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FOREWORD

After receiving a degree in applied physics, Mr. Bleier worked for three fan manu-
facturers, first as a draftsman in Lyons. France, next as a test engineer in East Moline,
Illinois, and then as a director of research in Chicago. Illinois. Since then, he has
worked as a consulting engineer for 137 fan manufacturers, most of them in the
United States, some in Canada, and one in Germany.

Over the years, Mr. Bleier has designed and tested close to 800 fans. among them
most of the units pictured in this book. His designs ranged in size from a 4-in-
diameter vaneaxial fan, used to ventilate a copy machine, to a 1000-hp. four-stage
turbo blower, producing more than 300 in of static pressure, for pneumatic convey-
ing of grain from cargo ships. Some of his other interesting assignments have
included the design of low-noise exhaust fans for invasion ships used by the Navy
during World War II and the development of a pressure blower used to pressurize
the flotation bags of an Army tank to make it amphibious.

Mr. Bleier has written seven articles for technical magazines and for two engi-
neering handbooks in simple, easy-to-understand language. He also has held twelve
seminars at universities and for industrial groups. He is listed in Who's Who in Engi-
neering and holds several patents on mixed-flow fans.

By sharing his broad experience with others, Mr. Bleier will help engineering stu-
dents and people engaged in the design, manufacture, selection, application, and
operation of fans. If you are active in one of these fields, you will benefit from read-
ing this book.

Jerome R. Reich, Ph.D.
Chicago, lllinois

Xi






PREFACE

Let me say a few words about Robert Andrews Millikan. He was the American
physicist who performed the so~called oil-drop experiment to determine the electric
charge of an electron. Millikan also was a good teacher and was proud of it. He once
made the statement: “I can explain anything to anybody.” That’s quite a statement. It
impressed me. In writing this book, I have kept this staternent in mind and have tried
to produce an understandable text and to present some effortless reading material.

The story of fans is about airflow considerations, such as velocities, pressures, and
turbulence losses. This book will give explanations of these concepts and present
sample calculations to enable engineers and nonengineers tc design fans and sys-
tew:?/Z) select and apply fans for systeins, and to meet requirements for air volume,
static pressure, brake horsepower, and efficiency.

If the reader is familiar with high school mathematics, he or she will be able to
understand and apply the principles, graphs, and formulae presented here. Calculus
and differential equations are not used in this book. Instead, a “feel” for aerody-
namics will be developed gradually, a judgment of what an air stream will or will not
do. The early chapters present the basics that will be needed to understand the prin-
ciples discussed in later, more advanced chapters.

In grateful memory to

Mr. Archibald H. Davis

my former boss and teacher.

Frank P. Bleier
Chicago, Hlinois
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LENGTH

1ft=121in 1 in = 0.0833 ft lyd=3ft=36in
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AREA
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CHAPTER 1

BASICS OF STATIONARY
AND MOVING AIR

ATMOSPHERIC PRESSURE

Our planet earth has an average diameter of about 7914 mi or a radius of 3957 mi. It
is surrounded by a comparatively thin layer of air. The air pressure is highest close to
earth. due to compression by the weight of the air above. At higher altitudes. as the
height of the air column above becomes less, the air pressure decreases, as shown in
Fig. 1.1. At sca level, the atmosphceric or barometric pressure is 29.92 inHg. At an alti-
tude of 15 mi or 79.200 ft. which 1s only 0.4 percent of the earth’s radius, the atmo-
spheric pressure is only 1.00) inHg (3 percent of the sea level pressure). However.
some rarified air extends about 5(0) mi up, which still is only 13 percent of the carth’s
radius.

The air consists mainly of nitrogen (about 78 percent by volume) and oxygen
(about 21 percent by volume) plus less than 1 percent of other gases. Air is a physi-
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1.2 CHAPTER ONE

cal mixture (not a chemical compound) of these gases. Normally, air also contains
some water vapor. This reduces the air density, as will be discussed in Chap. 18, on
testing,

According to the National Advisory Committee for Aeronautics (NACA), later
succeeded by the National Aeronautics and Space Administration (NASA), tem-
perature, atmospheric pressure, and air density at various altitudes are as shown in

Table 1.1.

TABLE 1.1 Temperature, Pressure, and Density versus Altitude

Atmospheric Air
Altitude, Temperature, pressure, density,
ft °F inHg bm/ft*
0 59.0 29.92 0.0765
1,000 55.4 28.86 0.0743
2,000 518 27.82 0.0721
3,000 48.4 26.81 0.0700
4,000 44.8 25.84 0.0679
5,000 42.1 24.89 0.0659
6,000 37.6 23.98 0.0639
7.000 34.0 23.09 0.0620
8.000 30.6 2222 0.0601
9,000 27.0 21.38 0.0583
10,000 234 20.58 0.0565
11.000 19.8 19.79 0.0547
12,000 16.2 19.03 0.0530
13,000 12.6 18.29 0.0513
14,000 9.2 17.57 0.0497
15,000 5.5 16.88 0.0481
20,000 -12.3 13.75 0.0407
25,000 -30.1 11.10 0.0343
30,000 —48.1 8.88 0.0286
35,000 —65.8 7.04 0.0237
40,000 -69.7 5.54 0.0188
45,000 —69.7 4.35 0.0148
50,000 —69.7 3.42 0.0116
55,000 —69.7 2.69 0.0092
60,000 —69.7 2.12 0.0072
65,000 —69.7 1.67 0.0057

Source: Robert Jorgensen, Fan Engineering, Buffalo Forge Co.. Buffalo.
NY.

The standards used in fan engineering are slightly different: Here the density
used for standard air is 0.075 [bm/ft*. This is the density of dry air at an atmospheric
pressure of 29.92 inHg or at 29.92 x 25.4 = 760 mmHg,.

We are not discussing fans yet, but in order to get a comparative idea of fan pres-
sure versus atmospheric pressure, let us anticipate for a moment and pretend that we
know already what static pressure is and how much static pressure can be produced
by certain types of fans.

Since 1 inHg equals 13.6 inWC (inches of water column), 29.92 inHg equals 13.6
x 29.92 = 406.8 inWC. In other words, the standard barometric pressure of 29.92
inHg also can be expressed as 406.8 inWC. This means that a fan producing a static
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pressure of 3 inWC (a good average value) will increase the absolute air pressure by
less than 1 percent.

On the other hand, 1 inHg equals 0.491 1b/in? (psi). Therefore, 29.92 inHg equals
0.491 x 29.92 = 14.7 Ib/in". In other words, the standard barometric pressure of 29.92
inHg also can be expressed as 14.7 Ib/in. For high-pressure centrifugal units (either
units running at very high speeds or multistage units), static pressure is usually mea-
sured in pounds per square inch (psi). Such units often produce as much as 7 Ib/in”,
They will increase the absolute pressure by a significant 48 percent.

STATIC PRESSURE

Figure 1.2 shows a cylinder with a piston that can be moved up or down. It also
shows a U-tube manometer indicating zero pressure. This means that the pressure
below the piston is the same as the barometric pressure in the surrounding air. As
the piston is moved down, the air volume below the piston is compressed, and the
manometer will register a positive static
pressure relative to the atmospheric
T pressure, which is considered zero pres-

sure. This compressed air then has
7 potential energy, i.e., the potential to
expand to its original volume. If, on the

other hand, the piston is raised, the air
‘ volume below the piston is expanded,
and the manometer will register a nega-
tive static pressure relative to atmo-
spheric pressure. This expanded air also
has potential energy, i.e., the potential to
contract to its original volume. This
explains the concept of positive and neg-

FIGURE 12 Cylinder with piston and ative static pressure in stationary air.
manometer. As the piston movcs, the static pres- Positive and negative static pressure
sure below the piston will become either positive ~ €Xists in moving air as well as in station-
or negative. ary air. A fan blowing into a system

(including such resistances as ducts,
elbows. filters, dampers, and heating or cooling coils) produces positive static pres-
sure, which is used to overcome the various resistances. A fan exhausting from a duct
system produces negative static pressure, which again is used to overcome the resis-
tance of the system.*

AIRFLOW THROUGH A ROUND DUCT OF
CONSTANT DIAMETER, VELOCITY PRESSURE

Air flowing through a straight, round duct of constant diameter has a velocity distri-
bution, as shown in Fig. 1.3, with the maximum air velocity near the center and with
zero velocity at the duct wall. For small duct diameters of 6 to 10 in. and for air veloc-

* Some of the material in this section was taken from Bleier, F. P., Fans. tn Handbook of Energy Svstems
Engineering, copyright © 1985 by John Wiley and Sons. New York.
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ities of 1000 to 3000 ft/min (fpm), the average velocity V is approximately equal to
91 percent of the maximum velocity at the center. To find the average velocity in
larger ducts and for larger air velocities, a so-called Pitot tube traverse across the
duct is taken (Fig. 1.4). From the average velocity V (in feet per minute) and the
cross-sectional area of the duct (in square feet), we can calculate the volume of air Q
(in cubic feet per minute, or cfm) as

Q=AxV (1.1)

Furthermore, from the average velocity V (in feet per minute) and the air density 4
(in pounds mass per cubic foot), we can calculate the velocity pressure VP (in inches
of water columnn, inWC) as

oolf——— vgv——l
g Vo

FIGURE 13 Velocity distribution for the airflow
through a round duct.

443

- L .
[
5 R

-

FIGURE l.A' A 27-in-¢?i&meler test duct with two supports for Pitot tube tra-
verses and with a throttling device at the end of the duct.
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VP = 1( v ) 1.2
=\ 0962 (1.2)

or for standard air density of d = 0.075 Ibn/ft".

VP= vy (1.3)
'(4()()5) N

Velocity pressure is the pressure we can feel when we hold our hand in the air
stream. It represents kinetic energy.

For a straight, round duct with constant diameter and smooth walls, the friction
loss f1s

I
f:().()l‘)SE VP (1.4)

where  f= pressure loss. in inches of water column
L. = length of the duct, in feet
D = duct inside diameter, 1n feet
VP = average velocity pressure. in inches of water column

Example: Let's consider a 100-ft-long duct, 2 ft =24 in i.d., so that the duct area A
=3.14 ft*. If the airflow through this duct is Q = 8855 cfm. the average air velocity will
be V =8855/3.14 = 2819 fpm = 47.0 fps, and the corresponding velocity pressure will
be VP =(2819/4005)% = 0.50 inWC.The friction loss then will be f=10.0195 (100/2)0.50
=0.49 inWC.

Figure 1.5 shows a chart for determining friction loss in straight, round ducts. For
our example, proceed as follows: On the horizontal abscissa on top, find the point for
8855 cfm (just slightly below 9000 cfm). From this point, move stratght down until
you reach the inclined line for a 24-in-diameter duct (pipe). This point will give you
two results: (1) Another inclined line near this point indicates that the duct velocity
will be slightly more than 2800 fpm. (2) Moving from that point straight across to the
vertical ordinate at the right indicates a friction of 0.49 inWC for 100 ft of duct, the
same as we obtained above from Eq. (1.4).

Reynolds’ Number

If this airflow through the duct were laminar (smooth, streamline, free of eddies). the
friction loss would be smaller than that just computed. Unfortunately, laminar air-
flow is seldom found in fan engineering. In most ventilating systems, the airflow is
turbulent. Let’s see whether this air flow through the 24-in i.d. duct is really turbu-
lent. We can check this by calculating the Reynolds’ number for this example. The
English physicist Osborne Reynolds studied experimentally the flow of liquids and
gases and arrived at a dimensionless parameter that is characteristic for certain flow
conditions. The formula for this Reynolds’ number is

_PVR
M

Re (1.5)
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where p = gas density. in slugs per cubic foot
V = average air velocity, in feet per second
R = one-half the duct inside diameter. in feet
p = coefficient of viscosity, in pounds second per square foot

For standard air.p = 2.378 x 10~ and p = 3.73 x 1077, resulting in
Re =6375VR (1.5a)

For the preceding example, V = 47.0 and R = 1, resulting in Re = 300,000.
Reynolds found that whenever Re is smaller than 1000 to 2000, the airflow will be
laminar, but above 2000, it starts to become turbulent. Our example is far above this
critical range. The transition from laminar to turbulent airflow is gradual. There are
various degrees of turbulence, such as slightly turbulent, very turbulent, and
extremely turbulent. In most fan applications, the air flow is stightly or very turbu-
lent, and this has to be accepted. But extreme turbulence, as is found in a vaneaxial
fan without an iniet duct and without a venturi inlet (see the section on venturi
inlet), should be avoided.*

Total Pressure, Air Horsepower, Brake Horsepower, Efficiencies

Total pressure TP is defined as the sum of static pressure SP and velocity pressure
VP:

TP=SP+VP (1.6)

In this equation, VP is always positive. SP and TP may be positive or negative. Here
are three examples, illustrating this:

SP=+22inWC SP=-0.5inWC SP=-14inWC
VP =08 inWC VP=08inWC VP=0.8inWC
TP=+3.0mWC TP=+031nWC TP =-0.6 InWC

Let us now consider another example: a fan having an outlet area OA = 4.00 ft?,
blowing 16,000 cfm into a system, and producing 3 in SP in order to overcome the
resistance of the system. The fan will have an average outlet velocity of

Ve cfm _ 16.000

0A = 400 ~ 4000 fpm
and a velocity pressure of
4000 \? :
VP = (m) =1.001nWC

The total pressure will be TP =3.00 + 1.00 = 4.00 inWC, and the power output of the
fan (called air horsepower, ahp) will be

* Some of the material in this section was taken from Bleier, F, P, Fans, in Handbook of Energy Systems
Fngineering, copyright © 1985 by John Wiley and Sons, New York.
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cfmx TP

= =10.07h 1.7
ahp 356 p (1.7)

If the motor output (= fan input) is 15 brake horsepower (bhp). the fan efficiency at
this point of operation will be the mechanical efficiency (also called rotal efficiency)

. ... ahp _1().()7 3 _
ME=TE= bhp =150 =(.67 = 67 percent (1.8)

Another efficiency that is sometimes used is called the static efficiency. It can be
calculated as follows: First, we calculate the so-called static air horsepower (which,
however. is not the real power output of the fan):

_cfmx §P N 16.000x 3

ahp, = 356 - 63% =755hp (1.7a)
And then we calculate the static efficiency:
ahp, 7.55
N y : = = == .5 = 5 * . pa
SE bhp ~ 15.0 0.50 = 50 percent (1.8a)

As you can see, the static efficiency is easier to calculate than the total efficiency
because we do not have to calculate the velocity pressure first. For this reason. the
static efficicncy is sometimes used. even though it does not represent the real fan
efficiency. The total or mechanical efficiency is the real fan efficiency.

Coming back to our example, to demonstrate the various types of efficiencies,
let’s assume that the motor input at this point of operation is 12.7 kW.The motor effi-
ciency (or electrical efficiency) then will be

_ 0.746 x bhp

EE oW

= (.88 = 88 percent (1.9)

This equation is used more often for calculating the brake horsepower when input
(in kilowatts) and electrical efficiency are known:

kW x EE B 12.7 x 0.88
0.746 ~  0.746

bhp = =15.0 (1.92)

Finally, the efficiency of the set (fan plus motor). called the set efficiency, is
Seteff. = ME x EE =0.67 x 0.88 = 0.59 = 59 percent (1.10)

In selecting a fan for a certain application. the fan efficiency is of great impor-
tance, because with a higher efficiency, we can obtain the same air horsepower with
less power input. This not only will reduce the operating cost but also will save
energy at the same time. High-efficiency fans, on the other hand, normally are more
expensive, as shown in Fig. 1.6. It should be attempted, therefore. to find a balance
between first cost and operating cost, taking into consideration that the first cost of
the fan unit itself often is only a small portion of the system’s total cost.*

* Some of the material in this section was taken from Bleier. F. P, Fans, in Handbook of Energy Systems
Engineering. copyright © 1985 by John Wiley and Sons. New York,
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FIGURE 1.6 Cost versus fan cfficiency. Selecting a fan of
higher efficiency normally results in higher first cost, but in
lower operating cost.

Scalars and Vectors

The physical quantities used to describe airflow phenomena can be divided into two
groups: scalars and vectors. Scalars are quantities such as time, temperature, volume,
and mass. They have only magnitude and can be added simply. Vectors are quantities
such as force, velocity, and acceleration or deceleration. They have magnitude and
direction and can be added only by way of vector diagrams, such as the velocity dia-
grams that will be discussed in later chapters.

AIRFLOW THROUGH A CONVERGING CONE

When cars on a crowded highway reach a point where the highway narrows, one of
two things will happen: (1) the cars upstream will have to slow down, or (2) the cars
past the point of constriction will have to speed up. Possibly both (1) and (2) will
happen. In any case, the cars downstream will travel faster than the cars upstream,
but obviously, the number of cars will remain the same.

A similar condition exists when air flows through a converging cone. as shown in
Fig. 1.7. The air volume Q is

Q=AxV (1.1)

where Q =air volume. in ¢fm (ft*/min)
A =duct area, in square feet (ft)
V =average air velocity. in fpm (ft/min)

As the airflow passes through the converging cone. the air volume (cfm) obviously
will remain the same ahead and past the converging cone. This can be cxpressed as

Q1=Q2 or A xV =A.xV, (llb)
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FIGURE 1.7 Air flowing through a converging cone: It accelerates.

Bernoulli’s Principle of Continuity

This simple and obvious equation is called the principle of continuity because the air
volume (cfm) continues to be the same before and after the point of constriction. As
the air passes through the converging cone, it will accelerate from V, to a larger air
velocity V, because the area A, is smaller than the area A,.

Example: Let’s again assume that the upstream duct i.d. is 24 in, so A, = 3.14 ft’,
Next let’s assume that the downstream duct i.d.is 18 in, so A, = 1.767 ft2. If Q = 8855
cfm, we get V| = 8855/3.14 = 2819 fpm and VP, = 0.50 inWC and V, = 8855/1.767 =
5011 fpm and VP, =1.57 inWC.

This substantial increase in velocity pressure from 0.50 to 1.57 inWC, of course,
will result in an increased kinetic energy, which will be obtained at the expense of a
decreased static pressure. Basically, this is Bernoulli’s theorem, which in its simplest
form says: When the air velocity increases, the static pressure will decrease. This is
easy to understand, but Bernoulli’s theorem also says: When the air velocity
decreases (as in a diverging cone), the static pressure will increase. This increase is
called static regain. This is more difficult to understand. It will be discussed in more
detail in the section on the diverging cone.

A converging cone past a fan is often used to increase the air penetration for such
applications as snow blowing or comfort cooling.

A converging cone past the scroll housing of a centrifugal fan usually works with-
out any problem. Care has to be taken, however, on a converging cone past an axial-
flow fan because there often is an air spin past an axial-flow fan, even if it is a
vaneaxial fan with guide vanes that are supposed to remove the air spin. If a little air
spin remains past the fan, it is multiplied manyfold as the air travels to a smaller duct
diameter because it tends to retain its circumferential component. As a result, at the
smaller diameter, the revolutions per minute of the air spin becomes considerably
larger, just like a watch chain spun around a finger turns faster and faster as the
chain becomes shorter.

Here is an example illustrating the phenomenon that the air spin increases as the
converging cone becomes smaller. Back in 1949. I designed and tested a 14-in
vaneaxial fan with a 12-in hub diameter, resulting in an unusually large hub-tip ratio
of 86 percent. This was done because the requirements were for a smalt airflow (cfm)
and a high static pressure. A centrifugal fan would have been a better selection, but
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FIGURE 1.8 A 14-in vancaxial fan with a 12-in hub diameter blowing into a converging transition
cone and a 6-in test duct.

the customer insisted on a vaneaxial fan. Since the annular area was so small, I used
a 6-in test duct past the unit (in order to get a good air velocity through the duct)
plus a transition cone from 14 in down to 6 in. as shown in Fig. 1.8. This test setup. of
course, was not in accordance with the Air Movement and Control Association
(AMCA) test code, which requires that the test duct area be within 5 percent of the
fan outlet area. A better test would have been on a nozzle chamber instead of on a
test duct. but in 1949 very few companies had a nozzle chamber. To my surprise, I
found zero air velocity in the 6-in test duct. The reason was that the remaining air
spin past the fan became so strong in the transition cone that the friction path
became excessive and used up all the static pressure available. After I put two longi-
tudinal cross sheets into the transition cone to prevent the air spin, the proper air-
flow was restored and a fairly normal duct test could be run.

