figure 5, the static efficiency of these new blades
set at an angle of 20 degrees and when delivering 16,500 cfm at 550 rpm, was
38 per cent, an increase of about 50 per cent over that developed by the original
fan at its normal speed of 300 rpm.

With the use of a silk thread on a stick as an exploring tool, it was noted
that there was only a slight indication of centrifugal action with this fan
composed of twenty-four of the No. 4 plywood blades. In checking the area
just back of the fan ring diaphragm it was found that the air was coming in
toward the fan from the duct corners, rather than out toward them as was the
case with the original sheet metal fan. In the area extending 8 or 10 feet back
of the hub, however, there was still a slight reverse flow or recirculation of
air. It was also found that very little air was coming through the blades in the
region within 3 inches of the hub; hence, a blade wider near the hub was de-
signed and constructed.

5. Results of No. 5 plywood blade with shroud ring. In an attempt
to force more air through the fan near the hub, a set known as the No. 5 blades
was constructed of i-inch plywood. These blades had the same-shaped leading
and trailing edges as the No. 4 blades, but were trapezoidal in shape, being 8
inches wide at the base and 6 inches wide at the tip. The length remained at
12 inches as before. Twelve of these blades were installed with the 6-inch
linoleum shroud in place.

Although this blade did not seem to improve the air flow through the fan
in the vicinity near the hub, it did considerably improve the volume over that
obtained with the narrower 4-inch blades. With twelve blades set at an angle
of 25 degrees and a speed of 400 rpm, this fan would deliver about the maxi-
mum volume at the same static pressure as the original fan did with its 33-
degree blade angle and operating at 300 rpm. The maximum static efficiencies
under these conditions, however, increased from 25 per cent in the old fan to
36 per cent in the newer fan.

With twenty-four of these No. 5 blades installed, there was only a slight
improvement in the maximum volume of air delivered, and very little change in
the static efficiency over that obtained with twelve blades, but the static pres-
sures and horsepower required were much higher. In other words, doubling
the number of blades on this fan did not produce the expected effect of greatly
increased volume.

These No. 5 blades were then inverted in their holders, placing the 8-inch
width at the tip and the 6-inch width at the base of the blade near the hub.
This produced little change in the characteristics of the fan. At smaller blade
angles the maximum static efficiencies of the inverted blades were slightly
higher, but at blade angles above 30 degrees no improvement was registered.

6. Attempts to measure air flow leaving fan blades. About this time
an attempt was made to correlate the characteristics of the various types of
blades tested thus far with the velocity and angle of the air flow leaving the
blades at different portions of the blades. By the use of a silk string fastened
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to a protractor in a sliding frame just clearing the fan blades on the exit side,
the direction of the air flow leaving the blades was determined, measured as
an angle of twist with respect to the center line of the test duct, or as the angle
with respect to true axial flow. Also by placing the duct jet of a Velometer
horizontally in the same positions, the components of the air velocity in an axial
direction was obtained. These measurements were taken every inch along the
blades from the hub to the tips, both for the newer design blades and for the
original sheet metal fan, when the fans were operating at full flow and the
usual speeds.

Although considerable test data of this nature were procured, in the short
time that was available they were not thoroughly analyzed for unusual charac-
teristics. In general, the maximum axial air velocity occurred about 7 or 8
inches out from the hub on the 12-inch blades, dropping off to about half the
maximum value at the tips, and dropping to almost zero at a point from 2 to 3
inches out from the hub.

The check on the direction of the air flow with the different blades pro-
duced some peculiar results that were difficult to interpret. in the original sheet
metal fan installed in the 1-inch angle iron fan ring, the angle of the air flow
as measured with the center line of the test duct varied almost directly with
the distance out from the hub. It was difficult to measure the direction of flow
on this fan, as near its small hub the flow was back toward the fan. The angle
of flow varied from about 15 degrees from axial flow at a point 12 inches in
from the tips to about 50 degrees at the tips. The other types of blades on the
36-inch hub generally gave high values to this angle both at the tips and near
the hub, with the flow most nearly approaching an axial direction near the
midpoint of the 12-inch blades.

Since there seemed to be little correlation between any improvement in the
static efficiency and the air flow characteristics as obtained in this manner, and
since taking these extra data consumed as much time as the regular tests them-
selves, little more was done in this field of investigation.

A few of the blade sections were also placed in a wind tunnel for smoke
tests at varying blade angles, but here again time was not available for a com-
plete and thorough analysis of the data taken and observations made. No cor-
relation could be found between static efficiency and the flow characteristics for
any type of blade, though of course the flow around all of the blades was much
better at low angles of attack. Results of the fan tests also show much better
efficiencies with any blade at the smaller blade angles.

VII. RE-CHECK TESTS ON ORIGINAL SHEET METAL
FAN

1. Effect of varying width of stationary shroud ring. In the midst
of the series of studies on fan blade air flow characteristics, the original sheet
metal fan was placed in the test duct for a re-check when the 6-inch linoleum
shroud was still in place. An increase in the maximum static efficiency was
immediately apparent, which, since an 18-inch shroud had previously reduced
that value, prompted an investigation as to the effect of various widths of
shrouds on the original sheet metal fan.

For this experiment, a piece of linoleum 111 inches wide, which happened
to be available, was fastened inside the stationary 1-inch angle iron fan ring,
and the regular test runs made. - Then 1 inch was cut off each edge of this
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shroud following each test run. It was found that at 300 rpm the maximum
static efficiency gradually improved over that of 21.5 per cent when the 18-inch
shroud was used, up to 29 per cent where the shroud was 6 inches wide, then
fell off again to 25 per cent as the shroud width was further reduced until
simply the original 1-inch angle iron fan ring was left. These results are
shown graphically in Figure 10.

This improvement is evidenced by an increase in the static pressures
developed, with only slight increases in maximum volume delivered, though, of
course, in any actual installation having a fixed resistance to flow, an increase
in static pressure would increase the air flow through the pile of lumber. It is
interesting to note that when the 6-inch shroud giving the maximum static
efficiency is in place, the blades still overhang the shroud axially by about 2
inches on either side. This particular improvement might have immediate
application on the fans now already installed in dry kilns, as it would be a
simple matter to install sheet iron shroud rings, and obtain either an increase in
the air flow for the same power input, or the same air flow for about 10 per
cent less power cost.

