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ABSTRACT

DESIGN AND PERFORMANCE ANALYSIS OF A VARIABLE PITCH
AXIAL FLOW FAN FOR ANKARA WIND TUNNEL

Yal¢in, Levent
M.S., Department of Aerospace Engineering

Supervisor: Prof. Dr. I. Sinan Akmandor

January 2006, 136 pages.

In this study, a variable pitch axial flow fan is designed and analyzed
for Ankara Wind Tunnel (AWT). In order to determine the loss
characteristics of AWT, an algorithm is developed and the results are
validated. Also some pressure and velocity measurements are made at the
fan section to find the losses experimentally. After completion of the fan
design, analyses are made at different volumetric flow rates and blade
angles including the design point and the performance characteristics of the
fan are obtained and thereafter the operating range of the tunnel is

determined.

Keywords: Ankara Wind Tunnel, tunnel losses, variable pitch axial flow fan

design and analysis, performance characteristics of fan.
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Oz

ANKARA RUZGAR TUNELI iCiN PALA ACISI DEGISTIRILEBILEN
EKSENEL BiR FAN TASARIMI VE PERFORMANS ANALIZi

Yal¢in, Levent
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii

Tez Yoneticisi: Prof. Dr. I. Sinan Akmandor

Ocak 2006, 136 sayfa.

Bu c¢alismada, Ankara Riizgar Tiineli (ART) igin pala agis:
degistirilebilen eksenel bir fan tasarlandi ve analizi yapildi. ART nin basing
kay1p karakteristigini belirlemek igin bir algoritma gelistirildi ve sonuglar
dogrulandi. Aymi zamanda kayiplar1 deneysel olarak bulmak igin fan
bolgesinde bazi basing ve hiz dlgtimleri yapildi. Fan tasariminin ardindan,
tasarim noktasinida iceren farkli debi ve pala agilarinda analizler yapild: ve
fan performans karakteristikleri elde edildi ve daha sonra tiinelin ¢calisma

hiz aralig1 belirlendi.

Anahtar Kelimeler: Ankara Riizgar Tiineli, tiinel kayiplari, pala agist
degistirilebilen eksenel fan tasarimi ve analizi, fan performans

karakteristigi.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Various Subsonic Wind Tunnels in the World

At the beginning of this thesis, subsonic wind tunnels all over the world
were investigated in order to obtain general information about the wind
tunnels and their fan properties. Tunnel type, tunnel speed, test section
area, power of the fan, rpm of the fan, number of blades, number of stages
of the fan, etc of such research establishment have been determined.
Although more than one hundred subsonic wind tunnels were found, only
the ones which provided the fan power data were chosen and listed in Table
1.1. Moreover, the wind tunnels that have closed test section were the
primary focus because the required power for a given wind tunnel with an
open jet may easily exceed three times the power required by the same
tunnel at the same speed with a closed jet [4]. The wind tunnels with test
section areas between 2 m? and 16 m? were considered to get an idea about
the fan properties and power requirements of tunnels that are comparable

with Ankara Wind Tunnel (AWT) in size. All these are given in Figs. 1-6.

Figs. 1.1 and 1.2 show the change of power with Mach number and test
section area, respectively. It can be seen from these figures that the power of

the fan generally increases with the Mach number. The tunnels with low

1



Mach number compared to AWT has also smaller test section area and
power values than AWT. It is clear from these figures that there are three

ways to increase the Mach number of AWT:

e decrease the test section area by keeping the power of the fan
constant,
e increase the power of fan without changing the test section,

e decrease the test section area and increase the power of the fan.

Although it can also be considered to increase both test section area and

power of the fan, it is not possible to increase the test section area of AWT.

The change of power with the number of blades for tunnels having different
Mach numbers and test section areas is given in Fig. 1.3. When the power of
fan and Mach number are greater than those of AWT, the number of blades
of the fan is also higher. Although the tunnels with higher Mach numbers
compared to AWT have more blades than the AWT, there is no linear

relationship between the power and number of blades.

The variations of power and number of blades with mass flow parameter
are shown in Figs. 1.4 and 1.5, respectively. The mass flow parameter values

in these figures are calculated using the formula given below:

~(r+1)

T — =
mrp =N g /l-(1+7—1-M2j2(7 ! (1L1)
P R 2

The mass flow parameter is related to Mach number. When the Mach

number of the tunnel increases, required power also increases. On the other



hand, there seems no direct relation between the number of blades and the
mass flow parameter. However, it is clear that all tunnels have at least four

blades.

Fig. 1.6 gives the variation of blade tip speed with Mach number. Generally,

blade tip speeds are less than 180 m/s.
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Figure 1.1 Variation of Power with Mach Number for Tunnels Having
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Figure 1.2 Variation of Power with Test Section Area for Tunnels Having

Different Mach Numbers.
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Figure 1.3 Variation of Power with Number of Blades.

24




10000

O
9000 -
<& Mach # < AWT
8000 B AWT
7000 | A Mach # > AWT
A
& 6000
<
& 5000 A
2
&£ 4000 - A
3000 - °
A AAy
2000 - A A >
A A ﬁ A
1000 A
o ot %
0 @ <>
0 0.025 0.05 0075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275
Mass Flow Parameter
(a) For Different Mach Numbers.
10000
A
9000 -
<& Test Section < AWT
8000 B AWT
2000 - A Test Section > AWT
A
& 6000
S
& 5000 - A
2
£ 4000 - <
3000 - o
2000 o o Ay atta
< o A
1000 <> . A
o o 0% %
0 ‘@ :
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275

Mass Flow Parameter

(b) For Different Test Section Areas.