AIRFLOW THROUGH A DIVERGING CONE

As discussed carlier, a converging cone, as shown in Fig. 1.7, will produce an
increased air velocity past the cone, resulting in increased kinetic energy, which is
obtained at the expense of a decreased static pressure. By the same token, a diverg-
ing cone, as shown in Fig. 1.9, will produce a decreased air velocity past the cone.
resulting in decreased kinetic energy. Will this difference in kinetic energy be lost?

T |y

FIGURE L9 Air flowing through a diverging cone: It decelerates.
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About half of it will be lost, mainly due to turbulence. The other half. believe it or
not, will be regained by an increase in static pressure, as stated by Bernoulli’s theo-
rem, provided that the cone angle is small. About 7° or less on one side is recom-
mended. While air normally flows from higher static pressure to lower static
pressure, here is a case where the opposite takes place: Air is flowing from lower
static pressure to higher static pressure.

Using the same dimensions and the same airflow as in Fig. 1.7, the velocity pres-
sure now will decrease from 1.57 to 0.50 inWC, for a reduction of 1.07 inWC. One-
haif of this, or about 0.53 inWC. can be expected as a static regain. Such a regain is
sometimes obtained by the use of a diffuser past a fan.

AERODYNAMIC PARADOX

Normally, as we go along with the airflow through a duct system, the static pressure
is highest upstream and gradually decreases from there. This is the reason why the
air flows. The high static pressure upstream forces the air through the duct, filters,
etc. Therefore, it seems hard to believe that the static pressure will increase as the air
passes through a diverging cone. It seems contrary to common sense. [t seems para-
doxical.

Let us discuss a device that might convince you of the truth of the preceding
statements. It is called an aerodynamic paradox and is shown in Fig. 1.104. It consists
of a circular plate A with a pipe B on top. Another thin, lightweight disk C is sus-
pended about ¥ in below A in such a way that it can easily move up. If we blow into
the pipe on top, we would expect that the air stream will blow the lower disk down.
Actually, the lower disk will move up. Let me explain why.

The air stream leaving the pipe will turn 90° and move outward, since it has no
other way to go. As it moves outward. the cross-sectional area becomes larger (as in

Pipe B
+ Low air velocity

Plate A \ | /
7

Disk C Atmospheric pressure

FIGURE 1.10a Aerodynamic paradox.
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a diverging cone). so the air velocity becomes smaller. As the air stream reaches the
outside of the disks, the air velocity will be quite small, and the static pressure at that
point will be close to the atmospheric pressure of the surrounding environment. Fur-
ther inside, however, where the cross-sectional area is much smaller. the velocity of
the air flowing outward is larger. and (per Bernoulli) the static pressure. therefore, is
lower than the atmospheric pressure that pushes against the underside of the lower
disk. As a result, the lower disk is lifted up against the upper plate.

The moment the lower disk touches the upper plate, the air stream is stopped,
and the lower disk will drop again. The phenomenon then will repeat itself.

Conclusion

As the airflow passes through a system of ducts, converging and diverging cones, etc.,
the velocity pressure (kinetic energy) may increase or decrease and the static pres-
sure (potential energy) also may increase or decrease. These two pressures are
mutually convertible. However, the total pressurc (total energy), being the sum of
velocity pressure and static pressure, will always decrease, since it is gradually used
up by friction and turbulence.

TENNIS BALL WITH TOP SPIN

Another example illustrating Bernoulli’s principle is a tennis ball moving through
the air with top spin, say, from right to left. To analyze the flow conditions, let’s exam-
in¢ an equivalent configuration: The ball is spinning in place. and an air stream is
moving from left to right, relative to the ball, as shown in Fig. 1.10h. On top of the
ball, the rotation is opposite to the air velocity. This will slow down the velocity of
the air passing over the top of the ball. In accordance with Bernoulli’s principle, the
slower air velocity will produce a higher pressure in this region. On the other hand,
below the ball, the rotation is in the same direction as the air velocity. This will accel-
erate the velocity of the air passing over the underside of the ball and will produce a
lower pressure in this region. As a result. the ball is pushed and pulled down. It
therefore will drop faster than it would if it were only pulled down by gravity.

High-pressure region
A

Spinning ball

—_— —_—
Relative

air velocity

—_— _— >

Low-pressure region

FIGURE 1.106 A wnnis ball with top spin will drop faster.
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AIRFLOW THROUGH A SHARP ORIFICE,
VENA CONTRACTA

When an air stream passing through a round duct of diameter D hits a sharp orifice
with a hole of diameter d, a flow pattern as shown in Fig. 1.11 will develop because
the upstream airflow will approach the edge of the opening at an inward angle
rather than in an axial direction. Obviously. this angular velocity will continue past
the orifice. This jet past the orifice will have a minimum diameter of about 0.64, and
this minimum diameter will occur at a distance of about 0.5d past the orifice. After
this point, the airflow will gradually spread out again, but only after a distance of 3d
past the orifice will the airflow fill the duct “evenly,” as shown in Fig. 1.3. This con-
traction of the air stream, shown in Fig. 1.12, is called vena contracta (contracted
vein).

‘ > '\
—
\
e _::\¢ _J//" d

\ ——-’
— —»;»——-» > _ D
> — 06d \

\* '
|f"- 3d -

FIGURE 111 Airflow through a sharp orifice.

VENTUR! INLET

A similar condition (aithough somewhat less extreme) exists when an airflow enters
a round duct without a venturi inlet. as shown in Fig. 1.12. The reason why it is less
extreme than in Fig. 1.11 is the upstream flow pattern. In Fig. 1.11. the approaching
air is moving: in Fig. 1.12 it is hardly moving. Nevertheless, even in Fig. 1.12. a vena
contracta exists, even though it is less pronounced.

Figure 1.13 shows the improved flow pattern obtained when the duct entrance is
equipped with an inlet bell, also called a venruri inlet. This will reduce the duct resis-
tance and increase the flow (cfm). For best results, the radius should be r = 0.14D or
more. If due to crowded conditions the radius has to be made smaller. the benefit
will be reduced. but it will still be better than no ventun at all.

A venturi inlet is of particular importance at the entrance to an axial fan (as
shown in Fig. 1.14) because without the venturi inlet the blade tips would be starved
for air. In a vaneaxial fan, where the blades are short (due to a large hub), we can
expect a flow increase of about 15 percent if a venturi inlet (or an inlet duct) is used.
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FIGURE 1.12 Airflow entering a round duct.
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FIGURE 1.13 Airflow entering a round duct with a venturi inlet at the duct entrance.

In a propeller fan, where the blades are longer (since there is no hub or only a small
hub), a flow increase of about 12 percent can be expected. Furthermore, the lack of
a venturi inlet (when no inlet duct is used) will result in an increased noise level
because the blade tips will operate in extremely turbulent air.

In centrifugal fans without an inlet duct, a venturi inlet will boost the flow by
about 6 percent. The improvement here is somewhat less, for the following three rea-
sons:

L The turbulent airflow here will hit the leading edges (not the blade tips), which
are moving at lower velocities.

2, Centrifugal fans normally run at lower speeds (rpms) than axial fans.

3. The flow pattern is different in centrifugal fans. The airflow makes a 90° turn
before it hits the leading edges of the blades. The airflow ahead of the blades.
therefore, contains some turbulence to begin with, and some additional turbu-
lence, due to the lack of a venturi inlet, therefore, is less harmful.
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FIGURE 1.14 Venturi inlet ahead of a vaneaxial fan.

AIRFLOW ALONG A SURFACE

Let’s look at the flow pattern of air passing through an elbow of rectangular cross
section, as shown in Fig. 1.15. It is easy to understand that the airflow will tend to
crowd on the inside of the outer wall. Call it inertia or centrifugal force, if you will.
Obviously, it is mainly the outer wall of the elbow that keeps the air from flowing
straight, as it would like to do, due to inertia.

=R

!

FIGURE 115 Airflow through a rectangular elbow.

Now let’s look at the flow pattern of the air when the inner wall of the elbow has
been removed, as shown in Fig. 1.16. The outer wall still keeps the air from flowing
straight, and the flow pattern is quite similar to that of Fig. 1.15. Possibly, the air will
crowd a little more near the outer wall.
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FIGURE 1.16 Airflow along the outer wall only.

Negative

FIGURE 1.17 Airflow along the inner wall only.

Now let’s go one step further and look at Fig. 1.17, which shows the flow pattern
when the outer wall has been removed and only the inner wall has been retained.
The air still will not flow straight to the right, as one might expect. It will still attempt
to adhere to the inner wall. It may not be 100 percent successful in this attempt, but
let’s say it will be 70 percent successful. Why does the airflow turn at all, you ask?
The reason is that a negative pressure will develop just outside the inner wail, and
this negative pressure will tend to keep the airflow fairly close to the inner wall. Thus
we can make the following statement: A curved wall will try to keep an airflow on its
outside attached to itself. This is an important statement. We will come back to it in
Chap. 2, on airfoils.






CHAPTER 2

AIRFOILS AND
SINGLE-THICKNESS
SHEET METAL PROFILES

DESCRIPTION AND FUNCTION OF AN AIRFOIL

An airfoil is a strcamline shape, such as shown in Fig. 2.1. Its main application is as
the cross section of an airplane wing. Another application is as the cross section of a
fan blade. This is the application we will discuss now. There are symmetric and asym-
metric airfoils. The airfoils used in fan blades are asymmetric. Figures 2.1 and 2.2
show an asymmetric airfoil that has been developed by the National Advisory Com-
mittee for Aeronautics (NACA). It is the NACA airfoil no. 6512. Table 2.1 shows the
dimensions (upper and lower cambers) as percentages of the airfoil chord ¢. Let us
make a list of the features shown in Figs. 2.1 and 2.2:

1. The airfoil has a blunt leading edge and a pointed trailing edge. The distance from
leading edge to trailing edge is called the airfoil chord c.

2. The airfoil has a convex upper surface, with a maximum upper camber of 13.3
percent of ¢, occurring at about 36 percent of the chord ¢ from the lead-
ing edge.

3. The airfoil has a concave lower surface, with a maximum lower camber of 2.4 per-
cent of ¢, occurring at about 64 percent of the distance ¢ from the leading edge. In
some airfoils used in fan blades. the lower surface is flat rather than concave.

4. The airfoil has a baseline, from which the upper and lower cambers are mea-
sured. The cambers are not profile thicknesses.

5. The angle of attack o is measured between the baseline and the relative air
velocity.

6. As the airfoil moves through the air (whether it 1s an airplane wing or a fan
blade), it normally produces positive pressures on the lower surface of the airfoil
and negative pressures (suction) on the upper surface, similar to the phe-
nomenon discussed with Fig. 1.17. While one might expect that the positive pres-
sures do most of the work, deflecting the air stream, this is not the case. The
suction pressures on the top surface are about twice as large as the positive pres-
sures on the lower surface, but all these positive and negative pressures push and
pull in approximately the same direction and reinforce each other.

The combination of these positive and negative pressures results in a force F. as
shown in Fig. 2.1. This force F can be resolved into two components: a lift force L
(perpendicular to the relative air velocity) and a drag force D (parallel to the rela-
tive air velocity). The lift force L is the useful component. In the case of an airplane
wing. . acts upward and supports the weight of the airplanc. In the case of an axial
fan blade. L (by reaction) deflects the air stream and produces the static pressure of

2.1
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FIGURE 2.1 Shape of typical airfoil (NACA no. 6512).
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FIGURE 2.2 Dimensions of NACA airfoil no. 6512.

the fan. The drag D is the resistance to the forward motion of the airfoil. It is the
undesirable, power-consuming component. We therefore would like to use airfoil
shapes that have not only a high lift L but also a good lift-drag ratio L/D. As the
angle of attack changes, lift, drag, and lift-drag ratio all change considerably. as will
be seen in Fig. 2.4
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TABLE 2.1 Dimensions of NACA Airfoil No. 6512

Distance from Upper Lower
leading edge camber camber
(% of chord) (% of chord) {% of chord)
0 2.1 2.71
1.25 5.25 1.34
2.50 6.21 0.83
5 7.60 (.32
1.5 8.65 (.09
10 9.51 (.00
15 10.89 0.05
20 11.88 0.28
30 13.00 0.95
40 13.23 1.61
50 12.71 2.13
60 11.51 2.37
70 9.66 2.29
80 7.18 1.88
90 4.06 1.10
95 2.25 0.58
100 0.24 0
INFLUENCE OF SHAPE ON
AIRFOIL PERFORMANCE

The National Advisory Committee for Aeronautics (NACA) and the Gottingen
Aerodynamische Versuchsanstalt have tested many airfoil shapes in wind tunnels
in an attempt to find some shapes that will produce high lift forces and at the same
time have good lift-drag ratios. These groups found, however, that these are con-
flicting requirements. As the cambers increase, the lift normally increases, too, but
the lift-drag ratio tends to decrease. Selection of airfoil shapes therefore will
depend on the application. In a high-pressure vaneaxial fan, we will use a high-
cambered airfoil, particularly near the blade root. On the other hand, if fan effi-
ciency is more important than high static pressure, we will use a low-cambered
airfoil shape.

You may wonder why the leading edge of an airfoil is blunt. Wouldn't the drag be
smaller if the leading edge were pointed. like the trailing edge? This would indeed be
the case, if the relative air velocity at the leading edge were exactly tangential. How-
ever, this tangential condition would e¢xist for only one operating condition (i.e., for
one flow rate and static pressure). Over most of the performance range, the relative
air velocity would deviate from the tangential condition. and this would result in tur-
bulence and in an increased drag. Another reason for the blunt leading edge is struc-
tural strength.

LIFT COEFFICIENT, DRAG COEFFICIENT

From the test data for lift L. and drag D obtained from wind tunnel tests, we can cal-
culate the corresponding coefficients as follows:
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844 L
Lift coefficient C; =——5 (2.1
l LT AV? for standard )
N 344D air density
Drag coefficient Cp = AV? (2.2)

where L and D are in pounds, A is the area of the tested airfoil plate in square feet,
V is the relative air velocity in feet per second, and C, and C;, are dimensionless
coefficients. From these formulas we note that C,;/C;, = L/D. In other words, the lift-
drag ratio is also the ratio of the corresponding coefficients.

CHARACTERISTIC CURVES OF AIRFOILS _

As mentioned earlier, many airfoil shapes have been tested in wind tunnels. The air-
foil plates tested by NACA usually have an airfoil chord of 5 in and a length of 30 in,
as shown in Fig. 2.3. This is called an aspect ratio of 6.

30

3

FIGURE 2.3 Airfoil plate for wind tunnel test, aspect ratio
of 6. '

Figure 2.4 shows the characteristic curves NACA obtained for its airfoil no. 6512
for an aspect ratio of 6. Note that the lift coefficient is much larger than the drag
coefficient so that the lift-drag ratios are in the range of about 10 to 20.

For use in fan bladeS) the characteristic curves have to be converted from an
aspect ratio of 6 to an infinite aspect ratio. This conversion further increases the lift-
drag ratio so that the maximum lift-drag ratio will about triple. Table 2.2 shows the
calculation for this conversion. Figure 2.5 shows the resulting characteristic curves
for an infinite aspect ratio.

Please note the considerable difference between Figs. 2.4 and 2.5. Figure 2.5 (infi-
nite aspect ratio) shows lower drag, resulting in higher lift-drag ratios. The reason for
this considerable difference is turbulence at the two ends of the airfoil plate. which
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FIGURE 24 Charactceristic curves for NACA airfoil no. 6512 (size of plate:
5 % 30 in; aspect ratio: 6).

occurs only for finite aspect ratios but is eliminated for an infinite aspect ratio and
therefore also for axial-flow fans, where the fan blades are bordered by the fan hub
and the housing wall so that no turbulence at the ends can develop. In designing
axial-flow fans, therefore, one should use the airfoil’s characteristic curves for an
infinite aspect ratio.

Looking again at the characteristic curves of the NACA airfoil no. 6512 for an
infinite aspect ratio, as shown in Fig. 2.5, we note the following points:

TABLE 2.2 Calculation for Converting the Characteristic Curves from an
Aspect Ratio of 6 to an Infinite Aspect Ratio: NACA Airfoil No. 6512

Oy LiD CL C[)(, A .. ACD CD... (:," /C[)..

-5 12.3 0.16 0.013 0.49 -5.5 0.001 0.012 133
-1 224 0.47 0.021 1.43 -2.4 0.012 0.009 522
3 17.8 0.75 0.042 2.28 0.7 0.030 0.012 62.5
7 13.8 1.01 0.073 3.07 39 0.054 0.019 53.2

15 9.5 1.52 0.160 4.62 104 0.123 0.037 411
23 5.9 1.74 0.295 5.29 17.7 0.161 0.134 13.0
29 3.2 1.40 0.43 4.26 24.7 0.104 0.326 4.3

Note: Ao = 18.24C, x Y = 3.04C;: o, = &, - Ao AC, = Ciin x Y% = (LOS305CH,
Cp.,., = (‘m - AC;).



2.6 CHAPTER TWO

: Y — T T T T T T —
N P .- - + .t + ot P e H i 41— ’I
+ i.f. P -t b 4 ?-+~,‘»« } + ot o +....+
o ! o + +-- < + e s
j(ﬁ\ : IR (R I S O O UG % S ' i .l
: ; . . ; ; H ;
o — * * T * *
S -3 - P P . e “ 4 e 4
— g .,..[.__.__._;_._ i fe—— 0 - . P
e N t - i . v e
+ — | - b ‘o . ——
! A T !
] | T ™ —
i} H ' P . e
! 1 1Y T _ I ; .
ML IHT BN DS
: . .t e
: 1 : 1!
+ ~—
.. : pe ' —
o PR ¢ " i
- 24ty
1 e PR T Y : - .-
| 8 i \ :
. T '
i bt L :
- -t *
: NB P,f_ PN e :
B . . . 4 i
H i
1.6 :
- - * - R
i 3 .
. :
- + -4 " b- - e .
1 + 3

1.2

Lo Ml

-
-
——
PN N

0.6

Drag coefficient Cp and lift coefficient Cf,
=
oc
bl

02 Pt o new
-5 0 5 10 15 20 25 30
Angle of attack o

65

60

55

50

45

40

35

30

25

20

Lift drag ratio L/D

FIGURE 2.5 Characleristic curves for NACA airfoil no. 6512 (infinite
aspect ratio).

FIGURE 2.6 At a 5° angle of attack, the airflow is smooth and follows the contours of the air-

foil. The direction of the airflow is deflected by 13.5°.
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The lift coefficient is zero at an angle of attack of about —-8°. (If this were a sym-
metric airfoil, the zero lift coefficient would occur at zero angle of attack.)

As the angle of attack is increased, the lift coefficient rises, until it reaches a max-
imum of about 1.7 at an angle of attack of about 15°. This is the top of the oper-
ating range for this airfoil.

The lift-drag ratio has its maximum of 62.4 at an angle of attack of 1°. The best
operating range, then. will be at angles from 1° to about 10°, where the L/D
ratio is still good (between 62 and 41) and the airflow is smooth, as shown in
Fig. 2.6.

For angles of attack from 10° to 15°, the airflow can still follow the contour of the
airfoil, but the fan efficiency will be somewhat impaired because of the lower lift-
drag ratios.

For angles of attack larger than 15°, the airfoil will stall, resulting in a decrease in
the lift coefficient. At these large angles of attack, the airflow can no longer fol-
low the upper contour of the airfoil. It will separate from that contour, as shown
in Fig. 2.7.

FIGURE 2.7 At a 16° angle of attack, the airfoil stalls, and separation of
airflow takes place at the trailing edge and at the suction side of the airfoil,
with small eddies filling the suction zones. The deflection of the airflow past

the trailing edge is close to zero.
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FIGURE 2.8 Dimensions of Géttingen single-thickness profile no. 417a.
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Please note that angle of attack is not identical with blade angle. The blade angle
of an axial-flow fan is much larger than the angle of attack, as will be discussed in

Chap. 4.