40I
z
U0

30

>_0
z

20
0
1.

U

I-
(I,

SHROUD RING
WIDTH

Z: Pc: :

_-
---i IN.ORIGINAL

4 - '-8 IN.
IN.

..-., lIIN.

60-IN. ORIGINAL

I. SHEET METALFAN

( 300RPM
0----
0 5 10 15 20 25 30

VOLIJME-THOUS CFM

Figure 10. EFFECT OF VARYING WIDTH OF SHROUD RING.

No satisfactory explanation of this phenomenon has occurred to the
author, except that perhaps the effect of the shroud ring on the inlet side of the
fan is to prevent the air that would normally fall off the tips of the blades
ahead of the fan ring from doing so. On this basis, though, it would seem
that the 18-inch shroud ring would have shown better results. Another possi-
bility might be that the shroud ring, though it is flat and the fan blades over-
hang it on both sides, may more nearly fit in with the natural flow of the air
through the fan ring orifice, somewhat approaching a rounded, rather than a
sharp edged opening. There are now on the market some high-speed fans of
the propeller type using rather short, curved shroud rings, and claiming im-
proved efficiencies.
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2. Checks made on simplified test procedure. While the original
60-inch sheet metal fan was back in the test duct for the above test, it was
decided to see if the simplified or streamlined test procedure would check with
the results originally obtained when the 20-station Pitot traverse was used.

The wide shroud ring was removed, leaving the 1-inch angle iron fan ring
in place as in the usual installation, and complete test runs were made from
zero to full flow at 300 and 400 rpm. The results obtained followed surpris-
ingly close to the original tests made 7 months before and were well within the
range of experimental error established for the test duct.

3. Instruments re-calibrated. A little later it was felt desirable to re-
calibrate the instruments used in the test duct, since more than 200 complete
test runs had been made since the beginning of the tests.

The inclined tube draft gages were checked against a hook gage as a
standard, and no serious errors were found.

The Prony brake was set up again on the fan shaft as shown in Figure 4
and a complete recheck made of the V-belt drive efficiency over the complete
range of speeds and loads. At all of the speeds except 550 and 600 rpm the
results checked exactly with the first tests and at these two speeds the efficiency
did not vary more than 2 per cent from the values obtained in the first
calibration.

VIII. FURTHER TESTS ON NEW BLADES
1. Results of tests on blades 7 and 8. In view of the results obtained

to this point, another set of blades, known as the No. 7, were also constructed
of i-inch plywood. These were rectangular in shape, 8 inches wide and 12
inches long and with leading and trailing edges similar to those used on blades
No. 4 and 5.

In order to obtain the maximum possible efficiency from these blades,
shroud rings of i-inch plywood and having widths of 12, 8, 6, 5, 4, and 3 inches
were tried out. With these blades, the 4-inch width shroud seemed to give the
best results, though the 3- and 5-inch widths were not greatly different. All of
these shrouds, however, showed considerable improvement over the use of the
usual 1-inch angle iron fan ring, except the 12-inch width, which resulted in a
decrease in static efficiency.

Although no startling results were obtained with these No. 7 blades, the
maximum volumes were increased such that only twelve blades would be re-
quired to give the desired values of air flow. The static efficiency when oper-
ating at 400 rpm and delivering 16,500 cfm against 0.35 inch of water static
pressure was 38 per cent.

With the fan manufacturer's problems in mind, another set, known as the
No. 8 blades, was constructed of 16-gage sheet metal. These blades had the
same dimensions of width and length as the No. 7 plywood blades, and tests
were made to see what effect the difference in thickness of the sheet metal and
the i-inch plywood would make.

The performance of these two types of blades was very similar, as ex-
pected, though the thinner No. 8 sheet metal blade showed a slight drop of
about 1 per cent in maximum static efficiency.

Another attempt to increase the air flow through the blades near the hub
was made by warping these sheet metal blades. It was calculated that in order
to have each portion of the blade move the same amount of air axially, or to



34 ENGINEERING EXPERIMENT STATION BULLETIN No. 16

give the blade a constant pitch throughout its length, a difference of 11 degrees
in angle between the base and the tip of the blade would be required.

It was found practically impossible with the facilities at hand to warp the
sheet metal blades uniformly this amount from base to tip, but an approach to
the warped blade as a result of the two slight angular crimps in the metal is
shown in Figure 11. These, known as the No. 8 warped blades, developed a
maximum static efficiency of 38 per cent when operating at 550 rpm and with
the blade angle set at 30 degrees at the base, the tip angle being 11 degrees less
than this. This fan delivered 20,000 cfm against a static pressure of 0.6 inch
of water pressure under these conditions. As noted from the silk strings sus-
pended just back of the fan blades, this particular fan showed much smoother

Figure 11. WARPED AND CURVED BLADES.

air flow leaving the blades than many of the other blades tested, though this
improvement did not seem to be manifested in increased efficiency.

2. Possibilities of curved blades investigated. Although up to this
point in the design of these new blades the need for expensive die work in
manufacture had been avoided as much as possible, it was believed that if
sufficient improvement in efficiency could be obtained by using curved sheet
metal blades, the cost of the dies might be more than offset. Since these fans
are made in so many sizes, any specially curved blade would be apt to require a
set of dies for practically every size of fan, an expense the maiiufacturer
would be unwilling to bear unless considerable increase in efficiency or better
performance was obtained thereby.

The question of what curvature to use on these blades found no ready
answer in the available design reference material since the required reversibility
of the fan demanded a symmetrical blade section. As suggested by O'Brien
and Folsom (14), however, the mean camber line of an N.A.C.A. 4406 airfoil
section was used as the first half of the blade, and the other half made just the
reverse, the whole blade section being a somewhat flat ogee curve. Known as
the No. 9 blade, these blades were rectangular in shape, 8 inches wide, and 12
inches long, and made of 16-gage sheet metal as shown in Figure 11. The de-
sired curvature was obtained by making a large laminated hardwood block,
cutting the block in two with a bandsaw along the desired curve, allowing for
springing back of the metal, and mounting each half of the die in a 30,000-lb
Tinius Olsen testing machine. The full capacity of the machine was used in
pressing out each of the set of twelve blades.