SINGLE-THICKNESS SHEET METAL PROFILES

It sometimes is desirable to use single-thickness sheet metal blades rather than
airfoil blades. The reason might be a dust-laden airflow or simply lower cost. The
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FIGURE 2.9 Performance of Géttingen single-
thickness profile no 417a (infinite aspect ratio).
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shape and characteristic curves for such a single-thickness profile are given in a
Géttingen publication. Gottingen calls it profile no. 417a. Figure 2.8 shows the
shape and Figure 2.9 shows the characteristic curves, converted to an infinite aspect
ratio. Comparing these with the shape and characteristic curves for the NACA air-
foil no. 6512, as shown in Figs. 2.2 and 2.5, we find the following similarities and dif-

ferences:

1.

The single-thickness profile has a maximum camber of 8 percent, which is about
halfway between the upper (13.3 percent at 36 percent) and lower (1.3 percent at
36 percent) cambers of NACA airfoil no. 6512.

The maximum camber of the single-thickness profile is located at 38 percent of
the chord from the leading edge, about the same as for NACA airfoil no. 6512.
The maximum lift coefficient for profile no. 417a is lower, 1.25 instead of 1.74.
The maximum lift-drag ratio is somewhat lower, 57 instead of 62.

The angle of attack at which the maximum lift coefficient occurs is considerably
lower, 10° instead of 17°. This results in a narrower operating range and particu-
larly in a narrower range for good lift-drag ratios. For example, the range for lift-
drag ratios of 35 or more is 21° wide for NACA airfoil no. 6512 but only 6° wide
for the single-thickness profile.

Despite these disadvantages, single-thickness profiles are often used in fan

blades, especially in propeller fans and in tubeaxial fans.

Trailing edge of airfoil blade

Suction side on convex side

— Trailing edge

{

Incoming S

Hub Wheel
dia. o.d.

4

Leading edge of airfoil blade

Pressure side on concave side of airfoil blade

FIGURE 2.10 Airfoil as used in an axial-flow fan blade.
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FUNCTION OF AIRFOIL BLADES IN AXIAL
AND CENTRIFUGAL FANS

Let us now examine how the airfoil is used as the cross section of a fan blade. Figure
2.10 shows how an airfoil is used in an axial-flow fan blade. Here the concave side of
the airfoil is the pressure side (just like in an airplane wing). so this is a normal con-
dition,

w _—

Suction side

Pressure side

on concave side .
on convex side
Incoming /
air flow
Incoming Leading
air flow edge \
Trailing

edge

FIGURE 2.11  Airfoil as used in a backwardly curved centrifugal fan blade. Note that here the
pressure side is on the convex side of the airfoil blade.

Rot.

T~

De
ﬂected Suction side

ajr
‘W on convex side

of airfoi! blade
Pressure side

on concave side

Incoming

ir f]
air flow _//"
Leading
edge
\\\\\\\\\\\\‘\
Trailing
edge

FIGURE 2.12  Airfoil as used in a centrifugal fan with radial-tip blades, a design that is rarcly
used but results in good efficiencies.
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Figure 2.11 shows how the airfeil is used in a centrifugal fan with backwardly
curved blades. Here the convex side of the airfoil is the pressure side, whigh, of
coturse, is abnormal. This type of blade does not really have the function of an airfoil,
since there is no lift force in the conventional sense. It is simply a backwardly curved
blade with a blunt leading edge that helps broaden the range of good efficiencies.

Figure 2.12 shows how an airfcil could be used in a centrifugal fan with radial-tip
bilades. Here the concave side is the pressure side, as it should be. However, this con-
figuration is rarely used, partly because of higher cost and partly because radial-tip
blades are often used for handling dust-laden air and this is done better by thick,
single-thickness blades.






CHAPTER 3

TYPES OF FANS,
TERMINOLOGY, AND
MECHANICAL
CONSTRUCTION

SIX FAN CATEGORIES

This book will discuss the following six categories of fans:

Axial-flow fans
Centrifugal fans
Axial-centrifugal fans
Roof ventilators
Cross-flow blowers

AR S 2 B

Vortex or regenerative blowers

AXIAL-FLOW FANS

There arc four types of axial-flow fans. Listed in the order of increasing static pres-
sure, they are

1. Propeller fans (PFs)

2. Tubeaxial fans (TAFs)
3. Vaneaxial fans (VAFs)

4. Two-stage axial-flow fans

Propeller Fans

The propeller fun, sometimes called the panel fan, is the most commonly used of all
fans. It can be found in industrial, commercial. institutional. and residential applica-
tions. It can exhaust hot or contaminatcd air or corrosive gascs from factories. weld-
ing shops. foundries, furnace rooms, laboratories, laundrics, stores, or residential
attics or windows.

Sometimes several propeller fans are installed in the walls of a building. oper-
ating in parallel and exhausting the air. Figure 3.1 shows two propeller fans with

3.1
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FIGURE 3.1 Two 21-in propeller fans with direct drive, mounted in a wall
and exhausting air from a factory building.

direct drive mounted in the wall of a factory, near the ceiling where the hot air is
located.

Figures 3.2 and 3.3 show the general configuration for a propeller fan with a belt
drive from an electric motor. The units consist of the following eleven components:
a spun venturi housing, a bearing base (plus braces), two bearings, a shaft, a motor
base, an electric motor, two pulieys, a belt, and a fan wheel. In Fig. 3.2 the fan wheel

_Venturi housing panel

Bearing base
Bearings __

Fan blade

Motor base -

FIGURE 32 A 24-in propeller fan with belt drive. Note the location of the motor
opposite the rotating blades.
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has four blades, and the motor is mounted on a separate, vertical motor base. In Fig.

3.3 the fan wheel has six blades, and a horizontal base supports both the motor and

the two bearings. In both figures, however, the motor is located opposite the rotating

fan blades. This results in good motor cooling but some obstruction to the airflow.
Figure 3.4 shows the simpler configuration of a propeller fan with direct drive

from an electric motor. This unit consists of only four components: a spun venturi

housing, a motor base (plus braces), an electric motor, and a four-bladed fan wheel.
The belt-drive arrangement has the following three advantages:

1. It resnlts in flexibility of performance, since any speed (rpms) can be obtained for
the fan wheel by selection of the proper pulley ratio. However, when the speed is
increased to boost the flow (cfin}), the brake horsepower will increase even more,
as the third power of the rpm ratio, as will be explained later.

2. In large sizes, belt drive is preferable, since it will keep the speed of the fan wheel
low or moderate while keeping the motor speed high, for lower cost. (High-speed
motors are less expensive than low-speed motors of the same horsepower.)

3. The motor will get good cooling from the air stream passing over it.
The direct-drive arrangement has the following five advantages:

1. It has a lower number of components, resulting in lower cost.
2. It requires no maintenance and reguiar checkups for adjustment of the belt.

3. It has a better fan efficiency, since a belt drive would consume an extra 10 to 15
percent of the brake horsepower.

Fan wheel
impeller
]'r['q 1]1:_' | |\‘ r

Fan blade

Shatft

Motor and

bearing base

Fan pulley

-_... -

FIGURE 3.3 A 36-in propeller fan with belt drive. Note the large pulley ratio for a low speed of the
fan wheel. (Courtesy of Chicago Blower Corporation, Glendale Heights, 111}

Motor pulley
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Venturi housing
panel

Fan blade

Motor base

FIGURE 34 A 24-in propeller fan with direct drive. Note the height adjustment of motor
base for an even fip clearance. -

4, It results in more flow (cfm) because the central location of the motor does not
obstruct the airflow.

5. The performance flexibility of the belt-drive arrangement also can be obtained,
but at an extra cost, by means of adjustable-pitch blades and by a variation in the
number of blades. A 3° increase in the blade angle will result in a 10 to 15 percent
increase in flow (15 percent in the range of small blade angles, 10 percent for
larger blade angles). The static pressure can be boosted by an increase in the
number of blades, up to'a point.

Conclusion: Direct drive is less expensive and more efficient. It is preferable in
small sizes. Belt drive is preferable in large sizes and results in better performance
flexibility than direct drive, unless adjustable-pitch blades are used.

Figure 3.5 shows a 46-in propeller fan wheel of aluminum with a 13-in-diameter
hub and with eight narrow airfoil blades welded to the hub. The hub-tip ratio is 0.28,
a good ratio for a propeller fan. This is an efficient but expensive prope].ter-fau
wheel. Most propelier-fan wheels have sheet metal blades riveted to a so-called spi-
der, as shown in Fig. 3.6. This is a hghtwetghr., lower-cost construction that is some-
what less efficient but adequate in small and medium sizes, Many propeller-fan
wheels are plastic molds. In very small sizes, where cost is more important than effi-
ciency, one-piece stampings are sometimes used.

Shuiters. Most propeller fans are used for exhausting from a space. They are
mounted on the inside of a building, with the motor located on the inlet side, inside
the building, and the air stream blowing outward. A shutter is mounated on the out-
side. There are two types of shutters: automatic shutters and motorized shutters.
Figure 3.7 shows an automatic shutter having three shutter blades linked
together and mounted on hinged rods. The shutter will be opened by the air stream
on start-up of the fan. It will be closed by the weight of the shutter blades when the
fan is turned off. The motonzed shutter, used mainly in larger sizes, is opened and



TYPES OF FANS, TERMINOLOGY, AND MECHANICAL CONSTRUCTION

Hub

Airfoil blade

FIGURE 335 Cast-aluminum propeller-fan
whee] with a 46-in o0.d., 13-in hub diameter, and
eight narrow airfoil blades welded to hub.

3.5

Central spider

__Wide steel blade

FIGURE 3.6 A 24-in propeller-fan wheel with
four wide steel blades riveted to central spider.

closed by a separate small motor mounted on the shutter frame. When the shutter is
closed, it will prevent heat losses due to backdraft and keep out wind, rain, and snow.

Screen Guards, Figure 3.8 shows a fan guard, sometimes fitted over the motor side
of a propeller fan for safety, whenever the fan is installed less than 7 ft from the floor.
It uses a steel mesh, designed for minimum interference with the air stream.

FIGUREJ? Antomaticshutter having a square
frame and three shutter blades linked together for
simultaneous opening and closing,

70 v
74 m
0.0’00000
m
0‘0
0 .0

g

FIGURE M8 Fan guard, used for safety and
mounted on the inlet side of a propeller fan.
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FIGURE 39 Man cooler mounted on a
pedestal for cooling people, products, or pro-
cesses. {Courtesy of Coppus Engineering Divi-
son, Tuthill Corporation, Millbury, Mass.}

Man Coolers. Another application for
propeller fans (besides exhausting from
a space) is for cooling people (as the
term man coolers implies) or products
or for supplying cool air to certain pro-
cesses. These cooling fans are located in
hot places, such as steel mills, foundries,
and forge plants. They are also used for
cooling down furnaces for maintenance
work, for cooling electrical equipment
(such as transformers, circuit breakers,
and control panels}, or for drying chem-
ical coatings.

Figure 3.9 shows a man cooler
mounted on a heavy pedestal for stabil-
ity. It has a lug on top so that it can be
moved easily to various locations. It has
a 30-in propeller-fan wheel with six nar-
row blades and direct drive from a 3-hp,
1740-rpm motor.

Figure 3.10 shows a similar type of
man cooler. It has a 30-in propeller-fan
wheel with eight narrow blades and
direct drive from a 3-hp, 1150-rpm
motor. It has a bracket for mounting it
on a wall, up high enough so that it can-
not be damaged by trucks and the wires
cannot be cut by wheels. As a special
feature, this unit has a conical discharge
nozzle that boosts the outlet velocity for

deeper penetration. The nozzle contains some straightening vanes, almost like a
vaneaxial fan, to prevent excessive air spin at the narrow end of the cone.

FIGURE 310 Man cooler with a bracket for
mounting it on a wall, with conical discharge nozzle
for deeper penetration. (Courtesy of Bayley Fan
Group, Division of Lau Industries, Lebanon, Ind. }
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Tubeaxial Fans

Figure 3.11 shows a tubeaxial fan with direct drive from an electric motor. It has a
cylindrical housing and a fan wheel with a 33 percent hub-tip ratio and with ten
blades that may or may not have airfoil cross sections. The best application for
tubeaxial fans is for exhausting from an inlet duct. A short outlet duct can be toler-
ated, but the friction loss there will be larger than normal because of the air spin. If
no inlet duct is used, a venturi inlet is peeded to prevent a 10 to 15 percent loss in
flow and an increased noise level, Figure 3.11 shows the motor on the inlet side, but
it could be located on the outlet side as well.

In case of belt drive, the motor is located outside the cylindrical housing, and a
belt guard is needed. Direct drive has fewer parts and therefore lower cost, the same
as for propelier fans, and the performance flexibility again can be obtained by means
of adjustable-pitch blades.

Vaneaxial Fans

Figure 3.12 shows a vaneaxial fan with belt drive from aa electric motor. It has a
cylindrical housing (like a tubeaxial fan) and a fan wheel with a 46 percent hub-tip
ratio and with nine airfoil blades. It also has eleven guide vanes, neutralizing the air
spin, so that the unit can be used for blowing (outlet duct) as well as for exhausting
(inlet duct). Again, direct drive is simpler and less expensive than belt drive. Also,
performance flexibility for direct drive can be obtained by means of adjustable-pitch
blades. Again, a venturi inlet is needed if no inlet duct is used.

Figure 3.13 shows an axial-flow fan wheel with a 42 percent hub-tip ratio and with
eight single-thickness steel blades. It could be used in a tubeaxial fan or in a vane-
axial fan.

Cylindrical housing

Access door

Fan wheel
impeller
propeller

FAGURE 3.11 Tubeaxial fan with direct drive from an electric motor on the inlet side
(in the background) and with a fan wheel having a 33 percent hub-tip ratio and with ten
blades. (Courtesy of General Resource Corporation, Hopkins, Minn.)
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Electric motor

Internal belt
guard, belt tube Inner casing

bearing casing

Cylindrical
housing or
casing

Fan wheel
impeller

Guide vanes
cutlet vanes
discharge vanes

Shaft and bearings

FIGURE 312 Vaneaxial fan with belt drive from an electric motor and with a fan
wheel having a 46 percent hub-tip ratio and nine airfoil blades. (Courtesy of General
Kesource Corporation, Hopkins, Minn.)

Figure 3.14 shows a vaneaxial fan wheel with a 64 percent hub-tip ratio and with
five wide airfoil blades. This hub-tip ratio would be too large for a tubeaxial fan but
is quite common in vaneaxial fans.

Two-Stage Axial-Flow Fans

‘Two-stage axial-flow fans have the configuration of two fans in series so that the pres-
sures will add up. This is an easy solution when higher static pressures are needed, but
excessive tip speeds and noise levels cannot be tolerated. The two fan wheels may
rotate in the same direction, with guide vanes between them. Or they may be coun-
terrotating, without any gunide vanes, as will be explained in more detail in Chap. 4.

CENTRIFUGAL FANS

There are six types of centrifugal fan wheels in common use. Listed in the order of
decreasing efficiency, they are

1. Centrifugal fans with airfoil (AF) blades
2. Centrifugal fans with backward-curved (BC) blades
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FIGURE 3.13 Axial-flow fan wheel with a 42
percent hub-tip ratio and with eight single-
thickness steel blades for use as a tubcaxial fan
wheel or as a vaneaxial fan wheel.

(a)

3. Centrifugal fans with backward-

inclined (BI) blades

4. Centrifugal fans wirh radial-tip (RT)
blades

5. Centrifugal fans with forward-curved
(FC) blades

6. Centrifugal fans with radial blades
(RBs)

These six types are used in a variety of
applications, as will be discussed in more
detail in Chap. 7.

Centrifugal Fans with AF Blades

The centrifugal fan with AF blades has
the best mechanical efficiency and the
lowest noise level (for comparable tip
speeds) of all centrifugal fans. Figures
3.15 and 3.16 show two constructions
for centrifugal fan wheels with AF
blades. Figure 3.15 shows hollow airfoil
blades, normally used in medium and
large sizes. Figure 3.16 shows cast-
aluminum blades, which are often used
in small sizes and for testing and devel-

FIGURE 3.14 Vancaxial fan wheel with a 64 percent hub-tip ratio and with five wide cast-
aluminum airfoil blades: (a) without inlet hood: (b) with inlet hood.
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_ Shroud

retaining ring
S inlet plate
ack plate inlet rim
Fan blade
Fan wheel —
impeller

rotor

FIGURE 3.15 Centrifugal fan wheet, SISW, with nine hollow airfoil steel blades welded to back
plate and shroud. (Courtesy of General Resource Corporation, Hopkins, Minn.)

FIGURE 316 Experimental centrifugal fan wheel, SISW, with
eleven cast-aluminum airfoil blades welded to the back plate but
not yet welded to the shroud (held above the blades).
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opment work. with the shroud held above the airfoil blades prior to welding it to
the blades.

Centrifugal Fans with BC Blades

BC bladcs are single-thickness steel blades but otherwise arc similar to AF blades
with respect to construction and performance. They have slightly lower efficiencies
but can handle contaminated air streams because the single-thickness steel blades
can be made of heavier material than can be used for hollow airfoil blades.

Centrifugal Fans with Bl Blades

Figure 3.17 shows a sketch of an SISW (single inlet. single width) centrifugal fan wheel
with Bl blades. These are more economical in production, but they are somewhat
lower in structural strength and efficiency. Figure 3.18 shows the same fan wheel in a
scroll housing. Figure 3.19 shows a BI centrifugal fan with scroll housing, noting the
terminology for the various components.

Incidentaliy. scroll housings are not always used in connection with centrifugal
fan wheels. Centrifugal fan wheels also can be used without a scroll housing, in such
applications as unhoused plug fans, multistage units, and roof ventilators. An excep-
tion is FC centrifugal fan wheels. They require a scroll housing for proper function-
ing, as will be explained in Chap. 7.

FIGURE 3.17 Centrifugal fan wheel, SISW, with BI blades
welded to back plate and shroud.
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FIGURE 3.18 Angular view of centrifugal fan with BI wheel inside showing
scroll housing, inlet side, and outlet side with cutoff all the way across housing
width.

Centrifugal Fans with RT Blades

RT blades are curved, with good flow conditions at the leading edge. Only the blade
tips are radial, as the term radial-tip blades indicates. Figure 3.20 shows a radial-tip
centrifugal fan wheel. These RT wheels are used mainly in large sizes, with wheel
diameters from 30 to 60 in, for industrial applications. often with severe conditions
of high temperature and light concentrations of solids.

Centrifugal Fans with FC Blades

FC blades. as the name indicates, are curved forward, i.e., in the direction of the
rotation. This results in very large blade angles and in flow rates that are much
larger than those of any other centrifugal fan of the same size and speed. Figure
3.21 shows a typical SISW FC fan wheel. with many short blades and a flat shroud
with a large inlet diameter for large flows. These fans are used in small furnaces, air
conditioners, and electronic equipment. whenever compactness is more important
than efficiency.
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FIGURE 319 Angular view of centrifugal fan with BI wheel inside showing scroll housing, inlet
side {inlet collar and inlet cone), and cutlet side with recirculation shield opposite the inlet cone only.
(Courtesy of General Resource Corporation, Hopkins, Minn.)

Contrifugal Fans with Radial Blades

Radial blades (RBs) are rugged and self-cleaning, but they have comparatively low
efficiencies because of the nontangential flow conditions at the leading edge. Figure
3.22 shows an SISW RB fan wheel with a back plate but without a shroud. Some-
times even the back plate is omitted (open fan wheel), and reinforcement ribs are
added for rigidity. These fans can handle not only corrosive fumes but even abrasive
materials from grinding operations.

AXIAL-CENTRIFUGAL FANS

These fans are also called tubular centrifugal fans, in-line centrifugal fans, or mixed-
flow fans (especially if the fan wheel has a conical back plate). The following two
types of fan wheels are used in these fans:

1. A fan wheel with a flat back plate, as shown in Fig. 3.17, i.e., the same type as is
used in a scroll housing. When used in an axial-centrifugal fan. howevar sk~ -*
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Shroud

Shroud _

Center plate

Blade with
wear plate

FIGURE 320 DIDW (double inlet, double width) centrifugal fan wheel with ten RT blades. Note
potched-out center plate and replaceable wear plates on pressure side of blades.

FEGURE 321 SISW centrifugal fan wheel with 52 FC
blades fastened through corresponding slots in back plate
and shroud.
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FIGURE 3.22 SISW centrifugal fan wheel with six radial
blades welded to a back plate,

stream has to make two 90° turns, which, of course, results in some extra losses,
especially if the diffuser ratio (housing i.d./wheel o0.d.) is small.

2. A fan wheel with a conical back plate, as shown in Fig. 3.23. This fan wheel is more
expensive to build, but the air stream here has to make only two 45° turns, a more
efficient arrangement. In either case, the fan wheel usually has BI blades or occa-
sionally AF or BC blades.

The following three types of housings are in common use in axial-centrifugal fans:
L A cylindrical housing, as shown in Figs. 3.23 and 3.24.

Stationary
Cylindrical strgamliner

, otating blades,
housing -
\ e -
— — - T
Conical
back
™ \ plate

-

FIGURE 323 Mixed-flow fan showing direct motor drive, venturi inlet, fan wheel with conical
back plate, and with a 45° diverging air stream discharging into a cylindrical housing,

\
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FIGURE 324 Axial-centrifugal fan showiag belt drive from an outside motor, venturi inlet, fan
wheel with flat back plate, and outlat guide vanes, all assembled in a cylindrical housing. (Courtesy of
General Resource Corporation, Hopkins, Minn,)

2. A square housing, as shown in Fig. 3.25.
3. A barrel-shaped housing, as shown in Figs. 3.26 and 3.27.

Various wheel and housing combinations are possible. Figure 3.27 shows a spe-
cial type of barrel-shaped housing which is covered by my U.S. patent no. 3,312,386.
It has a separate chamber for the motor so that direct drive can be used, even if hot
or corrosive gases are handled. This fan has the trade name Axcentrix Bifurcator,
implying that the air stream is divided into two forks, flowing above and below the
motor chamber but never coming into contact with the motor. The various types of
axial-centrifugal fans will be discussed further in Chap. 9.

ROOF VENTILATORS

Figure 3.28 shows an exhaust roof ventilator with direct drive, 2 BI centrifugal fan
wheel, and radial discharge using various spinnings. Various other models of roof
ventilators are in common use. Some may have belt drive instead of direct drive,
some may have axial fan wheels instead of centrifugal fan wheels, and some may be
for upblast instead of radial discharge. While most models are for exhausting air
from a building, sorne are for supplying air into a building. The various combinations
of these features lead to ten different models, which will be illustrated and described
in Chap. 10.
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(a) (b)

FIGURE 325 Mixed-flow fan in a square housing. Two models are shown, one for
direct drive and one for belt drive. Both models have 2 ventusi inlet, a fan wheel with a
conical back plate, and an access door. The square housing resuits in lower cost and allows
connection to either square or round ducts. (Courtesy of FloAire, inc., Bensalem, PA,)

FIGURE 326 Mixed-flow fan with barrelshaped spun housing for
smaller diameters of inlet and outlet ducts. Direct drive. The fan wheel has
a conical back plate. Outlet guide vanes (not shown) prevent excessive air
spin at the small outlet diameter, {Countesy of FloAire, Inc.,, Bensalem, Pa.)
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FIGURE 327 Mixed-flow fan with barrel-shaped housing for smaller diameters of
inlets and outlets. The fan wheel with conical back plate is directly driven by a motor
in a separate chamber. Qutlet vanes (not shown) prevent excessive outlet spin.
{Courtesy of Bayley Fan, Division of Lau Industries, Lebanon, ind.)

)

L |

FIGURE 328 Schematic sketch of a centrifugal
roof exhauster, direct drive, radial discharge, 15-in
wheel diameter, 1 hp, 1725 rpm. (Courtesy of Flo-
Aire, Inc., Cornwells Heights, Pa.)
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CROSS-FLOW BLOWERS

A cross-flow blower is a unique type of centrifugal fan in which the airflow passes
twice through a fan wheel with FC blading, first inward and then outward, as shown
in Fig. 3.29. The main advantage of cross-flow blowers is that they can be made axi-
ally wider, in fact to any width desired. This makes them particularly suitable for cer-
tain applications such as air curtains. long and narrow heating or cooling coils, and
dry blowers in a car wash. The flow pattern and principle of operation will be
explained in Chap. 12.

FIGURE 3.29 Cross-flow blower showing airflow
passing twice through the rotating fan wheel.

Stationary housing Rot.
,§/ Rotating blades
)

§ _Hecsiemoor | _ f\
Ab — W

Air Air
inlet outlet

FIGURE 3.30 Vortex blower showing blades rotating in right haif of the torus-shaped housing,
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VORTEX OR REGENERATIVE BLOWERS

The vortex or regenerative blower is another unique type of centrifugal fan. Here
the airflow circles around in an annular, torus-shaped space, similar to the shape of
a doughnut. On one side of the torus are rotating fan blades, throwing the air out-
ward, as shown in Fig. 3.30. The airflow then is guided back inward by the other side
of the torus so that it must reenter the inner portion of the rotating blades. This
results in a complicated flow pattern that will be discussed in detail in Chap. 9.

CONCLUSION

From the preceding we note that there are many different types of fans. Neverthe-
less, only two basic operating principles are used in all these fans: deflection of air-
flow and centrifugal force.

In axial-flow fans, the operating principle is simply deflection of airflow. Here the
pressure is produced exclusively by the lift of the airfoil or of the single-thickness
sheet metal profile used for the cross sections of the blades. Since an airfoil has a bet-
ter lift-drag ratio over a wider range of angles of attack than a single-thickness pro-
file (see Chap. 2), airfoil blades will result in better efficiencies than single-thickness
profiles.

In centrifugal fans (including mixed-flow, cross-flow, and vortex fans), the operat-
ing principle is a combination of airflow deflection plus centrifugal force. This results
in the following two differences between the performances of axial-flow fans and
centrifugal fans:

1. Centrifugal fans normally produce more static pressure than axial-flow fans of
the same wheel diameter and the same running speed. (Axial-flow fans, on the
other hand, have the advantages of greater compactness and of easier installa-
tion.)

2. Since in centrifugal fans the airfoil lift contributes only a small portion of the
pressure produced (while most of it is produced by centrifugal action), the
improvement in performance due to airfoil blades (over sheet metal blades) is
not as pronounced in centrifugal fans as it is in axial-flow fans.



CHAPTER 4
AXIAL-FLOW FANS

NOMENCLATURE

In past years, “fans and blowers” was a common expression. Axial-flow fans were
called “fans,” and centrifugal fans were called “blowers.” Calling centrifugal fans
blowers was misleading because centrifugal fans can be used for exhausting as well
as for blowing. Axial-flow fans also can be used for either blowing or exhausting.
Today the accepted terms are axial-flow fans and centrifugal fans.

The term axial-flow fan indicates that the air (or gas) flows through the fan in an
approximately axial direction, as opposed to centrifugal fans (sometimes called
radial-flow fans), where the air flows through the fan wheel approximately in a radi-
ally outward direction.

MATHEMATICAL FAN DESIGN VERSUS
EXPERIMENTAL CUT-AND-TRY METHOD

The casual observer in general will not realize that the dimensions of an axial-flow
fan (fan wheel outside diameter, hub diameter, number and width of the blades and
vanes, blade and vane angles, curvature of blades and vanes, fan speed, and motor
horsepower) can be calculated from the requirements (air volume in CFM and static
pressure).

Let us dwell on the casual observer for a moment, and let us try to put ourselves
in his or her place and look at the problem of fan design as he or she would do. The
point of view of the casual observer will be about as follows: Fasten a number of
blades somehow symmetrically around a hub. Put this fan wheel, together with a
motor, into a housing, and run a test on it. If it does not give you “enough air,” make
certain changes on the unit. Make the hub diameter larger or smaller, and increase
the number of biades, the blade angles, the blade widths, and the famous “scooping
curvature.” Keep on changing and retesting until you just about get what you want,

This viewpoint of the casual observer naturally is rather primitive. In some
respects, it is even incorrect, since it overlooks certain limitations. such as the fact
that the addition of blades or an increase in blade curvature does not always result
in an increased air delivery. However, you cannot blame this casual observer if you
stop and realize that many years ago this also was the conception of the fan designer.
And you must admit one thing: As primitive as this purely experimental cut-and-try
method may be, with a sufficient amount of persistence. time, and moneyi. it often will
be possible to obtain the desired air volume and static pressure by the application of
this method. There are only three objections to this method:

1. The resulting units often will be larger. run at higher speeds, and consume more
brake horsepower than necessary.

2. The method is too expensive because in general it will require the building and
testing of three to five samples until the desired air volume and static pressure is
obtained.

4.1
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3. This method will practically always lead to units with uneven and turbulent air-
flow and with stalling effects in certain portions of the blade. As a result of all this,
these units usually will be inefficient and noisy.

Once the nceessity of fan design on a theoretical basis has been recognized. the
first question is: Is it at all possible to determine the dimensions for a fan unit so that
it will perform in accordance with a certain set of specifications, by pure calculation.
this way completely climinating the usc of any e¢xperimental cut-and-try method?
The answer to this question is: In most cases. this is possible, and even more than
that. it is possible in more than one way. In other words. several designs are possible
that will meet a certain sct of requirements with respect to air delivery and pressure.

This naturally leads to the next guestion: If this problem of meeting the require-
ments can be solved by several designs, is 1t possible to find one optimal design? The
answer is yes. providing that a definition for the word optimal can be agreed on.

‘The question "What is the optimal design?” is rather complex. and the answer to
it will vary with the prospective application of the fan unit. In the majority of cases,
it will include. among other things, the call for high efficiency and low sound level.
both over the widest possible range of operation. Other requirements may be, for
instance. a nonoverloading brake horsepower characteristic: or a flat pressure curve,
which means a large free delivery; or a steep pressure curve, which means little vari-
ation in air delivery throughout the operating range; or a large pressure safety mar-
gin; or compactness: or some other supplementary requirement that may be
desirable in a certain application. The combination of these requircments often
results in interference problems and in conflicting specifications whose relative
importance has to be considered before a decision is made.

AXIAL FLOW AND HELICAL FLOW

Let’s be more specific about the statement that air flows through an axial-flow fan in
an “approximately axial direction.” On the inlet side, as the flow approaches the fan
blades, the direction of the flow is axial, i.e., parallel to the axis of rotation, provided
there are no inlet vanes or other restrictions ahead of the fan wheel. The fan blade
then deflects the airflow, as shown in Fig. 2.10 (see Chap. 2).

The operating principle of axial-flow fans is simply deflection of airflow. as
explained in Chap. 2 (page 2.1). on airfoils, and Chap. 3 (page 3.20), on types of fans.
Past the blades, therefore. the pattern of the deflected airflow is of helical shape. like
a spiral staircase. This is true for all three types of axial-flow fans: propeller fans,
tubeaxial fans, and vaneaxial fans. Accordingly, the design procedures and design
calculations are similar for all three types. As to both construction and performance,
however, there are some differences.

We may anticipate one statement right here: The sequence propeller, tubeaxial,
and vaneaxial also indicates the general trend of increasing weight. price. hub diam-
eter, static pressure, aerodynamical load. and efficiency.

Coming back to the helical pattern of the airflow past the blades of an axial-flow
fan. the air velocity there can be resolved into two components: an axiaf velocity and
a tangential or circumferential velocity.

The axial velocity is the useful component. It moves the air to the location where
we want it to go. In a propeller fan, the axial velocity moves the air across a wall or a
partition. In a tubeaxial or vancaxial fan. the axial velocity moves the air through a
duct on the inlet side or on the outlet side or both.



AXIAL-FLOW FANS 4.3

The tangential or circumferential velocity component is an encrgy loss in the case
of a propelier fan or a tubeaxial fan. In a vaneaxial fan, however, the tangential com-
ponent is not a total loss; some of it is converted into static pressure, as will be
explained later. This is the main reason why vaneaxial fans have higher efficiencies
than propeller or tubeaxial fans.

BLADE TWIST, VELOCITY DISTRIBUTION

For good efficiency, the airflow of an axial-flow fan should be evenly distributed aver
the working face of the fan wheel. To be more specific, the axial air velocity should be
the same from hub (or spider) to tip. The velocity of the rotating blade, on the other
hand, is far from evenly distributed: It is low near the center and increases toward the
tip. This gradient should be compensated by a twist in the blade, resulting in larger
blade angles near the center and smalier blade angles toward the tip. This can be seen
clearly in Fig, 4.1, which shows two views of a 30-in tube axial fan whee] with a 13-in
hub diameter and eight single-thickness steel blades welded to the hub. Low-cost fan
wheels (especially propeller-fan wheels) sometimes do not have this variation of the
blade angle from hub to tip. They sometimes have the same blade angle from hub to
tip (or worse, a slightly larger blade angle at the tip). This will result in a loss of fan
efficiency because most of the airfiow then will be produced by the outer portion of
the blades, even at low static pressures. At higher static pressures, the blade twist is
even more important, because without it, the inner portion of the blade will stall and
permit reversed airflow, which, of course, will seriously affect the fan efficiency.

The propelier fan, as shown in Figs. 4.2 through 4.4, is the lightest, least expensive,
and most commonly used fan. As mentioned, normally it is installed in a wall or in a
partition to exhaust air from a building. This exhausted air, of course, has to be

/

FIGURE 41 Two views of a fabricated tube- FIGUREA42 Propeller fan with motor on inlet
axial fan wheel, 30-in od., 45 percent hub-tip  side,25 percent hub-tip ratio, and direct drive,
ratio, and eight dic-formed steel blades, with

larger blade angles at the hub and smaller blade

angles at the tip.
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FIGURE 43 Two views of an 18-in propeller fan with direct drive

from a ¥-hp, 1150-rpm motor, 40 percent hub-tip ratio, and five cast-
aluminum airfoil blades that are backswept for 2 lower noise level.

FIGURE 44 A 48.-in propeller fan with direct drive
from a 7v4-hp, 1150-rpm motor, 28 percent hub-tip ratio,
and seven cast-aluminum airfoil blades.
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replaced by fresh air. coming in through other openings. If these openings are large
enough. the suction pressure needed is small. The propeller fan. therefore, is
designed to operate in the range near free delivery, to move large air volumes
against low static pressures. As can be seen from Figs. 4.2 through 4.4, the unit con-
sists of a narrow mounting ring, a motor support, a motor, and a fan wheel. The
mounting ring normally has a spun inlet bell that often is extended to a square
mounting panel. The mounting pancl carries some tubes or braces, which in turn sup-
port the motor base and the motor.

The motor is usually on the inlet side. as shown in Figs. 4.2 through 4.4, but in spe-
cial applications it can be on the outlet side, which means slightly less noise. If the
motor is on the inlet side, it is inside the building, protected from rain and snow by a
shutter on the outside. When the fan is in operation. the shutter will be held open by
the air stream. When the fan is not running. the shutter will close and prevent any
backdraft from entering the building.

Large-size propeller-fan wheels usually run at low speeds (rpms) and therefore
are belt driven. If the motor horsepower is large, good efficiency is desired. and to
accomplish this, the fan wheel has a 20 to 40 percent hub-tip ratio and airfoil blades
with a twist, resulting in blade angles between 30° and 50° at the hub and between
10° and 25° at the tip. As mentioned earlier, the larger blade angles at the hub will
compensate for the lower blade velocities there, and this will result in a fairly even
air velocity distribution over the face of the fan. This, as mentioned. i1s required for
good fan efficiency.

Small propeller fans can be built with either direct drive or belt drive. Here the
motor horsepower is small, and fan efficiency, therefore, is of minor importance.
Lower cost is more important. These small propeller fans therefore do not have a hub
and airfoil blades. Instead. they use a so-called spider with radial extensions to which
sheet metal blades are riveted. The blade angles here are often constant from spider to
blade tip. This results in most of the air being moved by the outer half of the blade. The
inner portion of the blade produces mostly turbulence and, of course, consumes just as
much power (or perhaps more) as it would if it were functioning properly. Sometimes
there is some reverse flow near the spider when the static pressure increases. In other
words, the tips of the blades move faster and produce say Y2 in of static pressure, but
the spider portion of the blades moves slower and may produce no static pressure.
Therefore, some of the air past the blade tips will flow inward and then backward.
Some small, low-cost fan wheels are stamped in one piece to keep the cost down.

The tubeaxial fan, as shown in Figs. 4.1 and 4.5, s a glorified propeller fan. It has
a cylindrical housing, about one diameter long, containing a motor support, a motor,
and a fan wheel. The motor can be located either upstream or downstream of the fan
wheel. An upstream motor has the advantage that the airflow has a chance to
smoothen out before it hits the fan blades. but this is only important if the venturi
inlet is too small and therefore not effective. If the venturi inlet is adequate, the air-
flow will be smooth to begin with and does not need any extra space for smoothing.
The upstrcam motor, on the other hand. has the disadvantage that some turbulence
will be produced by the motor support ahead of the fan wheel. This may affect the
efficiency and will result in a somewhat increased noise level.

In general, we should keep in mind that a blade, operating in turbulent airflow,
will not function properly. Turbulence past the fan wheel, therefore. is not too harm-
ful. It just increases the resistance of the system and therefore the static pressure
against which the fan will operate. Turbulence ahead of the fan wheel. however, is
harmful. It not only increases the static pressure required. but it also results in the
blades operating in turbulent airflow and therefore with lower efficicncy and a
higher noise level.
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FIGURE 4.5 ‘lubeaxial fan with motor on outlet
side and with separate venturi inlet. 43 percent hub-
tip ratio, and direct drive.

The fan wheel of a tubeaxial fan can be similar to that of a propeller fan. It often
has a medium-sized hub diameter. about 30 to 50 percent of the blade outside diam-
eter, in the case of direct drive preferably not too much different from the motor
diameter, for streamline flow conditions. The unit is designed to operate in the range
of moderate static pressures, higher than for a propeller fan (due to the larger hub
diameter) but not as high as for a vaneaxial fan (due to the smaller hub diameter and
the lack of guide vanes. which in a vaneaxial fan convert some of the tangential air
velocity into static pressure).

A tubeaxial fan can be connected to an inlet duct or an outlet duct or both. If
there is no inlet duct. a spun venturi inlet is required. as shown in Fig. 1.13,to prevent
vena contracta, as shown in Fig. 1.11. Small tubeaxial fans usually are designed with
direct drive; large units are designed with belt drive.

The vaneaxial fan, as shown in Figs. 4.6 and 4.7, is a more elaborate unit. It has the
outside appearance of a cylindrical housing at least one diameter long. As in a
tubeaxial fan, this housing contains the motor support, the motor, and the fan wheel,

- N/, =4

FIGURE 4,6 Vaneaxial fan with outlet vanes around the
motor and with separate venturi inlet. 66 percent hub-tip
ratio, and direct drive.
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FIGURE 4.7 Vancaxial fan with inlet vanes around the motor and with separate venturi
inlet, 66 percent hub-tip ratio. direct drive, and outlet diffuser and tail picce for static regain,

but the vancaxial fan housing contains in addition a sct of guide vanes and some-
times an inner ring. a converging tail piece. and an expanding diffuser for static
regain (see Chap. 1, page 1.12, on basics).

The guide vanes usually are arranged around the motor. This makes the unit
more compact, since the same axial length is used for both the motor and the guide
vanes. Motor and guide vanes can be located either past the fan wheel (see Fig. 4.6)
or ahead of the fan wheel (sce Fig. 4.7).

Hub Diameter d of Vaneaxial Fans

The hub diameter of a vaneaxial fan is larger (than that of a tubcaxial fan), usually
between 50 and 80 percent of the wheel diameter, sometimes even slightly larger.
The vaneaxial fan is designed to operate in the range of fairly high static pressures,
and this requires a larger hub diameter. The customer usually specifies the required
air volume, static pressure. fan diameter D, and speed (rpms). In designing a vane-
axial fan to meet these requirements, the first step will be to determine the hub
diameter 4. This can be done from the formula

do = (19.000/rpm) V'SP (4.1)

where d is in inches and SP is in inches of water column. Hub diameter also can be
determined from the graph shown in Fig. 4.8.