These curved blades showed considerable improvement over the flat ply-
wood or sheet metal blades, as a fan composed of twelve blades set at a blade
angle of 25 degrees, measured with respect to the relatively flat portion in the
center of the blade, and operating at 560 rpm, delivered 20,000 cfm at 0.5 inch
of water pressure with a static efficiency of 43 per cent.
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Since that small amount of curvature seemed to improve the results, blade
No. 10, as shown in Figure 11, was made from the No. 9 blade. The hardwood
die block was glued together on the previous saw cut, cut again to the increased
curvature, and another set of blades pressed out.

Evidently this curvature was too great, as the performance of the No. 10
blades was disappointing, showing little improvement in static efficiency over
the original sheet metal fan.

Recalling that the No. 3 "reversible airfoil" section pine blades, previously
discussed, had some rather peculiar horsepower characteristics, another set of
blades, known as the No. 11, was constructed as also shown in Figure 11.

The No. 3 pine blades had a horsepower curve that was practically con-
stant throughout the entire operating range and in some cases showed a rise in
horsepower at wide-open flow rather than at zero flow as is usual for all the
other blades tested. These blades, however, being only 4 inches wide, did not
deliver sufficient volume of air to warrant their further consideration at that
time. It was decided to construct a set of blades using this same reversed
curvature but making them 8 inches wide simply by ripping some of the No. 3
blades in two and inserting a piece of wcod 1 inch thick sufficiently wide to make
the final width of the blade 8 inches. These blades were then drilled for a
i-inch carriage bolt and fastened to the fan as were the No. 3 blades previously.

These No. 11 pine blades were particularly silent in operation and gave
very smooth airflow characteristics as the air left the blades. The volume of
air delivered was satisfactory but the static efficiency, particularly at higher
speeds, fell considerably below that desired. The horsepower curves, however,
tended toward the same constant value previously obtained, but in this case
were slightly higher at zero flow. Since the static efficiency was considerably
lower than some of the other blades, however, and since these blades would be
very difficult to manufacture in any very great quantity, they cannot be recom-
mended for use in the dry kilns. Considering the increases in efficiency that
were later obtained without using curved blades, moreover, no further investi-
gation was made along this line.

3. Effect of number and width of flat blades. Since on the basis of
the tests made up to this time it was evident that the number and width of the
flat plywood blades had a material effect on the performance of the fans, the
No. 7, 8-inch plywood blades were re-installed on the hub, using 6, 12, 16, and
24 blades. By plotting curves for various blade angles, it was determined that
the maximum static efficiency at 20- and 25-degree blade angle settings in-
creased very rapidly up to about 10 or 12 blades, but showed very little increase
above that number. For 30- and 35-degree blade angles, the maximum static
efficiency did not seem to be reached with the f till 24 blades, as shown in
Figure 12. These data seem to disagree with Baumeister (9), who indicates
that higher efficiencies should be obtained with fewer blades. His conclusions,
however, are based on high-speed propeller fan tests. The point represented by
the original sheet metal fan with its 10 blades and 33-degree blade angle fits in
remarkably well in this set of curves.

It is interesting also to note the effect that varying the number of blades
had on the maximum volume delivered with the test duct wide open. At blade
angles of 20 degrees, the maximum volume at 400 rpm was reached when using
16 blades, with decreased volume beyond that number. With 25-, 30-, and 35-
degree blade angles, only a slight increase in volume was obtained with more
than 12 blades.
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Another factor investigated was the effect of varying the width of the ply-
wood blades. Blades No. 4 and 7 of 4- and 8-inch widths, respectively, having
already been tested, another set very similar, except for being 12 inches wide,
was constructed and designated as the No. 12 blade. l'lotting width of fan
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blade against maximum static efficiency for a twelve-bladed fan at 550 rpm in-
dicated that blades more than 12 inches wide would give even greater static
efficiencies, though the 12-inch width was near the maximum for highest ef-
ficiency at a 20-degree blade angle. This is shown in Figure 13.

Incidentally, twelve of these No. 12 plywood blades in a 4-inch shroud
gave by far the best performance of any of the blades tested up to that time.
When set at 25 degrees these blades will deliver 20,000 cfm against 0.5 inch of
water static pressure with a static efficiency of 44 per cent, and only require a
speed of 460 rpm as compared with 560 rpm required by the No. 9 curved sheet
metal blades under the same load conditions. By dropping the blade angle to
20 degrees that same volume and static pressure could be obtained at about 520
rpm and the static efficiency would reach 48 per cent, as compared with the
26.5 per cent obtained from the original sheet metal fan under like load
conditions.

With the evidence thus far pointing toward increased static efficiencies with
still wider blades, a set was made of 1-inch plywood 28 inches wide at the tips
and becoming narrower at the base, as shown in Figure 14. At the time, it was
felt that this width was considerably beyond the optimum, but by gradually cut-
ting down the width as the tests progressed, the best width could be obtained.

These blades, known as the No. 13 blades, were installed on the 36-inch
hub, and preliminary tests made to see which width of shroud ring gave the
best performance. In this case, a 6-inch plywood shroud width proved best,
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which again was approximately one-half of the projected width of the blades in
an axial direction.

Fans composed of 4, 6, 8, and 12 of these No. 13 blades were tested, and a
portion of the results is shown clearly in Figure 12. All of these fans showed
maximum static efficiencies higher than heretofore obtained, with the fan using
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8 blades at a blade angle of 20 degrees reaching 54 per cent, more than doubling
that of the original sheet metal fan. More than 8 of these wide blades caused
a reduction in the maximum static efficiency obtainable.

The complete performance characteristics of this 8-blãded fan at a constant
speed of 550 rpm are shown in Figure 15 for blade angles of 20, 25, and 30
degrees. The effect of varying the blade angle is clearly evident from a study
of these curves, although the point of maximum static efficiency seems to occur
at approximately the same static pressure for all blade angles.

Though these No. 13 blades were 28 inches wide at the tips, that, of course,
could not be considered the average or mean width of the blades for purposes
of comparison with the narrower plywood blades having constant width. The
mean width of this No. 13 blade was then taken as the width at a point halfway
out along its length, or 23.2 inches.

In order to obtain data on fan blades with mean widths between 12 and
23.2 inches, the No. 13 plywood blades were cut down to 22 inches across the
tips, giving a mean width of 18.0 inches, and called the No. 14 blades.

Somewhat contrary to expectations at the time, these narrower blades were
less efficient than the extremely wide ones, as demonstrated in Figures 12 and
13, though they were still better than those of the 12-inch width. Maximum
static efficiency with these No. 14 blades was approached with 16 blades in
place, though with 8 and 12 blades the values were still reasonably high.
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Though it is difficult, if not presumptuous, to predict the effect of width of
blade in an 8-bladed fan on the maximum static efficiency with only two points
available, these values are shown in Figure 13. Time was not available to
obtain data on 8-bladed fans with narrower blades. These curves seem to mdi-

Figure 14. FAN COMPOSED OF EIGHT No. 13 ELADES IN 6.INcH SHROUD RING.

cate that blades even wider than those tested would show still further increases
in static efficiencies, though what maximum values could be obtained the author
will not venture to guess. There is no fond hope that the reversible fan could
reach the values of 70 to 80 per cent static efficiency, which have been attained
with high-speed uni-directional fans with propeller-type blades, guide vanes,
and diffuser casings. It is believed, however, that considerable improvement
over the original sheet metal fan has been made.
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IX. RESULTS OF TESTS ON 42-INCH FANS

1. Changes necessary to test 42-inch fan. At the request of the spon-
sors of the project, some tests were also made on a 42-inch diameter sheet
metal fan, similar in construction to the original 60-inch sheet metal fan.

Testing this fan required some changes in the test duct, and some slight
changes in test procedure. A new plywood diaphragm was installed to support
the 1-inch angle iron fan ring 43 inches in inside diameter, usually used with
this fan.

The fan was composed of twelve 14-gage sheet metal blades set at an
average angle of 38 degrees with the plane of rotation. The blades were 14
inches wide at the tip, and 5 inches at the hub, which itself was 10 inches in
diameter. The method of stiffening and fastening the blades in place was similar
to that used in the 60-inch fan.

Although the normal speed for this fan was 500 rpm, it was expected to
deliver a somewhat smaller volume of air, since for a given type of fan the
volume varies directly with the speed and as the cube of the diameter. Other

I..
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factors, such as static pressure and horsepower entering into the picture make
it difficult to draw comparisons.

The fact that the test duct was designed primarily for testing 60-inch fans
made the use of a Pitot tube for determining the air velocity a source of error
in testing the smaller fan, since Pitot tube readings are not too reliable below
500-700 ft per mm. It was found also, as the tests were first started, that the
air velocity through the straightening vanes originally installed in the test duct
just back of the fan was too low, and little straightening was done on the air.
By installing a second set of plywood straightening vanes at the small end of
the transition section, shown in Figure 2, however, turbulent flow was elim-
inated in the vicinity of the Pitot tube, and consistent results were obtained.

Following a considerable number of tests at all speeds and rates of flow, it
was found that better accuracy would be obtained by fixing the Pitot tube at
Station 9 rather than at Station 8 (shown in Figure 2) as was required for the
60-inch fan. The general air flow patterns for the 42-inch fan in the vicinity
of the Pitot tube were quite similar to those shown in Figures 6 and 7, except
that the single velocity reading in Station 9 gave velocity values that were
closer to the average velocity obtained when the standard 20-station traverse
was used. Thus the same simplified test procedure devised for rapidly testing
the 60-inch fans could also be used with confidence in testing those of 42-inch
diameter.

Due to the smaller volumes delivered by the 42-inch fans, conditions ap-
proaching free flow were obtained when the test duct damper was removed.

2. Results of tests on original 42-inch sheet metal fan. The 42-inch
fan as usually installed in the 1-inch angle iron fan ring and at 500 rpm de-
livered about 10,000 cfm against a static pressure of 0.42 inch of water when
operating at its peak static efficiency of about 28 per cent. Thus the reduction
in the size of the fan did not materially affect its efficiency. At full flow, or
practically free flow in this case, the fan delivered about 15,000 cfm.

The effect of installing a wider shroud ring on this fan was immediately
investigated, with shrouds of 2-, 3-, 4-, and 5-inch widths installed. The 3-inch
width gave the best results, increasing the maximum static efficiency at 500 rpm
from 28 up to 31 per cent.

3. Effect of axial displacement on 42-inch fan. In some instances,
such as in prune and hop driers, fans of this type have been employed where the
direction of rotation was not reversed, and it was thought that perhaps some
other axial position of the fan might give better performance than that of
placing the fan centrally so that the blades overhung the fan ring equal amounts
on the inlet and discharge sides. In lumber dry kilns, too, where the fan shaft
was 100 to 120 feet long, the fan farthest from the thrust bearing might shift
axially over an inch as the kiln heated up, due solely to the thermal expansion
of the fan shaft.

Without going into the complete details of the tests in which the fan was
moved from 5 inches upstream to 5 inches downstream at 1-inch intervals, it
was found that slightly better efficiency was obtained, when the usual 1-inch
angle iron fan ring was in place, with the center plane of the fan 2 inches
upstream. Displacement of more than 3 inches upstream or downstream
caused the static efficiency to drop greatly, although the volume delivered did
not drop seriously.

With a 3-inch shroud in place the best efficiency was obtained in the central
position, and this efficiency was again somewhat better than that obtained with
the usual 1-inch angle iron fan ring in place.
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4. Tests on 42-inch fan with movable blades. A special hub and two
sets of blades were constructed to see what effect varying only the blade angle
would have on the regular 42-inch sheet metal fan. The hub was the same size
as that of the regular fan, but contained twelve sockets into which the studs
riveted on the blades could be inserted and clamped at any angle by means of
set screws. One set of blades was very nearly identical with the original fixed
blades, including the crimp on the leading and trailing edges for stiffening the
blade and for fastening it to the hub. Since the blades were to be movable, the
encircling band, which normally was welded to the tips of the blades, had to be
eliminated. The blades of the second set were the same except that the crimps
on the leading and trailing edges were flattened out, making a simple, flat sheet
of the blade.

Space limitations do not permit the inclusion of the performance curves for
this series of tests; however, no unusual tendencies were brought out. As was
to be expected, more volume, greater static pressures, more horsepower, and
less static efficiency was obtained as the blade angle was increased up to 45
degrees, and the converse was true as it was reduced to 25 degrees. A maxi-
mum static efficiency of 36 per cent at the lower blade angle was obtained, but
the volume delivered at this point was only 7,000 cfm. When the blade angle
was set at 38 degrees, the performance data were very close to those of the
original 42-inch sheet metal fan, the blades of which were fixed at that angle.