Suppose the customer requires that the vaneaxial fan should run at 1750 rpm and
produce 12.000 cfm against 3 in of static pressure at the point of operation. Figure 4.8
indicates that the corresponding minimum hub diameter will be 18.8 in. (Please note
that this is the hub diameter, regardless of the requirements for air volume and for
wheel diameter D.) If for some reason a somewhat larger hub diameter d is desired.
this will be acceptable. (It would merely result in a slight reduction in the annular
area and therefore in the air volume. which could be compensated by a slight
increase in the blade angles. [t would not be critical.) A smaller hub diameter, on the
other hand. could be critical. It might result in an inadequate performance of the
inner blade portion. i.e.. turbulence and possible reversed air flow near the hub. This
inadequate performance is called stalling.
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FIGURE 48 Minimum hub diameter 4 of a vancaxial fan as a function of speed (rpms) and static
pressure.

The static pressure SP produced by a vaneaxial fan can be calculated for each
radius from the following formula:

SP=343x10"xrpmx 2y x C; xIxW (4.2)

where SP = static pressure, in inches of water column
zp = number of blades
C. = lift coefficient of airfoil at the angle of attack. used at this radius
I = blade width at this radius, in inches
W = air velocity relative to the rotating blade. in feet per minute (fpm) (a
formula for W will be given later)

This formula indicates again that a larger hub diameter will result in a larger
static pressure because, for a larger hub diameter.

1. The relative velocity W will be larger (due to the increased blade velocity).
2. There will be more room available for wider blades without overlapping.

For good efficiency, the static pressure produced should be the same for any
radius from hub to tip. Since the relative air velocity W is smallest at the hub. this
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must be compensated by a larger / x (', at the hub. but both [ and C; can be increased
only up to a certain limit (/ up to the point where the blades would overlap and C; up
to the maximum lift coefficient the airfoil can produce). This 1s why the hub diameter
d can be slightly larger but not smaller than d = (19,000/rpm)\/S_P. If ¢ were too
small, [ x C; could not be made large enough to compensate for the smaller W at the
hub, and stalling would occur near the hub.

Wheel Diameter D of Vaneaxial Fans

After the hub diameter d has been determined. the next step is to check whether the
wheel diameter D requested by the customer is acceptable. Obviously, it is not
acceptable if it is smaller than the hub diameter d we just determined. but this is an
extreme case that will happen rarely. However. even if D 1s larger than 4, it may not
be large enough.

In order to check whether the wheel diameter D requested by the customer is
acceptable, we use the formula

Do = V. + 61 (cfm/rpm) (4.3)

or the graph shown in Fig. 4.9. Using the preceding values of d = 18.8 in and c¢fm/rpm
= 12,000/1750 = 6.86, we find D,,, = 27.2 in. This i1s the minimum wheel diameter. It
would result in a hub-tip ratio of 18.8/27.2 = (.69, a good hub-tip ratio for a vaneaxial
fan. If the customer requested a wheel diameter of 28, 29, or 30 in, we would use this
size. If the customer suggested, for example, a wheel diameter of 24 in or anything
else smaller than 27 in, we would point out that this would be risky because the pres-
sure safety margin would be too small and that we would prefer a larger wheel diam-
eter D.

If the customer cannot accept a larger wheel diameter, a two-stage axial-flow fan
may solve the problem. Then each stage has to produce only about one-half the
static pressure, and the hub diameter ¢ as well as the wheel diameter D can be
reduced. This two-stage unit will be longer and more expensive. This may or may not
be acceptable to the customer. If it is not acceptable, a centrifugal fan may have to
be considered instead of a vaneaxial fan.

Summarizing, we found that the hub diameter d is a function of static pressure
and speed and that the wheel diameter D is a function of d and of cfm/rpm.

Vaneaxial Fans of Various Designs

Best efficiencies for vaneaxial fans are obtained with airfoil shapes as cross sec-
tions of the blades because airfoils have large lift-drag ratios (see Chap. 2. page 2.9.
on airfoils). Airfoils. then, result in higher static pressures (produced by the airfoil
lift) and lower power consumption (produced by the airfoil drag) and therefore
higher fan efficiencies.

Airfoil blades usually are made as aluminum castings and sometimes as steel
castings. incorporating both features. the twist in the blade angles and the airfoil
shape in the cross sections. Figures 4.10 through 4.17 show such fan wheels with cast-
aluminum airfoil blades. Let us examine the different designs shown in these pic-
tures,

Figures 4.10. 4.11, and 4.12 show three experimental fan wheels for the same
vaneaxial fan. All three wheels have the same hub diameter and the same blade sec-
tion (blade width, airfoil shape. and blade angle) at the hub, but the width at the blade
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FIGURE 4.9 Minimum fan-wheel diameter D of a vancaxial fan as a function of ofm. rpm. and hub
diameter .

tip is varied. Figure 4.10 shows a wide blade tip. Figure 4.11 shows a medium tip, and
Figurc 4.12 shows a narrow tip. | tested the three wheels and found the following:

1. Wide blade tips result in high pressure. high efficiency. and quict operation, but
they cause in considerable motor overload at the point of no delivery.

2. Mecdium tips reduce the maximum static pressure and the no-delivery overload.
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FIGURE 410 A 31-in vaneaxial fan wheel, of cast aluminum,
with a 63 percent hub-tip ratio, direct drive, and seven aitfoil
blades with wide tips for high pressure and quiet operation at
high efficiency.

FIGURE 411 A 31-in vaneaxial fan wheel, of cast aluminum, with
a 63 percent hub-tip ratio, direct drive, and seven airfoil blades with
medium-wide tips for medium pressure and less overload at no
delivery.,

(a) (h)

FIGURE 412 A 31-in vanesxial fan with a 63 percent hub-tip ratio, direct drive from 10-hp,
1750-rpm motor, and seven airfoil blades with narrow tips for nonoverloading brake horsepower
characteristics. Twelve outlet vanes go well with seven blades. (@) Inlet side. (b) Outlet side.

3. Narrow tips result in a nonoverloading brake horsepower characteristic. This was
the fan wheel I adopted for production, even though the efficiency was slightly
lower and the noise level was slightly higher, but still acceptable. A compromise
between conflicting performance features had to be made.
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FIGURE 4.13 Inlet view of a 5-in vaneaxial fan,
of cast aluminum, with a 78 percent hub-tip ratio,
seven airfoil blades, eight outlet vanes, belt drive
from Yr-hp shaded-pole motor, and a fan speed of
3800 rpm.

FIGURE 4.14 A 5-in vaneaxial fan for projector lamp
eooling showing belt drive in assembled projector. Fan
pulley is part of the fan-wheel casting.

Figures 4.13 and 4.14 are views from the inlet side of a 5-in vaneaxial fan that was
designed for cooling a projector lamp. A large 78 percent hub-tip ratio was needed
in order to produce sufficient static pressure to force the cooling air through some
narrow passages. Not as many guide vanes are needed because of the small size.
Eight vanes go well with seven blades.
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FIGURE 415 A 34-in tank engine cooling fan
wheel, of aluminum casting, 35 hp, 2400 rpm.
View from the inlet side showing teeth inside the
hub for gear drive from engine.

FIGURE 4,17 The same 34-in cast-ajuminum
tank engine cooling fan wheel, view from the
outlet side showing a 63 percent hub-tip ratio
and twelve blades with blade width slightly
decreasing from hub to tip.

FIGURE 416 Angular side view of the same
34-in cast-aluminum tank engine cooling fan
wheel showing the airfoil cross sections of the
blades and the variation in the blade angles from
hub to tip.

An interesting design is shown in Fig-
ures 4.15, 4.16, and 4.17. These are three
views of a cast-aluminum fan wheel with
airfoil blades. This 34-in fan wheel was
designed to cool the engine of an Army
tank. It used gear drive from the engine,
as shown in Fig. 4.15, a view from the inlet
side. Figure 4.16 is an angular side view
showing the airfoil sections of the blades
and the variation of the blade angles
from hub to tip. Figure 4.17 is a view from
the outlet side showing the 63 percent
hub-tip ratio and the twelve blades.

Figures 4.18 through 4.20 are three
views of the 34-in fan wheel redesigned
in steel, by request of the customer, to
replace the cast-aluminum fan wheel.
Here, some single-thickness steel blades
with slots were welded to a heavy steel
disk, even though the aerodynamic con-
ditions of the steel disk were not ideal.
Furthermore, certain other difficulties
had to be addressed, such as the lower
lift cocfficients of the single-thickness
blades and the risk of blade vibration

due to the lesser rigidity of the mngle-th;ckness blades. These difficulties were over-
come by an increase in the hub-tip ratio and by using more blades of narrower
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FIGURE 418 A 34-in tank eagine cooling fan
wheel redesigned in steel, 35 hp, 2400 rpm. View
from the inlet side showing the welds on the
slots and on the tabs of the blades.

CHAPTER FOUR

width. Various shapes of welding tabs
were tried out. The steel blades were
subjected to vibrations in order to deter-
mine which shape would have the best
resistance to fatigue failure. Figure 4.21
shows the test setup, in which six blades
(differing only in the way they were
attached to the heavy steet disk) were
vibrated several million times by con-
necting rods from solenoids. The
solenoids were kept cool by air streams
from a separate pressure blower.

Figure 4.22 shows another vaneaxial
fan wheel with cast-aluminum airfoil
blades. Figure 4.23 shows the corre-
sponding vaneaxial fan housing. This unit
was designed for grain drying. It had an
18-in wheel outside diameter and direct
drive from a 10-hp, 3450-rpm motor.

Single-thickness blades, as shown in
Figs. 4.1, 4.18, 4,19, and 4.24 also have
the desired variation in the blade angles
from hub to tip. For accuracy, uniformity,

and economy of production, single-thickness steel blades are press-formed in a die
that takes care of the springback of the material.

In small sizes, the entire fan wheel can be molded in plastic, as shown in Fig. 4.25,
This is a goed and efficient fan wheel, even though it has only single-thickness
blades, The figure shows a good blade twist from hub to tip.

FIGURE 419 Angular side view of the same
34-ip tank engine cooling fan wheel of welded
steel showing single-thickness steel blades
welded to a heavy disk.

FIGURE 428 The same 34-in tank engine cool-
ing fan wheel. View from the outlet side showing
a 68 percent hub-tip ratio and 16 steel blades of
constant width from hub to tip and the heavy disk
with mounting holes and balancing holes.



AXIAL-FLOW FANS 4.1%

FIGURE 421 Setup for testing single-thickness steel blades for
fatigue failure due to vibration of the blades

inlet Bell

Figures 4.12 through 4.14 and Fig. 4.24 showed vaneaxial fans with inlet bells
attached. In vaneaxial fans, the inlet bell (also called the venturi inler) is even more
important than in propeller fans or tubeaxial fans because, owing to the larger hub
diameter the annular area between the hub outside diameter and the housing inside

FIGURE 422 Front view of an 18-in vancaxial fan
wheel, of cast aluminum, with a 48 percent hub-tip ratio,
six airfoil blades with medium-wide tips for grain drying,
and direct drive from 10-hp, 3450-rpm motor.
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FIGURE 423 Inlet view of housing for an 18-in vaneaxial
fan, direct drive. Motor and fan wheel were sremoved so that
the inner ring, motor base, and outlet guide vanes can be seen.

diameter is smaller and the acceleration of the entering air stream is therefore
greater. Without an inlet bell, the vena contracta would be worse and would affect a
larger portion of the blades (to operate in turbulent air and to be starved for air),
particularly if the fan wheel is located near the housing inlet, a5 in Fig. 4.6. The use of
an inlet bell, therefore, will boost the flow rate by 10 to 15 percent. It also will
increase the fan efficiency and reduce the noise level considerably.

(a) (b)

rivURE 424 A so-m vancaxial fan with a 54 percent hub-tip ratio, direct drive from 25-hp,
1150-rpm motor, ten single-thickness steel blades welded to the fabricated hub, and nine outlet
vanes: {a) inlet side; {b) outlet side,
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FIGURE 428 Side view of a 10-in vaneaxial
fan wheel, plastic mold, with a 64 percent hub-tip
ratio, seven single-thickness blades, and blade
angles varying from 50° at the hub to 34° at the
tip, for a 16° twist. (Courtesy of Coppus Engi-
neering Division, Tuthill Corporation, Millbury,
Mass.)
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For the shape of the inlet bell, an
elliptic contour is ideal, but a circular
contour is a good approximation and
reduces the depth of the spinning. As
mentioned in Chap. 1 (page 1.14), on
basics, the radius of curvature of the
inlet bell should be at least 14 percent of
the housing inside diameter. This is
graphically shown in Fig. 4.26. For exam-
ple, for a 42-in throat inside diameter {(or
housing inside diameter), the radius of
curvature should be at least 5% in.

Figures 4.27 and 4,28 show an oversize
inlet bell that was built for experimental
purposes to confirm by test that not much
would be gained if the radius of curvature
were made much larger than 14 percent
of the housing inside diameter. Figure
4.27 shows the fan blades stationary. Fig-
ure 4.28 shows a curved string being
drawn by the air stream while the fan is
running; note the shadow of the string,
indicating that it did not touch the sur-
face of the inlet bell but followed the cur-
vature of the converging air stream.
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FIGURE 426 Recommended radius of curvature versus throat inside diameter for a venturi inlet.
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FIGURE 427 Anp ovemsize inlet bell shown on 2 vaneaxial fan with
five wide-tip airfoil blades in stationary position.

Direct Drive, Belt Drive, Duct Connection

As in tubeaxial fans, direct drive generally is preferable in small vaneaxial fans so
that obstructions to airflow (from the belt housing), belt losses, maintenance, and the
extra expense for bearings, brackets, and belt housings is avoided. Beit drive, on the
other hand, is preferable in large sizes so that the running speed can be kept low
without the use of expensive low-speed motors. Belt drive also permits better cover-

FIGURE 428 The same inlet bell with the fan wheel running and a
string being drawn in by the air stream entering the unit.
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FIGURE 429 Inlet view of a §4-in vaneaxial
fan (930 rpm, belt drive from 25-hp, 1750-rpm
motor} with a 45 percent hub-tip ratio, six cast-
aluminum aitfoil blades, and the equivalent of
eleven outlet vanes. (Courtesy of Ammerman
Division, General Resource Corporatian, Hop-

kins, Minn.)
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age of the range so that requirements
for air volume and static pressure can be
met more closely. Figure 4.29 shows a
belt-driven vaneaxial fan.

The cylindrical shape of vaneaxial
fans makes them suitable for straight-
line installation. Like tubeaxial fans,
they can be connpected to an inlet duct,
an outlet duct, or both.

Guide Vanes

As mentioned previously, the airflow
past an axial-flow fan wheel has a helical
pattern. This means that the air moves
along cylindrical surfaces with practi-
cally no radial component, only an axial
and a rotational or circumferential com-

nent.

It is the function of the guide vanes to
eliminate or at least reduce the air spin
past the fan blades. There are two ways

in which guide vanes can be provided to
perform their function of reducing the
rotational energy loss: They can be located on the outlet side or on the inlet side of
the fan blades. In the case of outlet vanes, the static pressure is produced partly by
the blades and partly by the vanes. In the case of inlet vanes, the vanes do not pro-
duce any static pressure; they merely prepare the airflow for the blades.

In order to study the two types of guide vanes, let us make a schematic sketch of
the flow pattern along a cylindrical surface for each type of vane. In order to do this,
we have to “unroll” or develop this cylindrical surface into a flat plane. This is done
in Fig. 4.30 for outlet vanes and in Fig. 4.31 for inlet vanes. These two figures show
not only the shapes of the blades and vanes but also the different v * .~ities of the air
flowing past the blades and vanes.

Outlet Guide Vanes

The function of outlet vanes is easier to understand. Figure 4.30 shows how the air-
flow will pass first through the rotating blade section and then through the station-
ary guide vane section. The airflow approaches the blades with an air velocity V; of

cfm

annular area (44)

V(] = V, =
The airflow then gets deflected by the blades and leaves the blades with velocity
V.. This velocity ¥, has an axial component Vo that, of course, has to be retained
for continuity {sc¢ Chap. I, page 1. 10 on basics). V, also has a rotational compo-
nent V,, resulting in

Vi=VVE+V? {4.5)
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FIGURE 430 Function of outlet vanes. They guide the helical airflow, produced by the rotating
blades, back 1o an axial direction, thereby decelerating the air velocity from V, to Vo,
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FIGURE 431 Function of inlet vanes. They guide the approaching axial airflow into a helical
motion, with the rotational component opposite to the fan rotation. The rotating blades then

deflect the airflow back into a more or less axial direction, thereby decelerating the air velocity
from V| to Va.
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so that V| is about 20 to 30 percent larger than V|, at the hub. At the tip, the increase
will be smaller, about 10 to 15 percent. In other words. the deflection of the airflow

will be largest at the hub, according to the following formula:
33 i
V< 233 x 10 y SP

r

(4.6)
rpm r

where V, = rotational component of the helical airflow, in fpm
SP = static pressure, in inches of water column
r = radius of the rotating blade section, in inches

The airflow then passes through the stationary vane section. These outlet vanes
guide the air stream back into the axial direction. The air leaves the guide vane sec-
tion with a velocity V, that again must be the same as V,, for continuity. In the vane
section, therefore, the airflow is decelerated from V, to V.. Some of this difference
V, — V, is converted to static pressure. This phenomenon of static recovery was
explained in Chap. 1. Figure 4.24 shows a vaneaxial fan housing with the outlet guide
vanes visible.

Inlet Guide Vanes

The function of inlet vanes is different. It is illustrated in Fig. 4.31. Here, the air is
first drawn through the stationary vane section. These inlet vanes are curved in such
a way that they guide the airflow into a helical motion whose rotational component
is opposite to the fan rotation. This rotational component should be just sufficient to
neutralize the subsequent deflection in the direction of the fan rotation that is
imposed on the airflow by the rotating blades. As a result, the air should leave the
blades in an approximately axial direction. In this arrangement, the airflow
approaches the guide vanes with air velocity

V=V, =cfm/annular area (4.4)

The airflow then is guided into a spin by the stationary inlet vanes and leaves them
with velocity

Vi=VVi+ Vi (4.5)

Again, V, is larger than V. Finally, as the air passes through the rotating blade sec-
tion, it is deflected back into an approximately axial direction and thereby is slowed
down to V, again, with some of the difference V-V, converted to static pressure.

Shape of the Guide Vanes

The shape of the guide vanes can be determined from the requirement of tangential
conditions at the leading edge of the outlet vanes and the trailing edge of the inlet
vanes. The width and spacing of the vanes follow considerations similar to those gen-
erally used in the design of turning vanes in duct elbows. The considerations are,
however, not quite the same because the airflow in elbows usually does not change
its velocity (except for the direction), whereas outlet vanes operate in decelerated
airflow and inlet vanes in accelerated airflow.

Since the guide vanes are stationary. the relative air velocities and therefore the
losses here are much smaller than in the blade section. From this 1t might be sur-



4,22 CHAPTER FOLIR

mised that the shape of the guide vanes is not quite as critical as that of the blades.
This is actually true for the outlet vanes. The shape of inlet vanes, however, is still
critical. not because of the comparatively small losses occurring in them. but because
of the indirect effect on the subsequent blades. If the helical air motion entering the
blade section is not in accordance with the calculation. the blades will not operate
under the precalculated conditions and naturally will not perform as expected. This
is one of the disadvantages of inlet vanes and an advantage of outlet vanes (others
will be discussed later).

The cross section of the guide vanes—Ilike that of the blades—can be either an
airfoil shape or a single line (as shown in Figs. 4.30 and 4.31) of proper curvature.
Airfoil vanes are made as aluminum castings (or sometimes of hollow-steel con-
struction). whereas single-sheet steel vanes are fabricated. The single-sheet steel
construction is used more commonly and will result in satisfactory performance, so
the extra expense of the airfoil construction is seldom justified. Only for certain per-
formance features (such as a wider efficiency curve) will airfoil vanes be useful.
especially in the case of the more critical inlet vanes.