The flat blades, in general, showed slightly less efficiency than the crimped
ones, and also displayed considerable tendency to vibrate under certain condi-
tions. The crimp, then, not only stiffened the blade, and furnished a place for
riveting it to the hub, but also slightly improved the air flow around the blade
in some manner.

It would seem that this crimp, forming an angle of about 38 degrees with
the plane of the blade, and varying from nothing near the tips of the blade to
l inches wide at the hub, would have little in its favor from an aerodynamic
standpoint. Recalling the results of the No. 9 sheet metal blade having a slight
reverse curvature in it, these flat blades were given a much wider bent edge,
but at a much smaller angle. The bend was made on both the leading and
trailing edges 3 inches from the edge at the tip, and 1+ inches from the edge
near the hub, the bent portion making an angle of 10 degrees with the plane of
the flat part of the blade. These blades were designated as No. 15.

An immediate improvement in static efficiency over any of the other 42-inch
fan blades was apparent, particularly with the use of a 3-inch shroud ring.
With the blade angle of the flat portion at 40 degrees, and with the 12 blades
operating at 500 rpm, the static efficiency attained 36 per cent with the wider
shroud ring, and about 34 with just the usual 1-inch fan ring in place. The
volume delivered was the same as delivered by the other blades. Time did not
permit the investigation as to whether a wider or narrower bent portion or some
value other than 10 degrees for the angle of the bend would further improve
the efficiency of this fan. It was felt that more improvement could be obtained
by designing and testing a 42-inch fan constructed similar to the best 60-inch
design developed thus far.

5. Large hub constructed for 42-inch fan. Using the same general
proportions of the 60-inch fan with the wide No. 13 blades, a 21-inch diameter
welded steel hub was constructed in order to see if the favorable characteristics
shown by the 60-inch fan would hold true in the smaller 42-inch size. The hub
was drilled to take 2, 3, 4, 6, 8, 12, 16, or 24 blades 10 inches long of any
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width, shape, or material. One set of 14-gage sheet metal blades 18 inches
wide across the tips was also constructed, but time has not permitted a full
investigation of the possibilities in these blades.

X. IMPROVED METHODS OF PRESENTING FAN
PERFORMANCE DATA

1. Need for other types of curves for fan selection. The usual
methods of presenting fan performance data, as shown in Figures 5 and 15,
have some limitations, since the curves are usually plotted for a constant speed.
In selecting a fan for a certain operating condition, such as may occur in a dry
kiln, even that speed may be unknown, which necessitates juggling around
many sets of curves, each for a different speed, providing they are available, or
working with a set of curves based on percentage of full capacity, pressure,
horsepower, and the like for a given family of fans.

In an attempt to eliminate some of these aggravations, the two types of
curves in Figures 16 to 20 are presented, together with examples of their use.
The author makes no claim to originality in their design, but they do seem to
fill in a gap not covered by the usual methods.

2. Efficiency contour curves. Once any particular type of blade or fan
is manufactured, there still remains the problem of selecting the right speed at
which to operate it to deliver a certain volume of air against a specified pressure
and yet maintain the maximum possible efficiency. Since in dry kiln work,
V-belt reduction drives are largely used, any reasonable speed can be obtained.
In order to facilitate the selection of a fan for a particular load condition, a
method of presenting the complete characteristics of any one fan at any speed,
suggested by E. G. Harris, (18) and possibly by others, is shown in Figure 16
for the 60-inch original sheet metal fan. In Figure 17, similar curves are
shown for a fan composed of eight No. 13 plywood blades, being representative
of the best results obtained thus far. Curves of this type are used for selecting
centrifugal pumps, and should work very well in fan applications.

With static pressure as ordinate, and volume as abscissa, the static pres-
sures from zero to maximum flow are plotted for several speeds. From the
static efficiency vs. volume curves for the various speeds, points of equal ef-
ficiencies can then be laid off on these static pressure curves, and the static
efficiency contours drawn in for the useful range of the fan. The horsepower
required by the fan under any condition can also be plotted on the same diagram,
as shown in Figures 16 and 17. With such a set of curves it is a simple matter
to select a fan for any desired volume and pressure. Also, for installations
already made, and where increased air flow is desired, the limitations of such
changes would readily appear. In any fan selection problem where the values
of static pressure, volume, speed, horsepower, or static efficiency may each at
any one time be held constant, the possible variations in all of the other factors
can be obtained at a glance. For a fixed duct resistance, the changes in all the
above factors due to increased air flow are also easily obtained, as explained in
Examples B and D.

In the following examples, air at approximately 70 F is assumed, with a
relative humidity of 50 per cent and barometric pressure of 29.7 inches of
mercury. Since all of the fan test runs were made at conditions very close to
these values, they will be used for purposes of comparison.
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Example A. Assume that one of the 60-inch original sheet metal fans is
required to deliver 15,000 cfm against 0.3 inch of water pressure. The inter-
section of these two values in Figure 16 at point A shows that the fan should
operate at 300 rpm, is developing 24.7 per cent static efficiency, and would require
2.8 horsepower.
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Example B. Assume also that 50 per cent more air flow would be desir-
able, and that the resistance to flow increases as the square of the flow increase
(along the path shown from A to B in Figure 16). The new requirements are
that the same fan must deliver 22,500 cfm against a pressure of 0.67 inch of
water. Under these conditions a fan speed of 450 rpm and about 9.0 horsepower
would be required, the static efficiency increasing slightly to 26.6 per cent. This
is represented by point B. Thus 32 times the horsepower would be required
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to increase the air flow 50 per cent by speeding up the original fan. This, of
course, is not economical.

Example C. Assume that the same rate of flow and pressure given in
Example B were to be required of the most efficient fan devised thus far, one
with eight No. 13 blades set at a 20-degree blade angle. Referring to Figure
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17, point C indicates this condition of 22,500 cfm and a static pressure of 0.67
inch of water, and further shows that the fan should turn about 600 rpm, re-
quires 4.5 horsepower, and develops 50 per cent static efficiency. Thus, by in-
stalling this new fan a gain of 50 per cent in the air flow would be obtained
with just half the horsepower required by the original sheet metal fan under
the same conditions. Note, however, that this 50 per cent increase in air flow
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with the new fan requires 1.6 times the horsepower used by the original sheet
metal fan when delivering the 15,000 cfm against 0.3 inch of water static pres-
sure. This increase is due to the fact that the static resistance to air flow in
the kiln, heating coils, and load itself increases as the square of the increase in
air velocity. This is a kiln characteristic, regardless of what fan may be in-
stalled, and severely limits the possibilities of increased air flow with any fan,
regardless of how efficient it might be.

Example D. In instances where electrical power is at a premium, or it is
not considered desirable to use a larger motor, it would be profitable to install
the newer fans, and get what increase in air velocity is available without any
increase in power input, making direct use of the improved efficiency of the
new fans.

Going back to the original conditions of Example A of 15,000 cfm against
0.3 inch of water static pressure, and represented by point D in Figure 17, note
that the new fan would operate at about 375 rpm and require only 1.5 horse-
power, or slightly more than half as much as the original sheet metal fan under
identical conditions. If, with nothing else changed, this new fan were to be
speeded up until it required the same 2.8 horsepower required by the old fan,
the operating conditions would move along the diagram from point D to E. At
this point the new fan will deliver 18,000 cfm against a static pressure of 0.45
inch of water. Thus this particular new fan will deliver 25.4 per cent more
volume of air against the increased resistance for the same power input.

The above examples were selected primarily to show the ease with which
the performance of any fan under any condition can be predicted by the use of
these "efficiency contour" curves. The values of flow and pressure selected are
well within the range of normal kiln operation, though, as mentioned before,
little information is available as to just what static pressures are encountered in
dry kilns, either cold or hot.

It might be well to mention that the horsepower values given above are
those required by one fan alone, and do not include bearing or V-belt drive fric-
tion. The total motor horsepower required for a kiln would be obtained by
multiplying by the number of fans and dividing by the mechanical efficiency of
the V-belt drive and fan bearings, probably in the range of 80 to 90 per cent.

It is entirely possible that some other fan with a different blade shape and
blade angle might under other conditions show better efficiencies than the one
used in this example, but once a set of conditions is established, the selection of
a fan is not a difficult matter when these efficiency contour curves are available.
As mentioned before, once a given fan is installed in the test duct, the complete
data for a set of these curves can be taken, computed, and plotted by two men
in slightly more than 2 hours. This represents an enormous saving over the
time that would have been required if the standard axial-flow test procedure
had been used.

3. Air volume per horsepower curves. Although the term "static ef-
ficiency" is a common one used by engineers in discussing the characteristics of
various fans, it does not necessarily mean a great deal to a dry kiln operator.
Also, on the basis of the experience with fans in this cooperative project, plus
some previous experience with forced and induced draft fans in power plants,
the author is of the opinion that conditions are seldom favorable enough to
permit any fan to work at its point of maximum static efficiency for any great
length of time. In some cases, it may not even be desirable that it do so. The



Table 2. PERFORMANCE DATA FOE 42-INCH FAN IN 1-INCH FAN RING
Avg test conditions-70 F dry bulb, 50 per cent relative humidity, barometric pressure, 29.70 in. mercury

Static Pressure, In. of Water

0.1 0.2 0.3 0.4 0.5

Vol, Fan Vol Vol, Fan Vol Vol, Fan Vol Vol, Fan Vol Vol, Fan Vol
Rpm cfm lip per hp cfm hp per hp cfm hp per hp cfm lip per hp cfm hp perhp

300

..........................

6,800 0.49 13,900 5,400 0.60 9,000 3,600 0.80 4,500 1,200 1.00 1,200

-

---------

.........

.......

400

-------------------------

10,500 1.00 10,500 9,000 1.20 7,500 8,000 1.33 6,000 7,300 1.50 4,670 6,000 1.78 3,370
500

-------------------------

14,000 1.73 8,100 12,500 1.85 6,750 11,200 2.10 5,330 10,200 2.30 4,430 9,400 2.80 3,350
600 ------------------------- 17,000 2.70 6,300 15,700 2.80 5,600 14,500 2.90 5,000 13,300 3.15 4,220 12,400 3.48 3,560

Table 3. PERFORMANCE DATA FOR 60-INCH SHEET METAL FAN IN 1-INCH FAN RING
Avg test conditions-same as given in Table 2

Static Pressure, In. of Water

0.1 0.2 0.3 0.4 0.5

Vol Fan Vol Vol, Fan Vol Vol, Fan Vol Vol, Fan Vol Vol, Fan Vol
Rpm cfm lip per hp cfm hp per lip cfm lip per hp cfm p perhp cfm lip per lip

200

-------------------------

10,600 0.69 15,400 6,000 1.00 6,000
250

.........................

17,500 1.22 14,400 12,750 1.58 8,070 9,200 1.93 4,770 5,600 2.35 2,380 2,300 2.82 816
300

-------------------------

24,000 1.80 13,300 19,000 2.39 7,950 15,200 2.88 5,270 11,750 3.28 3,580 8,700 3.71 2,350
350

.........................

28,500 2.30 12,400 24,500 3.21 7,640 21,100 3.89 5,430 17,800 4.39 4,060 14,800 4.80 3,080
400 ......................... 34,000 3.00 11,300 30,500 4.20 7,260 27,100 5.00 5,420 23,800 5.70 4,180 21,000 6.18 3,400

Table 4. PERFORMANCE DATA FOR 60-INCH FAN WITH EIGHT No. 13 PLYWOOD BLADES SET AT 20-DEGREE BLADE ANGLE AND IN 6-INCh SHROUD
Ri NO.