The Pros and Cons of Guide Vanes

Now that the function of the guide vanes has been clarified. the first question to be
asked naturally is: In which cases is it worthwhile to provide such guide vanes? Or in
other words. in which cases should the more elaborate and more expensive vane-
axial tan be used instead of the tubeaxial fan? The answer is: The vaneaxial fan
should be used whenever higher pressure and higher efficiency are requested or
desired. The vaneaxial fan is indicated for high-pressure requirements because it
converts some of the rotational component V, back into static pressure. thereby pro-
ducing more static pressure than the tubeaxial fan. The vaneaxial fan is indicated
whenever high efficiency is desired because—owing to the higher static pressure—
the vanecaxial fan produces a larger air horsepower and therefore a higher efficiency.

The next question to be asked is: Which is the better location for the stationary
guide vanes, ahead or past the rotating blades? The answer is: Qutlet vanes will be
preferable in most cases. Let’s analyze this answer. Inlet vanes (ahead of the blades)
are occasionally (but not too often) the preferred configuration. For example, if the
motor should be on the inlet side (in order to be more accessible) and the guide
vanes should be around the motor (to save space). this would be a good reason to
use inlet vanes. Another example: If strong inlet turbulence (due to an inlet damper
or an inlet elbow or duc 10 an inadequate venturi inlet) can be expected, the inlet
vanes will give the air strcam an opportunity to somewhat smooth out before it hits
the rotating blades, so this would be another reason for inlet vanes. On the other
hand. inlet vanes have the following five disadvantages:

1. The shape of inlet vanes is more critical. as was discussed earlier.

2. By giving the air strcam a spin oppositc the fan rotation. inlet vanes obviously
result in larger relative air velocitics (relative to the blades), almost as if the fan
wheel were to rotate at a higher speed. This results in a higher noise level, however.

3. Inlet vanes, while reducing a strong inlet turbulence. will themselves produce some
slight inlet turbulenc§:. again resulting in a slightly increased noise level. In other
words, outlet vanes will be quicter if the blades operate in a fairly smooth airflow.

4. Inlet vanes are designed to compensate for the subsequent deflection of the air
stream by the rotating blades, but they can do this only for one point on the per-
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formance curves. At lower static pressures, there will still be some air spin oppo-
site the fan rotation, even past the blades. At higher static pressures, there will be
an air spin in the fan rotation despite the inlet spin from the inlet guide vanes. The
reason for this is that the deflection by the rotating blades (the rotational com-
ponent V,) is not constant but is proportional to the static pressure. as can be seen
from the formula for V.. given earlier. A remaining air spin could be quite harm-
ful. particularly if there is a converging cone past the fan, which would amplify
the spin. as illustrated in Fig. 1.8 in Chap. 1. Outlet vanes. on the other hand, will
do a better job of removing the air spin past the blades. They will do this for any
point on the performance curves, by brute force. so 10 speak. even if tangential
conditions do not prevail at the leading edge of the outlet vane.

5. The deceleration from V; to V,, with simultaneous partial conversion of kinetic
energy (velocity pressure) to potential energy (static pressure), of the airflow is
done by the rotating blades in the case of inlet vanes but by the stationary guide
vanes in the casc of outlet vanes. Obviously. the air velocity retative to the sta-
tionary outlet vancs 1s considerably smaller and therefore has smaller losses due
to turbulence than the air velocity relative to the rotating blades. This conversion.
called static regain, therefore wiil be more efficient for outlet vanes. In other
words, outlet vanes will provide more static regain.

On balance. we can say that outlet vanes will be preferable in most applications.

Velocity Diagrams, Relative Air Velocities, Blade Angles f + o

Let us repeat the formula for the static pressure SP produced at each radius of a
vancaxial fan:

SP=343x10"xrpmxzpx C; xIx W (4.2)

This formula indicates that the static pressure produced is proportional to W, the air
velocity relative to the blade. Figure 4.32 shows the velocity diagram for outlet vanes
and explains the meaning of the various velocities.

From Fig. 4.32. we note that W consists of two components: V, in axial direction
and Vy - AV, in circumferential direction. Thus we get

7 TV
W= Vis(V,—=V, 7
Jvit(va-y v A7)

and that the corresponding air angle B can be calculated from

Va
tan f = —1 (4.8)

Vg 5 v,
The corresponding blade angle must be made somewhat larger. namely.  + o. where
o 1s the angle of attack (see Figs. 2.1 and 2.4. Chap. 2. on airfoils). The angle o is deter-
mined from the characteristic curves (for an infinite aspect ratio) for the airfoil used.
The angle ot is largest at the hub (about 2° to 5°) and smallest at the tip (about 0° to 3°).
The angle & indicates the air angle past the blades. but as can be seen from Fig.
4.32, 8 is measured from the axial direction (not from the circumferential direction
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FIGURE 432 Velocity diagram for outlet vanes,
(D} -dn
A= e annular area in square feet if D and 4 are in inches
V,=cfm/A.  axial air velocity in feet per minute through the annutus
33x10° SP
V= ™/ x e rotational component in feet per minute of the helical air velocity past
R the blades

$P = static pressure in inches of water column
r=radius in inches of the rotating blade section under consideration
V, = helical air velocity in feet per minute past the blades, thatis, V="V V.2 4 V2
W, = air velocity in feet per minute relative to the leading edge of the blade
Wr = air velocity in feet per minute relative to the trailing edge of the blade
W = air velocity in feet per minute relative to the blade, average of W, and W
Va=(2m/12)xrpm  blade velocity in feet per minute of the rotating blade section

W= JV.H(V,—%IZ)’
V.

tan = v ] average direction of the relative air velocity W while passing the blade section
3= vr
2

vV,
tan5='V— direction of the air velocity V, past the blade, entering the guide vane section; also
‘ angle of the leading edge of the guide vane
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like B). The angle 8 is also the angle at the leading edge of the outlet vane. It can be
calculated from

t S—EL (4.9
an _V,, )

Figure 4.33 shows the velocity diagram for inlet vanes and again explains the
meaning of the various velocities. Here, the formula for the relative air velocity Wis

different:

f Y
W= (VI+(Vy+ZV, _
V7 +( Bt 7 ) (4.10)

The corresponding air angle B now can be calculated from

vﬂ'
tan B=——"— 4.11)

Ve+ =V,
gt 3
Again, the angle of attack « is added to B to obtain the blade angle B + o. The angle
d here is the air angle past the vane section. i.e., the angle at the trailing edge of the
guide vane. Again, it can be calculated from

tan § =2 (4.9)
and=— .
Va

Number of Blades z;

Let’s discuss a question that has been asked many times: Is there such a thing as an
optimal number of blades for a vaneaxial fan. and if there is an optimal number.
what 1s it? Let’s analyze this interesting question.

From the formula for the static pressure produced, we already know that this
pressure is proportional to the product z; x /, the number of blades times the blade
width. This means that a certain design can be modified by, for instance, doubling the
number of blades and reducing their width to one-half without any appreciable
change in the fundamental design and in the resulting performance of the unit, at
least as far as air volume and static pressure are concerned. But what about turbu-
lence and noise? They are—and this is an important point—mostly produced by the
edges (both leading and trailing edges) and not by the blade surface. Therefore.
fewer and wider blades will result in a better fan efficiency and a lower noise level.
On the other hand., if the number of blades becomes too small and the blade width.
therefore, too large. the fan hub becomes too wide axially and thus heavy. bulky,
expensive, and hard to balance. We are facing two conflicting requirements: fewer
blades for better efficiency and less noise but more blades for less weight. etc.

Aerodynamically, the optimal number of blades would be one very wide blade,
draped around the entire hub, becausc this would keep the number of blade edges
and the turbulence losses to a minimum. One wide blade, therefore, would result in
the best efficiency and in the lowest noisc level but in an impractical and costly fan
wheel. As a compromise between efficiency and cost. five to twelve blades are good
practical solutions.
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FIGURE 433 Velocity diagram for inlet vanes.
(D*-P)=n
Az T o1 annular area in square feet

V.=cim/A,  axial air velocity in feet per minute through the annulus
233x10° SP

o X7 rotational component in feet per minute of the helical air velocity past
™ the vanes

SP = static pressure in inches of water column
r = radius in inches of the rotating blade section under consideration

Vi=VV2+ V2 helical air velocity in feet per minute past the vanes
W, = air velocity in feet per minute relative to the leading edge of the blade

Wr= air velocity in feet per minute relative to the trailing edge of the blade

W = air velocity in feet per minute refative to the blade, average of W, and W
Ve=(2r/12) x1pm  blade velocity in feet per minute of the rotating blade section

V.=

W= JV.’+ V,+%V,)z
V.
tan P = Vet IV average direction of the relative air velocity W while passing the blade section
BT Yy
2
v,

tan§="7,  direction of the air velocity V, past the vane, entering blade section; also angle of the
‘ trailing edge of the guide vane

Width of Blades /

The width of the blades is measured along a curve or, to be exact, along the inter-
section of a cylindrical surface with the blades. However, measuring the blade width
straight across will resuit in almost the same dimension, except for very wide blades.
The pressure produced, as mentioned before, is proportional to the product zg x /
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After we have decided on the number of blades 2z we must now determine the
width of the blades.

At the hub, the blades must be nonoverlapping. for two reasons: Overlapping
blades might choke the airflow. and—if a simple sand casting is used—they could not
be drawn from the sand. Usually, overlapping blades will be avoided if the blade
width /1s made equal to or smaller than [ = 3.4d/z4. where o is the hub diameter and
zx 18 the number of blades. This, then. will be the blade width at the hub. In some
designs. the blade width is constant all the way from the hub to the tip of the blades.
but often it varies.

As far as the point of design is concerned. the designer has a certain amount of
freedom in selecting the blade width for the outer portion of the blades, since varia-
tions in blade width at cach radius can be compensated by corresponding variations
in the lift coefficient €, of the profile used in that section. This freedom can be used
to control certain performance features. not just concerning the point of design. The
first and most natural idea would be to make the blade narrower toward the tip
because of the greater blade velocity Vi, at the tip. In fact. many fan wheels are
designed this way. Sometimes, however, conditions are such that wide-tip blades
have certain advantages. such as a significantly lower noise level. a steeper pressure
curve, and a higher maximum pressure. However, wide-tip blades result in a deeper
stalling dip (especially for large blade angles) and in a larger brake horsepower at
the no-delivery point. The fan, of course, should never operate at the no-delivery
point. but if by an unforeseen accident it does. the brake horsepower overload might
damage the motor. Narrow-tip blades. on the other hand. result in a flatter pressure
curve, a larger free-delivery air volume. a lower no-delivery brake horsepower, and
less sensitivity of the sound level to inlet turbulence.

Number of Guide Vanes 2z,

We have already discussed the number of blades z, and have reached the conclusion
that five to twelve blades will be an acceptable compromise between good fan effi-
ciency and a reasonably low cost. Now we wonder what the number of guide vanes
Zy should be. There are only two simple rules for the determination of z,:

1. zy should be larger than z, because the guide vanes should be closer to cach
other. The risk of choking the airflow due to overlapping is remote.

2. The numbers for z; and z,- should have no common divisor; otherwise, two
blades would pass two vanes simultancously. thereby increasing the noise level.
In other words. the occurrence of blades passing vanes should be staggered
rather than concentrated. Supposce that zz = 6. This would rule out the numbers
8.9.10.12. 14, and 15 for z,. Seven vanes would be spaced too far apart. except
in a very small fan. say, a fan of 5-in diameter or less. Thus 11 or 13 vanes would
be a good selection.

Suppose that z; = 7. This would be a good selection for the number of blades. It
would make the fan wheel fairly narrow in axial direction and easy to balance. And
it would go with any number of vanes 2, except 14, In fact. 10. 11,12, 13, and 15 vanes
would all go well with seven blades.

Suppose that we have 13 guide vanes. but 2 or 3 of them have to be skipped
because they would interfere with a belt housing or a motor support. The remaining
10 or 11 guide vanes then would be spaced as if there were 13 guide vanes.
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TWO-STAGE AXIAL-FLOW FANS

Two-stage axial-flow fans are sometimes a good solution for applications where
higher static pressure is required or (as mentioned on page 4.9) where the static pres-
sure per stage should be reduced so that a smaller hub diameter can be used. There
are two ways to design a two-stage axial-flow fan: (1) with two fan wheels rotating in
the same direction and with guide vanes placed between the two stages (Fig. 4.34) or
(2) with two counterrotating fan wheels and no guide vanes at all (Fig. 4.35). By either
method, the two-stage unit will approximately double the static pressure.

Two-Stage Axial-Flow Fan with the Same Rotation for Both Stages

In the first configuration, a double-shaft extension motor can be placed between the
two fan wheels, as shown in Fig. 4.34, or two separate motors can be used. The sta-

N N o

/‘

FIGURE 4.34 Two-stage axial-flow fan with a 66 percent hub-tip ratio and
direct drive from a double-shaft extension motor. Guide vanes between the
two fan wheels act as outlet vanes for the first stage and as inlet vanes for the
second stage.
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FIGURE 4.35 Two-stage axial-flow fan with a 66 percent hub-tip ratio, two counter-
rotating fan wheels, direct drive from two motors, and no guide vanes.
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tionary guide vanes also will be between the two fan wheels. Their function is shown
in Fig. 4.36. They pick up the helical airflow produced by the rotating blades of the
first stage and—due to their curvature—reverse the rotational component V, to the
opposite rotation, whereby the air velocity first decelerates and then accelerates
again. In other words, they act as outlet vanes for the first stage and as inlet vanes for
the second stage, as shown in Figs. 4.34 and 4.36. The rotating blades of the second
stage then deflect the airflow back into a more or less axial direction, thereby decel-
erating the air velocity from V. to V; = V,,. This configuration has the advantage that
the same fan wheel usually is used for both stages, even though theoretically the sec-
ond-stage fan wheel should have slightly smaller blade angles.

Two-Stage Axial-Flow Fan with Counterrotating Stages

In the second configuration, as illustrated in Fig. 4.35, the two fan wheels run in
opposite directions and are driven by two separate motors. The air spin produced by

¢ e
First stage y y AXS@
rotating blades Rotatton
\ 0 |

v,

Stationary guide vanes
between the stages

/ V/ "o/
‘—
Second stage
rotating blades _ Rotation

FIGURE 4.36 Function of two-stage axial-flow fan with both stages rotating in the same direction
and with guide vancs between the two stages. The stationary vanes reverse the helical airflow from
the first stage into the opposite rotation, whereby the velocity first decclerates and then accelerates
again. The rotating blades of the second stage then deflect the airflow back into a morce or less axial
direction, thereby decelerating the air velocity from Vs to Vs,



4.30 CHAPTER FOUR

the first stage is more or less neutralized by the deflection produced by the second
stage, as shown in Fig. 4.37. As a result. no guide vanes are needed. which reduces the
manufacturing cost somewhat and compensates for the possible extra expense of
two motors instead of one. Another advantage of this configuration is that in case
that one of the two motors should fail. the unit can still deliver some air with only

one stage running.

Performance of Axial-Flow Fans

The performance of fans is determined by laboratory tests. The test methods are
described in a manual prepared jointly by the Air Movement and Control Associa-
tion, Inc. {AMCA) and the American Society of Heating, Refrigeration and Air
Conditioning Engineers, Inc. (ASHRAE). Various standard setups (such as test
ducts and test chambers, both for blowing and for exhausting) are specified in the
manual. They will be discussed in detail in Chap. 18. After a test has been run. the test
data are processed (subjected to certain calculations). and the results are plotted on
a graph. such as shown in Figs. 4.38 and 4.39.

Pressure Curve

Figure 4.38 shows the shape of a typical static pressure versus air volume curve. It
certainly has a strange shape, first going up, then going down, and then going up
again. What causes this obviously inconsistent behavior of an axial-flow fan? Let's

¢ e
First stage
rotating blades Rotation

Vo | \ V1

vr

Second stage ]
rotating blades %% % , Rotation

V2=V

FIGURE 4.37 Function of two-stage axial-flow fan with two counterrotating fan wheels and no
guide vanes. The rotating blades of the first-stage fan wheel deflect the airflow into a helical motion.
thereby accelerating the velocity from V; to V.. The rotating blades of the second-stage fan whee!
then deflect the airflow back into a more or less axial direction, thereby decelerating the air velocity
from V, to V..
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FIGURE 4.38 Static pressure versus air volume for a vaneaxial fan with a large hub-tip
ratio and with large blade angles.

analyze it. Starting at the free-delivery (S = 0) point, the static pressure rises to a
peak value. This is the good operating range of the fan, from free delivery to the
peak pressure. As the air volume—due to increasing restrictions—gradually
becomes smaller in this operating range, the axial air velocity V, gradually
decreases, too. As a result, both the angle of attack (between the relative velocity W
and the airfoil or single-thickness profile) and therefore the lift coefficient C, will
increase (see Fig. 2.5). This increase in the lift coefficient is the reason why the static
pressure increases as the air volume decreases. When the maximum lift coefficient
is reached, the angle of attack has become so large that the airflow is no longer able
to follow the upper contour of the airfoil or profile, and it separates from that upper
contour. The fan then stalls. From here on. the lift coefficient starts to decrease, as
shown in Fig. 2.5, and the static pressure decreases with it. If nothing else wouid
happen, the static pressure would go all the way down to zero. as indicated by the
dashed line in Fig. 4.38. In other words. the static pressure versus air volume curve
would look similar to the C, versus o curve in Fig. 2.5, It would first rise and then
fail. However. something else happens. After a more or less pronounced stalling dip
in the static pressure curve, the axial-flow fan starts acting like an inefficient and
noisy mixed-flow fan. (Low efficiency and high noise level usually go together in
fans because they both are the result of air turbulence and eddies.) As the airflow
approaches the fan inlet. the blades throw the air outward by centrifugal force and
in this way produce the static pressures of the stalling range, which keep increasing
until the point of no delivery (zero cfm) 1s reached. Figures 4.40 and 4.41 show a
comparison of the airflow in the operating range and in the stalling range. In the
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Volume (CFM)

FIGURE 4.39 Static pressure, brake horsepower, mechanical efficiency, and sound level
versus air volume for a vaneaxial fan with a large hub-tip ratio and with large blade angles.

operating range, the airflow passing through the unit is smooth and quiet, without
any eddies. In the stalling range, the airflow is turbulent, inefficient. and noisy. It
crowds toward the tips of the blades, and some of it even forms eddies past the
blades and returns to the roots of the blades to be thrown outward again. especially
as the point of no delivery is approached.

The depth of the stalling dip is minor if the hub-tip ratio and the blade angles are
Zmall. For larger hub-tip ratios and larger blade angles, the stalling dip becomes

eeper.

Pressure Safety Margin

Precaution must be taken in the selection of axial-flow fans so that the unit, when
installed in the field. will not operate in any part of the inefficient and noisy stalling
range. For this reason, a pressure safety margin of 30 to 50 percent should be pro-
vided. This means that the maximum operating pressure of the selected unit.i.e.. the
peak pressure of the operating range, should be 30 to 50 percent higher than the
pressure required for the application. This pressure safety margin will allow for pos-
sible errors that may have been made in the determination of system resistance and
to allow for possible fluctuations of the system.

Using a 30 to 50 percent pressure safety margin is good practice. If the safety mar-
gin were too small, there would still be the risk that the installed unit might operate
in the stalling range. On the other hand., if the safety margin were larger than really
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FIGURE 4.40 In the good operating range, the airflow passing through a
vaneaxial fan is smooth and has no radial components.
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FIGURE 4.41 In the stalling range, the airflow passing through a vane-
axial fan is turbulent, with eddies and with radially outward components.
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necessary, this would increase the motor horsepower required. Thus 30 to 50 percent
is a good compromise between risk and excessive brake horsepower.