Avg test conditions-same as given in Table 2

Rpm cfm hp per hp cfm hp per hp cfm hp per hp cfm hp per hp cfm up per hp

300

-------------------------

14,000 0.62 22,600 12,500 0.85 14,700 10,800 1.09 9,900 9,000 1.28 7,000 7,700 1.50 5,100
400

-------------------------

18,300 1.25 14,600 17,600 1.40 12,600 16,700 1.65 10,100 15,500 2.00 7,750 14,200 2.20 6,500
550

-------------------------

24,500 2.10 11,650 23,200 2.50 9,300 22,200 2.95 7,500 21,700 3.25 6,700 21,400 3.45 6,200
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relationship between the air volume delivered and horsepower consumed is of
much more direct and vital importance to a kiln operator, and designer too,
although the two values are somewhat tied together by the static efficiency.
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With this in mind, a method of presenting such information in useful form
was desired. The data were already available from previous tests; it was
simply a matter of devising either a graphic or tabular form with the proper
selection of units to bring out the information desired. In tying the values of
volume and horsepower together, the unit "air volume per horsepower" was
selected. Tables 2, 3, and 4 give the volumes and horsepower values at various
speeds and static pressures for the 42-inch and 60-inch sheet metal fans, and for
the new design fans with eight No. 13 blades at a 20-degree blade angle, re-
spectively. Also in these tables are given the air volumes per horsepower under
the various conditions. Note that the maximum values for this unit occur at
the lowest speeds and lowest static pressures, nowhere near the point of maxi-
mum static efficiency. Note, also, the higher values of air volume per horse-
power obtained with the 60-inch sheet metal fan as compared with the 42-inch
fan of similar construction, when in the lower static pressure region. Thus it
would seem advantageous when installing these sheet metal fans to use the
largest size economically possible; this conclusion has been demonstrated many

28

26

24

22

20

18

16

14

2

I0

M
4

2

ru

FAN SPEED-
300 RPM

_oiJ

/",
I' /

/

/ ."'
!-

C..) 550RPM

60lN. FAN- 8 NO. 13 BLADES- 20° BLADE ANGLE
6- IN SHROUD RING

0 5 10 15 20 25 30 35
VOLUME THOUS CFM

Figure 20. AIR VOLUME PER HORSEPOWER CURVES FOR 60-INcH FAN WITH EIGHT No. 13
BLADES AT 20.DEGREE BLADE ANGLE.



IMPROVEMENT OF REVERSIBLE DRY KILN FANS 49

times in recent kiln construction. In other words, more air can be delivered
against a low given stati pressure for the same power output by using a larger
fan and turning it slower. Against static pressures over about 0.25 inch of
water that statement does not seem to be true. Whether such reasoning would
apply to fans of other designs is questionable.

In an attempt to demonstrate by means of some examples the use of
the tables, the inherent difficulty with the use of tables crops up; that of
interpolation between values not given directly in the tables. That immediately
suggests the use of graphs, and Figures 18, 19, and 20, though they may look
more complicated than Tables 2, 3, and 4, do give exactly that same informa-
tion, and in a much more usable form. As a matter of fact, Figures 19 and 20
are based on exactly the same information as Figures 16 and 17, the scales and
units used bcing changed. it is believed that this method of presenting the per-
formance data for the fans enlarges the lower static pressure regions below
0.5 inch of water where dry kiln fans are more likely to operate. The examples
A, B, C, and D given for the efficiency contour curves could be shown on these
curves in Figures 19 and 20, but the problems in winch the static pressure varies
are not so easily followed here. These curves, however, do illustrate the neces-
sity, or, at least the advisability of keeping the static pressures down in the
design of the dry kilns; the fans will deliver much more air per horsepower if
this is done. On the other hand, where increased rates of air flow are desired
through the loads of lumber in the kiln, that requires higher static pressures, so
a compromise must be made.

XI. PRACTICAL KILN TESTS PLANNED

1. Need for tests under actual kiln conditions. While a good share
of the laboratory phases of the test work has been completed with conditions
much more under control, the proof of the results can only be obtained, and
should be obtained, under actual kiln conditions. The various fans designed thus
far, as well as the two sizes of original sheet metal ones, have all been tested
under similar conditions, so that their relative performances in the test duct and
in the kiln should be similar. However, the factors of temperature, humidity,
variation in load, parallel operation with other similar fans, and the probable
extreme turbulence of the air in the kiln might possibly cause variations in this
predicted performance. Unqualified recommendations of the new fans cannot
be made until the tests under actual kiln conditions are completed. On the other
hand, where the dry kilns in the mills are in regular use for production work,
it is very difficult to attempt the type of tests that should be made without dis-
rupting the regular kiln schedule or procedure.

2. Kiln tests planned. The School of Forestry at Oregon State College
has a small internal-fan kiln available, 20 ft long, 11 ft wide, and 13 ft high
above the rails, equipped with three 39-inch sheet metal fans of the same sheet
metal type used in previous tests. Plans are under way to remodel the air cir-
culation equipment in this kiln and possibly install one or two 60-inch fans of
the same sheet metal type, together with a complete set of instruments for
measuring the static pressures developed, power input, air velocities through the
load, and other pertinent data. Complete information is to be obtained on the
sheet metal fans while actually drying a load of lumber, and the data obtained
should provide a starting point for designing a new 60-inch fan of the more
efficient type described in this bulletin. Then, it is hoped, such fans can be con-
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structed, installed, and given a complete range of tests under similar kiln con-
ditions, in order to determine the actual benefits gained. At the same time
valuable information on drying schedules, possible temperatures and humidities,
air velocities through the load, and general air distribution in the kiln may be
obtained. It will be much simpler to determine these data in a small kiln, en-
tirely independent of a production plant, but on the other hand, such a project
will require cooperation and assistance from those interested in kiln drying in
the way of equipment, instruments, maintenance, and operating expenses.

At present, plans are also under way for trying the new fans in a full-size
kiln in eastern Oregon. Data are now being taken in one of a battery of kilns
using the original sheet metal fans, on the basis of which a complete new set
of fans will be designed, constructed, installed, and tested.

3. Kiln characteristics necessary for proper selection of fans. At
this point it might be well to emphasize the fact that data concerning the char-
acteristics of the kiln itself are essential before a new fan can be selected to
work satisfactorily in that particular kiln and show any improvement or econ-
omy in operation. As can be seen from the curves and data developed in this
study, the static pressure against which the fan must work makes a vast differ-
ence in what blade angle, type, and number of blades, and speed should be
selected for any particular condition. Conditions probably are not exactly the
same in any two kilns, though this does not necessarily mean that each kiln
would have to have a different set of fans. Fans of this type will operate satis-
factorily under a wide range of conditions, but if new fans are to be installed,
they should be designed to operate most economically under the expected range
of kiln conditions. This selection of the proper fans, once the kiln characteris-
tics are known, will be facilitated by the data, curves, and methods presented
herein.

4. Possible economies in kiln operating costs. While any figures of
possible economies presented at this time must necessarily be based on relative
fan performances in the test duct only, the author will venture to predict the
savings in power costs alone that might result from the use of more efficient
fans.