Curves for Brake Horsepower, Efficiency, and Sound Level

Coming back to Fig. 4.39.it shows the gencral shape of the performance curves for an
axial-flow fan. Four curves are plotted against volume output (cfm).showing the vari-
ation of the static pressure. brake horsepower. mechanical efficiency. and sound level
for varving air volumes. We have already discussed the shape of the pressure curve,
The following characteristics are to be noted 1n the shape of the three other curves

The brake horsepower curve also first goes up. then goes down, and then goes up
again, but the variations are less than in the pressure curve. The brake horsepower at
the no-delivery point may be higher or lower than the maximum brake horsepower
in the operating range, depending on the design. As mentioned previously, wide-tip
blades have the advantage of a lower noise level but the disadvantage of motor over-
load at the no-delivery point.

The efficicncy curve has its maximum point at 65 to 80 percent of the peak pres-
sure. As can be seen in Fig. 4.39, the curve drops off on both sides of this maximum
point.

The sound-level curve has its minimum somewhere in the operating range. usu-
ally ncar the point of maximum efficiency. It shows little variation within the oper-
ating range but shows a sudden increase as the stalling point is approached. where
the airflow becomes turbulent. After this sudden increase. which in the range of
higher tip speeds is often as much as 25 dB. the unit stays noisy throughout the
stalling range and again shows little variation within this range. We might say that
the sound-level curve has two levels: a ow level in the operating range and a high
level in the stalling range. The quality of the sound also changes noticeably from a
predominantly musical note in the operating range to a low-pitch rumbling noise in
the stalling range. The frequency of the musical note is equal to the number of blades
times the revolutions per second. This is s0 accurate that one can even use this as a
mcthod to determine the revolutions per minute (speed) of an unaccessible axial-
flow fan installed in a system. We simply check the musical note with a pitch pipe.
look up its frequency fin Table 4.1, and calculate the speed from the frequency fand
the number of blades 2, using the following formula:

rpm = 60f/z, (4.12)

Suppose the fan has seven blades and the musical note is A+ having a frequency of 220
vibrations per second. The running speed of the fan then will be 60 x 220/7 = 1886 rpm.

Influence of Hub-Tip Ratio on Performance

We have already c:s‘lablishcd that a larger hub diameter enables a vaneaxial fan to
produce more static pressure. In the section on minimum hub diameter we intro-
duced the formula

e = (19.000/rpm)\ SP (4.1)
Solving this equation for static pressure. we gel

SP = (dp,, x rpm/19,000Y (4.13)
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TABLE 4.1 Musical Notes and Their Frequencies (vibrations per second)

Musical Frequency Musical Frequency Musical Frequency
note / note ! note f
A 110 A, 220 A, 440
Au.‘ 1 17 An 233 As.l 466
B. 123 B 247 B, 494
C. 131 C, 262 Cs 523
Cax 139 Cia 277 Ca 554
D. 147 D, 294 D, 587
D.: 156 D, 311 D 622
E; 165 E, 330 E 659
F: 175 F, 349 Fes 698
Fex 185 | 370 Fs 740
G; 196 G, 392 G« 784
G 208 Gy 415 Gus 831
Aq 880

This indicates that the static pressure produced increases as the square of the hub
diameter or, for a constant wheel diameter D, as the square of the hub-tip ratio. In
order to illustrate this. let’s compare the performances of two vaneaxial fans having
the same wheel diameter and running at the same speed but having different hub-tip
ratios. Such a comparison of performances is shown in Fig. 4.42. I tested two 29-in
vaneaxial fans with outlet vanes and plotted their performance curves. Both fans had
five blades and 16° blade angles at the tip, and both ran at 1750 rpm, but their hub-
tip ratios were 52 and 68 percent, respectively. Analyzing the graph shown in Fig.
4.42, we find the following differences between the two static pressure curves:

1. The first fan, with the 52 percent hub-tip ratio. produced a maximum static pres-
sure of 3.05 inWC. The second fan, with the 68 percent hub-tip ratio. produced a
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FIGURE 442 Comparison of the performances of two 29-in vaneaxial fans at 1750 rpm with five
blades. cleven outlet vances, 167 tip angles, and hub-tip ratios of 52 and 68 percent.
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considerably higher maximum static pressure (as could be expected). namely,
4.75 inWC,

2. According to the formula. the second tan should produce (0.68/0.52) x 3.05 =
5.22 inWC of maximum static pressure. The reason why it actually produced
about v~ inWC less than this is that the hub diameter is not the onlv parameter
influencing the static pressure. The blade width is the other parameter. It so hap-
pened that the second fan had a slightly narrower blade tip. and this resulted in a
slightlv lower maximum static pressure.

3. On each curve, the point of maximum efficiency is indicated. It occurs at 2.1
inWC for the first fan and at 3.4 inWC for the second fan. According to the for-
mula. the sccond fan should produce (0.68/0.52)° x 2.1 = 3.6 inWC at the point of
maximum efficiency. Again, the slightly lower static pressure actually produced is
a result of the slightly narrower tip.

4. While the first fan produces less static pressure, it delivers more air volume and
therefore has a flatter pressure curve. The reason for this is the larger annular
area resulting from the smaller hub diameter.

5. The second fan has a pronounced stalling dip. whereas the first fan has just a
slight reversed curvature in the pressure curve. Vaneaxial fans with larger hub-tip
ratios have deeper stalling dips.

Influence of the Blade Angle on Performance

Figure 4.43 shows the performance of a typical 36-in vaneaxial fan running at 1750
rpm. This fan has a 23-in hub diameter, corresponding to a 64 percent hub-tip ratio,
and ten blades with sheet metal profiles (not airfoils), with the blade widths varying
from 7V in at the hub to 11 in at the tip. The blades had a 12° twist from hub to tip,
and the blade angles were varied over a wide range. resulting in tip angles from 13°
(10 hp) to a maximum of 33° (50 hp). In Fig. 4.43, we note the following:

1. Seven static pressure curves are shown, for tip angles of 13° (10 hp). 16° (15 hp),
19° (20 hp). 22° (25 hp). 25° (30 hp). 29° (40 hp), and 33° (50 hp).

2. Let’s analyze the performance shown for the middle curve, which uses a 22° tip
angle and a 25-hp motor. It has a maximum static pressure of 6.2 inWC. The max-
imum efficiency occurred at a static pressure of 4.5 inWC, so the pressure safety
margin was 38 percent. The volume at this point was 22,700 c¢fm. Calculating the
minimum hub diameter. we get doi, = (19.000/rpm)VSP = (19.000/1750)\/4.5 =
23.0in. This is the hub diameter we actually used. Calculating the minimum wheel
diameter, we get Dy, = \/d" + 61 (cfm/rpm) = /137 + 61 x 22,700/1750 = V529 + 791
="V1320 =36.3 in. We actually used a 36-in wheel diameter.

3. Asthe b_lade angles were increased from 13° to 33°, the air volume (cfm) dou-
bled, while the maximum static pressure increased by about 50 percent and the
stalling dip deepened.

Some manufacturers make axial-flow fan wheels with adjustable-pitch airfoil
blades. This angular adjustment can be accomplished in various ways. My U.S. patent
no. 4,610,600 describes one method that maintains good fan efficiency. Usually, the
adjustment is done with the power shut off, but some designs permit automatic “in-
flight™ adjustment.

From the performance curves shown for this 36-in vaneaxial fan at 1750 rpm, one
could calculate the performance curves for other running speeds and for other sizes
as long as they are in geometric proportion with the 36-in size. These conversions for
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FIGURE 4.43 Pecrformance of a 36-in vancaxial fan at 1750 rpm with tip angles varied from 13°
(10 hp) 10 33° (50 hp). (From Bleier, F. P., Fans, in Handbook of Energy Systems Engineering. New
York: Wiley, 1985.)

other speeds and sizes are done by using certain formulas known as fan laws. These
will be discussed in Chap. 5.

Comparison of Performance for the Four Types of Axial-Flow Fans

Figure 4.44 shows a comparison of the static pressure curves for the four types of
axial-flow fans, all having the same wheel diameter and the same running speed.
While the general shape of the four curves is similar, the range of static pressures
is quite different. The propeller fan delivers the largest air volume but produces
the lowest static pressure and therefore has the flattest pressure curve. The tube-
axial fan is in the middle. The vaneaxial fan delivers less volume in the low-
pressure range but produces the highest static pressure and therefore has the
steepest pressure curve.

Figure 4.44 also shows some parabolic curves that intersect the pressure curves.
These parabolic curves are called system characteristics because they characterize
the system (ducts, coils, elbows, dampers, etc.). the same as the pressure curves char-
acterize the fan. System characteristics will be discussed in more detail in Chap. 5.
For the time being, let’s just say that they show the static pressure nceded to over-
come the resistance of the system and that this static pressure increases as the square
of the air volume to be blown or drawn through the system. The point of intersection
of the fan's pressure curve with the system characteristic will be the point at which
the fan will operate in this system.

Table 4.2 shows the highlights of this discussion of the four types of axial-flow
fans: propeller fans. tubeaxial fans. vancaxial fans. and two-stage axial flow fans. This
table again shows that the sequence propeller, tubeaxial, and vaneaxial indicates the
general trend of increasing hub diameter, static pressure, and efficiency. The effi-
ciencies shown on the last line of the table arc the maximum mechanical efficiencies
that can be obtained with a superdeluxe model. Practical fan efficiencies usually are
slightly lower. Belt-driven units, again, have slightly lower efficiencies.
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FIGURE 4.44 Comparison of static pressure curves for four types of axial-
flow fans having the same wheel diameter and the same running speed.
Parabolic curves indicate four system characteristics through the maximum
efficiency point of cach fan. (From Bleier F. P, Fans, in Handbook of Energy
Svstems Engineering. New York: Wiley, 1985.)

INFLUENCE OF THE TIP CLEARANCE ON THE
PERFORMANCE OF VANEAXIAL FANS

Figures 4.45 through 4.47 show the results of a series of tests I conducted on a 29-in
vaneaxial fan running at 1750 rpm. I started with a unit having a Vie-in tip clearance
and then machined the fan wheel outside diameter down by ¥is in on the radius for
a Y-in tip clearance and retested the unit. I repeated this process several times until
I finally had a 1-in tip clearance. Not that I ever expected to use such a large tip
clearance. I just wanted to determine exactly what the performances at these differ-
ent tip clearances would be. These curve sheets indicate that for increasing tip clear-
ances, the following changes in performance occur:

1. The air volume decreases, but not too much.

2. The maximum static pressure in the operating range decreases considerably,
from 2.5 in at a Vie-in tip clearance to 1 in at a 1-in tip clearance.

3. The brake horsepower in the operating range decreases considerably, but not as
much as the static pressure.

4. As a result, the mechanical efficiencies decrease considerably, from a maximum
of 82 percent at a Vis-in tip clearance, to 72 percent at %« in, to 60 percent at '¥ie
In, to 58 percent at | in.
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TABLE 4.2 Tvpical Features of Axial-Flow Fans with Direct Drive

4.39

Single-stage

Two-stage

Type Propeller Tubeaxial vaneaxial axial-flow
of fan fan fan fan fan
Casing Mounting ring Short Cvlindrical Long
or cylindrical housing cylindrical
Mounting panel housing housing
Motor Inlet side Inside housing,  Inside housing.  Inside housing,
support of pancl outlet side outlet side between the
preferred preferred preferred two stages
Guide None None Past fan wheel  Between the two
vanes preferred stages or none
Hub-tip 0-40% 30-50% 45-80% 50-80%
ratio
SP (inW() -1 V-2V 1-9 4-18
Blade 30-50° 30-50° 30-60° 30-60°
angle
at hub
Blade 10-25° 10-25° 10-35° 10-35°
angle
at tip
Maximum 70% 75% N % 70%
mechanical

efficiency

5. The noise level at free delivery increases somewhat, from 73.5 dB at a Vie-in tip
clearance to 76 dB at a ¥-in tip clearance.

6. The noise level in the stalling range goes up and down periodically. fluctuating
between 96 and 108 dB. This seems to be the result of a resonance condition. It
reaches maxima at tip clearances of V4, 2, and % in. This may be an interesting
finding, but it is of no practical value, since the fan should never be used in the
stalling range.

What is of practical value is what we found about the performance in the operat-
ing range, that the smallest possible tip clearance will result in optimal performance
in all respects: pressure, efficiency, and noise level. In small vaneaxial fans, it would
be worthwhile to machine the wheel outside diameter and the housing inside diam-
eter so that a small tip clearance can be held. In larger fans, this would be too expen-
sive, and as a compromise between cost and performance, a somewhat larger tip
clearance will have to be accepted.

Tubeaxial and propeller fans produce lower pressures and efficiencies than
vaneaxial fans. A larger tip clearance. therefore, is less harmful in these fans.

VANEAXIAL FANS WITH SLOTTED BLADES

Figure 2.6 showed how the airflow will pass smoothly over an airfoil blade, thereby
producing a lift (see Fig. 2.1). most of which is the result of negative suction pressure
on the top side of the airfoil. This lift results in the static pressure produced by the
fan. As the angle of attack gets larger and larger, the lift and therefore the static pres-
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FIGURE 4.45 Influcnce of tip clearance on the pressure and brake horsepower curves of
a 29-in vancaxial fan running at 1750 rpm.

sure become larger too, but there comes a point where the angle of attack becomes
so large that the airflow can no longer follow the airfoil contour and will separate
from the upper (suction) side of the airfoil. as shown in Fig. 2.7. In a typical airfoll,
this will happen when the angle of attack reaches about 10° to 15°.

Please note that this 10° to 15° is not the blade angle. The blade angle is much
larger. The blade angle is § + o where B is the air angle, which can be calculated from
the velocity diagrams (Fig. 4.32 for outlet vanes or Fig. 4.33 for inlet vanes):

Va

tan f = for outlet vanes (4.8)
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FIGURE 4.46 Influence of tip clearance on the efficiency and noise-level curves of a 29-in
vaneaxial fan running at 1750 rpm.

Vv :
tan = —'l—- for inlet vanes (4.11)

V” + '2_V,
As mentioned previously, outlet vanes are preferable in most applications.
In other words, whenever the angle of attack exceeds about 15°, separation of air-
flow will occur, and the stalling range of the vaneaxial fan will start.
The so-called slotted blade was patented by Dr. Herman E. Sheets in 1943 and is
manufactured in small sizes by General Dynamics Corporation. The slotted blade
will delay separation of the airflow and thereby extend the good operating range of
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FIGURE 447 Summary of the influence of tip clearance on the performance of a 29-in
vaneaxial fan running at 1750 rpm.

a vaneaxial fan. It will permit larger blade angles and larger angles of attack, result-
ing in higher lift coefficients and thereby in higher maximum static pressures before
stalling starts. How does the slotted blade accomplish this?

Figure 4.48 shows how the slotted blade functions. It really is not one slotted
blade but consists of two slightly overlapping airfoil blades with a slot between the
trailing edge of the first blade and the leading edge of the second blade. Figure 4.48
shows this configuration and the air velocities relative to the rotating blades. As the
airflow approaches the leading edge of the first blade, it divides into an upper air-
flow and a lower airflow, the same as in a normal (not slotted) blade.

The lower airflow passes under the bottom of the first blade and then again
divides into two branches. Most of it will pass under the second blade and past the
second blade, but a small portion will pass through the slot between the two blades
with a high velocity because the slot is narrow. After passing through the narrow
slot, this small portion of the lower airflow then will flow over the top of the second
blade and join the rest of the lower airflow.
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First blade

Rotation

P Air flow, trying to scparate
" from first blade. is drawn

e back by suction from the
\ _ high-velocity air flow through

_.~~" the slot between the two blades.
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the combined . '/
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FIGURE 4.48 Function of the slotted blade. The flow arrows shown represent relative air veloci-
tics (relative to the moving blades). The absolute air velocities would be the vector sum of the rela-
tive air velocities plus the blade velocity. The absolute air velocities past the blades would have a
strong spin to the left, which then would be neutralized by the outlet guide vanes, the same as for a
solid blade.

The upper airflow will pass over the top of the first blade and then over the top
of the second blade, as long as the angle of attack at the first blade is small. However,
as the resistance of the system increases, the angle of attack at the first blade
increases too, until a point is reached where the angle of attack at the first blade
becomes too large and the airflow can no longer follow the upper contour of the first
airfoil so that the airflow would separate from the top contour of the first airfoil, if
nothing else happens.

However, something else does happen that will delay the separation of the air-
flow from the top of the first airfoil. Actually. two things happen:

1. One is the high-velocity air stream through the slot. According to Bernoulli, this
high-velocity air stream will produce a low-pressure area—in fact. a negative suc-
tion pressure past the slot. This suction pressure will draw the airflow coming
from the top of the first blade back to the top contour of the second blade.

2. The second thing is the negative pressure produced by the suction side of the scc-
ond airfoil. This negative pressure assists in drawing the airflow back. Both phe-
nomena together will prevent flow separation for awhile.

This means that the slotted blade can go to steeper blade angles, larger lift coef-
ficients, and higher static pressures. Furthermore, because of the larger blade angles.
there is room for more blades. which again results in higher static pressures. The
maximum static pressure thus obtained casily can be double that of a normal blade.
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The air volume also 1s increased due to the larger blade angles. This means that a cer-
tain requirement for air volume and static pressure can be fulfilled with a lower
speed or with a smaller fan. This will make up for some of the increased cost of the
slotted blade.

The high static pressure produced by the slotted blade results in a deep stalling dip
and in a no-delivery static pressure that is smaller than the maximum static pressure
in the operating range. With this unconventional appcarance of the pressure curve,
the user must be doubly careful that the fan will not operate in the stalling range.

APPLICATIONS WITH FLUCTUATING SYSTEMS

Figure 4.39 showed the usual shape of the performance curves for a vaneaxial fan.
The brake horsepower curve shown has a no-delivery value just slightly above the
maximum brake horsepower in the operating range. This is still acceptable. In some
designs, however, the no-delivery brake horsepower rises considerably above the
maximum brake horsepower in the operating range. This happens whenever the
blade width at the tip is much wider than the blade width at the hub and the blade
angles are small. As mentioned, wider tips have the advantage of lower noise levels.

Even though the fan should never operate in the stalling range, there are instal-
tations where the fluctuations of the system become so great that—despite the pres-
sure safety margin—the operating point is temporarily switched into the stalling
range, sometimes even to the no-delivery point. This may happen. for example, when
wind pressure works against the outlet of a system, when intake dampers for the
makeup air of an exhaust system are accidentally closed, or when the cooling coils of
a refrigerating system freeze up.

In applications where this could happen, the unit should be designed in such a
way that the no-delivery brake horsepower is kept below the motor horsepower. In
other words, wide-tip blades may have to be avoided in such applications. The prob-
lem of controlling the no-delivery brake horsepower is hardest in cases of small
aerodynamic load, such as propeller fans and fans with small blade angles. The prob-
lem is relatively easier in cases of hcavy aerodynamic load such as vaneaxial fans
with large blade angles or with slotted blades.

Since the operating range is the most important range, it occasionally may hap-
pen that the no-delivery brake horsepower would overload the motor. In such cases,
the motor should be equipped with overload protection.

NOISE LEVEL

The noise level produced by well-designed axial-flow fans is lower than that of cen-
trifugal fans of the same tip speed, but it is more sensitive to the effect of turbulent
airflow (which will raise the noise level). Here is a list of factors (in the order of
importance) that produce noise and therefore should be avoided when quiet opera-
tion is desired:

1. Operation in the stalling range
2. High tip speed
3. Lack of an inlet bell if installed without an inlet duct
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4. Obstructions in the air stream ahead of and close to the blades (support arms.
belt housing, conduit pipes)

Elbows in the duct work ahead of and close to the fan inlet

Inlet guide vanes as opposed to outlet guide vancs

Obstructions in the air stream past and close to the fan blades

Vibrations due to poor balance or due to a resonance condition
Single-thickness blades as opposed to airfoil blades.

10. Many narrow blades as opposed to fewer and wider blades (because as men-
tioned previously, it is the blade edges, particularly the trailing edges. rather than
the blade surfaces that produce turbulence and therefore noise)

© ® N

Figure 4.49 shows a comparison of the noisc-level curves for two vaneaxial fans
of the same size and speed, one having outlet vanes (solid line) and one having inlet
vanes (dotted line). The curve for outlet vanes has the typical shape that was shown
in Fig. 4.39. The pronounced difference between the operating and stalling levels
indicates that the airflow in the operating range is smooth and stable. If it were tur-
bulent, the operating level would be almost as high as the stalling level.

The curve for inlet vanes has the same basic shape, but it shows a higher operat-
ing noise level than the curve for outlet vanes. The difference between the two
ranges, therefore, is smaller for inlet vanes. This is due to the increase in the relative
air velocities caused by the inlet vanes, which naturally has the strongest effect in the
operating range and practically no effect in the stalling range.

OUTLET DIFFUSER AND OUTLET TAIL PIECE

An outlet diffuser and an outlet tail piece, as shown in Fig. 4.7, are sometimes used
in large vaneaxial fans. Their function is to provide for a gradual increase in the
annular area toward the outlet and consequently for a gradual decrease in the air
velocity, thereby avoiding abrupt changes and improving the flow conditions with

Qutlet vanes

Sound level (Db)

Volume (cfm)

FIGURE 4.49 Sound-level curves for vaneaxial fans.
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respect to static regain. i.e. (sce page 1.12), the reconversion of useless to useful
energy. For best results, the two cones, one diverging and one converging, are long
and have small angles, about 6 with the center line. Such a diffuser and tail piece will
increase the fan efficiencies by about 4 percent. due to a slight increase in air volume
and static pressure. This may permit a slight blade angle reduction and consequently
a slight reduction in the brake horsepower. In large units, such as thosc used for mine
ventilation, this brake horsepower reduction may be considerable.

The diffuser and tail piece. on the other hand. have the disadvantages that they
make the unit longer and more expensive, and in case of direct motor drive. they reduce
the motor cooling effect of the air stream and the accessibility of the motor.if the motor
is located on the outlet side. They are therefore often omitted in small and medium-
sized units. In very large units, however, where belt drive is used and the motor is
located outside the housing, the outlet diffuser and tail picce are usually included.

SELECTION OF AXIAL-FLOW FANS

Table 4.2 indicated that the sequence propeller. tubeaxial. vaneaxial, and two-stage
axial indicates the general trend of increasing static pressure. For even higher pres-
sures, centrifugal fans are used, as will be discussed in Chap. 7. The ranges of the var-
ious types overlap. For example, the borderline between tubeaxial and vancaxial
fans is quite flexible. In addition, the range for centrifugal fans widely overlaps with
the range for two-stage axial-flow fans and even with the range for single-stage
vaneaxial fans. Keeping all this in mind, T will give four examples of how to select
axial-flow fans. This section will explain certain procedures used in fan selection. The
same procedures then can be applied in other fan selections.

The problem of fan selection usually presents itself in the following manner: A
certain air volume and static pressure are required for a certain system. Often the
customer will even make a fan selection, by suggesting the type and size of fan. the
fan speed. and the motor horsepower. The first step will be to check whether all
these data are acceptable and whether perhaps a better selection could be made.

Example 1: Suppose the requirements call for 20,600 cfm at a static pressure of 2
inWC to be produced by a 30-in vaneaxial fan with a belt drive at 2000 rpm from a
10-hp motor. Let's check these data. A 30-in vaneaxial fan will have an outlet area
OA of 5.1 ft*. As mentioned in Chap. 1. the outlet velocity OV will be 20.600/5.1 =
4039 fpm. and the corresponding velocity pressure VP will be (4039/4005)° = 1.02
inWC. The total pressure will be TP=SP+ VP =2.00+ 1.02 =3.02 in WC, and the air
horsepower ahap will be (cfm x TP)/6356 = (20.600 x 3.02)/6356 = 9.29. With a 10-hp
motor, as required by the customer. this fan would have to have a 93 percent
mechanical efficiency. which is more than can be expected. This means that a 10-hp
motor would be overloaded. A 15-hp motor will be needed in order to get 20,600 c¢fm
at a static pressurc of 2 inWC from a 30-in vaneaxial fan.

Please note that the fan speed did not enter into this calculation. In other words.
in order to get 20.600 ¢fm at a static pressure of 2 inWC from a 30-in vaneaxial fan.
a 15-hp motor will be required. regardless of what the fan speed will be.

Next, let’s calculate the minimum hub diameter d,,,, and the minimum wheel
diameter D, for these requirements, using our formulas (see pages 4.7 and 4.9).
The minimum hub diameter d,,, will be d,, = (19.000/rpm)VSP = (19.000/
2000)V/2 = 13.44 in. We decide to make d = 14 in. This will give us a hub-tip ratio
of 14/30 = 0.47. Table 4.2 shows that vaneaxial fans have hub-tip ratios from 45 to
80 percent, so our 47 percent is within this range.
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Next, we calculate the minimum wheel diameter Dy, [t will be

Dy = Vd& + 61(cfm/rpm) = V' 147 + 61(20.600/2000)
=V 196 + 628 =28.71 in

Our 30-in wheel diameter is larger than the 28.71-in minimum wheel diameter we
obtained by calculation. The 30-in wheel diameter suggested by the customer. there-
fore, is a good figure.

Now we are ready to study the rating tables published in vaneaxial fan catalogs.
Table 4.3 shows such a rating table for a 30-in vaneaxial fan with belt drive, taken
from the vancaxial fan catalog of the Ammerman Division of the General Resource
Corporation. Figure 4.29 shows a photograph of this belt-driven vaneaxial fan. From
table 4.3 we note the following:

1. This is the customary format to present the performance of belt-driven vaneaxial
fans, with the static pressures shown on top, the volumes and outlet velocities
shown on the left side. and the speed (rpms) and brake horsepowers shown at the
cross points. Later we will explain how these performance tables can be calcu-
lated from performance tests.

2. For this 30-in vaneaxial fan, we find figures rather close to our requirements. For
20,629 cfm and a static pressure of 2 inWC, this fan will run at 2061 rpm and con-
sume 14.1 bhp. A 15-hp motor would be all right.

As a rule, we can obtain the same air volume and static pressure with a larger fan
at a lower speed. This larger fan will have two advantages:

1. It will have a lower power consumption (bhp) and therefore a lower operating
cost.

2. Tt will have a lower tip speed and therefore a lower noise level.
The smaller fan, on the other hand, also will have two advantages:

1. It will be more compact.
2. It will have a lower first cost.

To check these four points, let us look at the rating table for the next larger size in
the Ammerman catalog, i.e., the 36-in size. 1t 1s shown in Table 4.4. We find the fol-
lowing comparative data for these two sizes of vaneaxial fans:

Size (in) 30 36
Speed (rpm) 2061 1395
Volume (cfm) 20,629 20,625
SP (inWC() 2.00 2.00
Brake horsepower (bhp) 14.1 11.1
Tip speed (fpm) = 16,187 13.148

= (D/12)nrpm

Comparing these figures for the 30- and 36-in sizes, we find the following:

1. For the 36-in size. the tip spced will be 19 percent lower, for a reduced noise level,
an important consideration.
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452 CHAPTER FOUR

2. For the 36-in size, the brake horsepower will be 21 percent lower, so the operat-
ing cost will be considerably lower. This will offset the higher first cost of the 36-
in fan. With an 11.1 bhp, we might even get by with a 10-hp motor, This, again, will
compensate for the higher first cost of the 36-in fan.

In view of these conditions, the 36-in vanecaxial fan probably will be preferable.

Example 2: An inexpensive fan should be selected that will deliver 5100 cfm or
preferably more against a static pressure of ¥ inWC and that will be quiet enough
for installation as an exhaust fan in a record store. Since the static pressure is only ¥4
inWC, it will be a propeller fan, as pictured in Fig. 4.50. We look at Table 4.5, show-
ing an Ammerman catalog sheet for propeller fans, both for direct drive and for belt
drive. We select a 36-in propeller fan with belt drive at 575 rpm from a %-hp motor.
This fan will deliver 5142 cfm at a static pressure of ¥4 inWC. 1t has a low tip speed
of 5419 fpm, so it will have a low noise level.

If this fan were for installation in a factory, where quiet operation is not required,
we wolld select from the same Ammerman catalog sheet a 24-in propeller fan with
direct drive from a %-hp, 1140-rpm motor. This fan will deliver 5811 cfm at a static
pressure of ¥4 inWC, It will have a tip speed of 7163 fpm (32 percent larger) and
therefore will have a higher noise level, but it will deliver 13 percent more volume
and it will be less expensive due to the smaller size and the direct-drive arrangement,
which eliminates two pulleys, two bearings, a bearing base, and a belt. The %-hp,
1140-rpm motor will be slightly more expensive than the ¥-hp, 1750-rpm motor used
for the belt-drive arrangement in the 36-in propeller fan.

Example 3: An axial-flow fan should be selected that will deliver 25,000 cfm at a
static pressure of 3%z inWC, a considerable static pressure that probably will require
a vaneaxial fan but possibly could be produced by a less expeansive tubeaxial fan. We
first look at an old catalog by International Engineering, Inc., Dayton, Ohio, cover-
ing their line of tubeaxial fans. International calls them “duct boosters.” Figure 4.51
shows the fan wheel. It has a 52 percent hub-tip ratio and eight wide blades Table 4.6
shows the performance for International’s 15 direct-drive models. The ninth model

Direct drive Belt drive

FIGURE 4.50 Propeller fans with sheet metal blades for low cost, (Courtesy of Ammerman Divi-
sion of General Resource Corporation, Hopkins, Minn.}



AXIAL-FLOW FANS 4.53

has a 36-in diameter and is driven by a 30-hp, 1750-rpm motor. By interpolation
between static pressures of 3 and 4 inWC, we find that this tubeaxial fan will deliver
the required 25,000 cfm at a static pressure of 3¥2 inWC.

Looking again at Table 4.4, showing the performance for Ammerman’s 36-in
vaneaxial fan, we find that the required 25.000 c¢fm at a static pressure of 3v2 inWC
can be obtained with their 36-in vaneaxial fan at 1779 rpm and that this fan will con-
sume only 23.0 bhp, due to the fact that a vaneaxial fan has a higher efficiency than
a tubeaxial fan and therefore consumes less brake horsepower for the same duty.
This means that the 36-in vaneaxial fan will have two advantages over the 36-in
tubeaxial fan:

1. The 36-in vaneaxial fan will have a lower operating cost because of lower power
consumption.

2. The 36-in vaneaxial fan will have a lower first cost too {(an unusual combination),
since it will need only a 25-hp motor instead of a 30-hp motor.

The 36-in vaneaxial fan therefore will be a better selection.

Example 4: A vaneaxial fan for straight-line installation should be selected that
will deliver 4000 cfm against a static pressure of 4 inWC. Table 4.7 shows the perfor-
mance in an old Aerovent catalog for belt-driven vaneaxial fans. For the 15-in size,
we find that we can obtain 3970 cfm at a static pressure of 4 inWC with belt drive at
3486 rpm, with a power consumption of 4.77 bhp. We could use direct drive from a 5-
hp, 3450-rpm motor. This would eliminate the belt losses and reduce the power con-
sumption to about 4.5 bhp. The outlet area will be 1.27 ft?, so the outlet velocity will
be OV =3970/1.27 = 3126 fpm and the corresponding velocity pressure will be VP =
(3126/4005)* = 0.61 inWC, resulting in a total pressure TP=SP +VP=4.00+ 0.61 =
4.61 inWC, with an air horsepower ahp = cfm x TP/6356 = 3970 x 4.61/6356 = 2.88
and a mechanical efficiency of 2.88/4.5 = (.64 = 64 percent.

If good accessibility to the motor is important, we would use belt drive instead of
direct drive, or since the static pressure of 4 inWC is fairly high relative to the small
4000 cfm, we might consider using a centrifugal fan if it would fit into the geometric
configuration of the system.

OVERLAPPING PERFORMANCE RANGES

The four examples presented for the selection of an axial-flow fan tend to indicate
that the requirements for air volume and static pressure often determine what type of
fan should be used for a specific application. If the static pressure is low, say, less than
¥ inWC, it probably should be a propeller fan (if it can be mounted in a wall or par-
tition) or a tubeaxial fan (if it should exhaust from a duct). If the static pressure is
between V2 and 3 inWC and the fan should exhaust from a duct, it probably should be
a tubeaxial fan: if the fan should blow into a duct. a vaneaxial fan would be preferable
because the tubeaxial fan would produce a spin in the outlet duct, and this would
increase the friction path and therefore the static pressure beyond the estimated
pressure loss in the outlet duct. If the static pressure i1s more than 1¥2 inWC and good
efficiency is desired. it probably should be a vaneaxial fan rather than a tubeaxial fan.
regardless of whether the fan is blowing or exhausting, If the static pressure is more
than 6 inWC. it could be a two-stage axial-flow fan, but then the efficiency would be
somewhat lower; for better efficiency. it should be a centrifugal fan.
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FIGURE 451 High-pressure tubeaxial fan wheel with
a 52 percent hub-tip ratio and cight wide blades (Cour-
tesy of International Engineering, Inc., Dayton, Ohio.)

As mentioned previousiy, the performance ranges for the various types overlap,
50 the decision on the type of fan can be based on other considerations, such as those
listed below.

The vaneaxial fan has the following advantages over the centrifugal fan:

1. Greater compactness

2. Lower first cost

3. Straight-line installation, resulting in a lower installation cost
4. Lower sound ievel at the same tip speed

The centrifugal fan, on the other hand, has the following advantages over the

vaneaxial fan:

L Natural adaptability to installations requiring a 90° turn of the air stream

2. Betier accessibility of the motor compared with direct-drive vaneaxial fans

3. Better protection of the motor against hot or contaminated gases than for a
vaneaxial fan with direct drive

4. Greater assurance for operation in the efficient and quiet performance range,
particularly for systems with fluctuating flow resistance

SAMPLE DESIGN CALCULATION FOR A 27-IN
VANEAXIAL FAN

Suppose a customer wants several 27-in vaneaxial fans with direct drive from a 74%-
hp, 1750-rpm motor to deliver 11,500 cfm against a static pressure of 2.5 inWC. A
noise level not more than 86 dB is desired; therefore, we will use
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4.60 CHAPTER FOUR

1. Airfoil blades rather than single-thickness blades
2. Blades that are somewhat wider at the tip than at the hub
3. Outlet guide vanes rather than inlet guide vanes

A 7%-hp, 1750-rpm motor will have an outside diameter of 10%2 to 11% in,
depending on the type of motor. We can calculate the dimensions of this 27-in
vaneaxial fan using the various formulas discussed previously.

As a first step, we will calculate the hub diameter 4 using Eq. (4.1):

Aemin = (19,000/rpm) V' SP
= (19,000/1750)V 2.5
=17.17in

We decide to make the hub diameter d = 17V in.
Next, we will check whether the desired 27-in wheel diameter is acceptable, using

Eq. (4.3):

Dpin= V2 + 61(cfm/rpm) = V17.252 + 61 (11500/1750)
=V/297.56 + 400.86 = \/698.42
=26.43in

The 27-in wheel diameter will be all right.

We will use a Y-in tip clearance, small enough for good performance yet large
enough for easy assembly. This will make the housing inside diameter 27V4 in. We will
use nine airfoil blades {zg = 9) and 14 outlet guide vanes (zy = 14) of single-thickness
sheet metal.

Next, let’s check whether the 7¥2-hp motor will be adequate. The outlet area of
the fan housing will be

27.25
24

2
OA = ( ) 7 =4.050 ft?

so the outlet velocity at the specified point of operation will be
11,500

oV = 2050 - 2840 fpm
the velocity pressure will be
28402 :
VP = (m) =0.503 inWC

the total pressure will be
TP =250+0.503=3.003 inWC
and the air horsepower will be

ahp = cfmx TP B 11.500 x 3.003
P="" 6356 6356

=5.43
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so the mechanical efficiency will be

at the specified point. This is acceptable. so the 7¥2-hp motor will be adequate. In
fact, we can expect a higher efficiency than this.

The annular area A, between the between the hub outside diameter and the
housing inside diameter will be

25\ 252
A,,=(272 )n—(172 )n=4.050—1.623:2.427&2

24 24

and the axial velocity V, through the annular area will be

11,500
T 2.427

=4738fpm  and  V7=2245x 10" (fpm)*

We will need this figure to calculate the relative air velocity.

Now we can go ahead with the calculation of the various dimensions for three
radii: hub (8.625 in radius). middie (11.0625 in radius). and blade tip (13.500 in
radius). Table 4.8 shows the dimensions we obtained and the various formulas we
used to calculate them.

For the first nine lines of Table 4.8, the formulas we used are shown. For line 10, we
have some freedom in selecting the blade width /, as long as / is below a certain value
for each radius. The formula for this value is shown on line 10. We selected a tip width
46 percent larger than the blade width at the hub. As mentioned, a wider blade tip will
result in a lower noise level. Unfortunately, it also will result in an increased no-
delivery brake horsepower, but this will be acceptable if the overload is not too much.
The tests later showed a no-delivery overload of 20 percent, which is acceptable.

Line 11 shows the airfoil section selected for each radius. Figure 4.52 shows the
shape of the three airfoil sections selected for this 27-in vaneaxial fan. The section at
the bottom is for the 8%-in radius, adjacent to the hub, the next one is for the 11Vie-
in radius, in the middle of the blade, and the section on top is for the 13%-in radius,
at the blade tip. The hub section is the NACA airfoil no. 6512. The two other sections
are thinner airfoils. They are modifications of the NACA no. 6512, with the cambers
reduced to 72 and 53 percent, respectively. There are two reasons why the hub sec-
tion of the blade is made thicker than the other sections:

1. The hub section has to have more mechanical strength.

2. The hub section needs a higher lift coefficient C, because of the lower blade
velocity there. Airfoils with larger upper cambers normally will have higher lift
coefficients.

Line 12 shows the upper maximum camber for each of the three airfoil shapes:
13.2 percent (NACA no. 6512).9.5 percent (72 percent of 13.2 percent). and 7.0 per-
cent (53 percent of 13.2 percent).

Lines 13 and 14 show the angle of attack a and the corresponding lift coefficient
C, for each section. These data can be obtained from the graph shown in Fig. 4.53.

Line 15 shows the static pressure that will be produced at each radius, calculated
from the formula shown. We selected / and C; in such a way that this static pressure
is about 2.5 inWC, as was requested by the customer.
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FIGURE 4,52 Three airfoil sections (reduced size) for the 27-in vanecaxial fan wheel.

Line 16 shows the blade angle 8 + o. Line 17 shows how the absolute air angle &
past the blade is calculated. Line 18 shows this absolute air angle. This also will be
the angle at the leading edge of the outlet guide vane.

Figure 4.54 shows how the principal blade dimensions vary from hub to tip. The
blade width increases uniformly (in a straight line), while the blade angle and the
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FIGURE 4.53 Lift coefficient C; versus angle of attack o (for an infinite aspect ratio)
for the three airfoils used in the 27-in vaneaxial fan blade.
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FIGURE 4.54 Blade width, blade angle, and maximum upper camber versus
radius for the 27-in vaneaxial fan blade.

maximum upper camber decrease, but not uniformly. They decrease at a faster rate
near the hub and at a slower rate near the tip.

Figure 4.55 shows the vector diagrams for the various absolute and relative veloc-
ities, which were explained in detail in Fig. 4.32. Figure 4.55 shows three velocity dia-
grams, for the three blade sections in Table 4.8, at the hub, in the middle of the blade,
and at the tip. We note the following:

1. The axial air velocity V, through the annulus between the hub and the housing is
constant from hub to tip.

2. The blade velocity V; and the air velocity W relative to the blade increase from
hub to tip.

3. The angle B of the relative air velocity W decreases from hub to tip.
4. The rotational component V, of the air velocity decreases from hub to tip.

Figure 4.56 shows a sketch of the 27-in cast-aluminum vaneaxial fan wheel at a
scale of Vie. This sketch was made using the dimensions we obtained from our calcu-
lations. A sketch of the corresponding vaneaxial fan housing would look similar to
Figs. 4.6 and 4.40.

Figure 4.57 shows the performance obtained when this 27-in vaneaxia