Assumq that a certain kiln contains twelve 60-inch fans of the original
sheet metal type, and that the full capacity of a 40-hp motor is required to
operate the fans, including drive and bearing friction, under the particular kiln
conditions involved. With a motor efficiency of 85 per cent, power costing 1.0
cent per kilowatt-hour, and an operating schedule of 8,000 hours per year (91.4
per cent of the time) the cost for power alone for the conditions stated would
amount to $2,810 per year per kiln. While under certain conditions the new
fans will deliver the same given quantity of air as the sheet metal fans for half
the horsepower, perhaps for estimating purposes a conservative factor of 60 per
cent should be used. On this basis the power bill per kiln per year would be
only $1,685; or a saving of $1,125 per year for each kiln would result by using
the more efficient fans. With some plants having upwards of 30 such kilns in
operation, the saving would amount to quite a sum.

In many instances where the power is generated by the mill itself from
wood waste, power costs directly are not of such great concern. Mill power
plants are quite often overloaded, however, and any reduction in the demand
for electrical power by the dry kiln fans would make just that much more
available in other portions of the mill, or cut down on the power plant overload,
with an attendant reduction in maintenance in the power plant itself.
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Another way of figuring possible kiln savings with more efficient fans would
be to assume that the same power load as before will be maintained, but that
the increased fan efficiency will be utilized in increasing the rate of air flow,
thus decreasing the drying time. The only changes in this instance would be the
substitution of the new fans, and probably changing the size of the pulley on
the fan shaft, but making use of the same motor.

While the drying time would not be reduced in direct proportion to the
increase in air velocity through the load, under certain conditions a drying time
of 120 hours might possibly be cut to about 100 hours, thus allowing approxi-
mately 20 per cent more lumber to be dried in the same time for the same
power costs. Several factors other than improved fan performance alone would
enter into such a schedule, however, making an estimate of the time saved
rather hazardous. It is hoped that more definite information on this point will
be obtained from the practical kiln tests now planned.

XII. CONCLUSIONS
On the basis of the test results obtained thus far on the project, the follow-

ing conclusions appear justified:
1. There is a definite need for improved methods and improved equipment

for kiln drying of lumber. Improved fans could well play an important part
in this field, though it is recognized that many other factors are also involved,
such as drying schedules, increased air velocity, better uniformity of air flow,
and methods of stacking lumber.

2. The demand for reversibility in the disk fans used in dry kilns is a
definite obstacle against obtaining improved efficiencies, but the improved uni-
formity of drying through reversed circulation probably more than offsets this
disadvantage.

3. Since the disk fans commonly used in dry kilns operate under peculiar
air flow conditions, the standard axial flow fan test duct and code of procedure
cannot be strictly applied in testing their performance. Furthermore, where
only comparative results are desired, and in the shortest possible time, the
standard tests are too lengthy, and give a degree of accuracy not required. By
the use of the shorter method devised for the tests made in this project, results
of sufficient accuracy were obtained in from one-eighth to one-tenth the time
required by the standard procedure.

4. The original sheet metal fan now commonly used in dry kilns seems to
depend largely on centrifugal action in building up a static pressure at the fan
outlet, which is then transformed to velocity pressure, with heavy losses due to
turbulence.

5. Changes in the immediate surroundings of the original fan, with one
exception, seem to have little effect on its performance characteristics. The use
of a stationary shroud ring has been shown to improve the performance. Im-
mediate improvement can be made in existing installations by the installation of
this feature.

6. The improved performance obtained with the new design fans can be
attributed to the use of a smaller number of wider blades, smaller blade angles,
higher speeds, a larger hub, and the stationary shroud ring.

7. Still greater fan efficiencies might be possible through the use of curved
sheet metal blades, but it is doubtful if the expense of special dies for forming
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them would be justified. Slightly bent or crimped blades would probably show
better performance than flat blades, and the manufacturing cost should.be less
than that of curved blades.

8. Axial displacement of the original sheet metal fan materially affects its
static efficiency when installed in the usual angle iron fan ring. The use of a
wider stationary shroud ring tends to minimize this variation.

9. The use of "efficiency contour" and "air volume per horsepower" curves
as presented in this bulletin will facilitate the design and selection of fans for
certain known kiln conditions, and make it possible to predict the effects of
various changes in the operating conditions.

10. As demonstrated by the use of the "air volume per horsepower" curves,
static efficiency should not be the only factor considered in the selection of a fan
for certain kiln conditions. Every attempt should be made to reduce the static
resistance of the kiln itself, and thus achieve greater air volume for the power
expended. The demand for increased air flow, on the other hand, tends greatly
to amplify the static resistance, and a proper balance of these two factors
should be attained.

11. There is a definite need for accurate data on the actual pressure and air
flow characteristics of present dry kilns, together with a study of the factors
affecting them. Fans cannot be designed or selected properly, or expected to
give satisfactory results if these kiln characteristics remain unknown.

12. Though the tests conducted thus far on the project were made on special
laboratory model fans, it is believed that a fan demonstrating the same im-
proved characteristics can be designed to afford economy of manufacture. The
design must include, of course, use of a split hub for ease of installation and
service.

13. While the laboratory tests show that an improved reversible fan has
been developed, tests on such fans installed in kilns and under actual drying
conditions are needed to corroborate the laboratory indications. Such kiln tests
are planned in the near future.

14. The aid and cooperation of the lumber industry and research organiza-
tions sponsored by them, or those contributing to the advancement of improved
kiln drying methods and equipment, are urgently needed and requested, in order
that this important phase of processing one of the country's vital structural
materials will not be allowed to drift without guidance based on scientific
research.
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degrees)

The Graduate Division (M.A., M.S., Ed.M., M.F., Ch.E., C.E., E.E.,
F.E., M.E., Ed.D., Ph.D. degrees)

The Summer Sessions

The Short Courses

RESEARCH AND EXPERIMENTATION

The General Research Council

The Agricultural Experiment SLtion
The Central Station, Corvallis
The Union, Moro, Hermiston, Talent, Burns, Astoria, Hood

River, Pendleton, Medford, and Squaw Butte Branch Stations

The Engineering Experiment Station, Corvallis

EXTENSION

Federal Cooperative Extension (Agriculture and Home Economics)
General Extension Division