Figure 1.4. Variation of Power with Mass Flow Parameter.
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1.2 Ankara Wind Tunnel

The Ankara Wind Tunnel was established in 1950. While establishing such a
complex, it was aimed to give support to the aircraft industry and academic
research and development. The wind tunnel has been managed by many
government organizations. Presently, Defense Industries Research and
Development Institute of the Scientific and Technological Research Council
of Turkey (TUBITAK-SAGE) has formed a team of researchers to operate
the tunnel for the needs of the aerospace industry and other applicable

areas.

The chronology of Ankara Wind Tunnel is summarized below:

1941: Starting to Design of AWT

e 1950: Building of AWT

e 1955: Installing of External Balance System

e 1955-1993: Being idle after aircraft factory was closed

e 1993: Starting “Improvement of AWT” Project by TUBITAK-SAGE

e 1994: Re-operating of AWT

e 1994-1995: Calibrating and Analyzing of AWT

e 1996-1998: Operating, modernizing and calibrating the external
balance system

e 1999: Opening of AWT for industrial usage

e 2000: Being a member of Subsonic Aerodynamic Testing Association

(SATA)
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Ankara Wind Tunnel is a horizontal, closed circuit, low subsonic (M = 0.26)
wind tunnel. Test section is atmospheric and 2.44 m x 3.05 m x 6.1 m (height
x width x length) in size. Tunnel circuit is concrete except the wooden test

section.

A wide variety of tests can be performed in the Ankara Wind Tunnel such

as the tests of

e full size and scaled model cars,

e aircraft models and components,
® Wweapon systems,

¢ Dbuildings and building materials,
e wind turbines,

e dish antennas,

e parachutes,

e submarines,

o street lights.

The AWT was designed to be driven by an axial flow fan. The existing fan,
which is shown in Fig. 1.7, is located downstream of the test section at the
second corner. It consists of rotor, prerotator and straightener. The

properties of the fan are summarized below:

e Number of rotor blades : 4 (wooden)
e Hub Diameter: 1.53 m

¢ Blade Diameter : 5.16 m

e Hub Length:7.37 m

e Number of inlet guide vane (prerotator) : 7 (reinforced concrete)
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e Number of outlet guide vane (straightener) : 7 (reinforced concrete)
e Maximum rpm : 600 (variable rpm)

e TPower of the fan : 1000 hP

Figure 1.7 Ankara Wind Tunnel Fan (Looking From Downstream).

1.3  Objective of the Thesis

The objective of this thesis is to design a variable pitch axial flow fan for the
Ankara Wind Tunnel (AWT) and to increase the Mach number from 0.26 to
0.52, and determine the performance characteristics of the fan over

operating range. It is also aimed to determine
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o the sizes of every section of AWT,
e the loss characteristics of AWT,
e aerodynamic efficiency of the existing fan,

e power requirement necessary to reach a Mach number of 0.52.

14 Outline of the Thesis

In Chapter 2, information is given about axial flow fans. General types of
fans, ducted fan unit, types of ducted fan, fan theory, rotor and stator

design methods, airfoils for rotor and stator are presented in detail.

Chapter 3 deals with the design of a variable pitch axial flow fan. First of all,
loss characteristics and power requirement of the AWT are determined and
design inputs and design constraints are given. The design methodology
and related equations are also presented for the rotor, straightener and hub

cone.
In Chapter 4, the designed fan is analyzed at different volumetric flowrates
and blade angles including the design point and the overall performance

characteristics of the fan are obtained.

Conclusions of this study are given in Chapter 5.
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CHAPTER 2

AXTAL FLOW FANS

2.1 Overview

Computational and experimental methods are two basic tools used in
aerodynamic design. Although the usage of computational fluid dynamics
methods is increasing very fast in recent years thanks to the improvements
in computer technology; experimental methods still play a very important
role in the aerodynamic design. Flight tests, road tests, ballistic tunnels and
wind tunnels are the major types of experimental methods. Because of
safety, speed, reliability and low price; wind tunnels are frequently used in
aerodynamic testing of different shaped bodies throughout the world such
as aircrafts, missiles, space shuttles, helicopters, road vehicles, buildings

and many others.

Test section size and maximum speed are two basic properties defining the
capacity and reliability of a wind tunnel. Although there are some
correction methods for speed, higher maximum speeds are preferred as it
increases the sensitivity of results. As the test section size increases, wind
tunnel models get larger. Test section size and maximum speed directly

depend on fan and driving system.
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The driving system and the fan are generally the most expensive and
among the most critical parts of wind tunnels. Fans may be classified as
centrifugal fans or axial-flow fans. In centrifugal fans, air is led through an
inlet pipe to the centre or eye of the impeller, which forces it radially
outward into the volute or spiral casing from which it flows to a discharge
pipe. An axial flow fan may be described as a fan in which the flow of air is
parallel to the axis of the rotor. In the simplest form, air approaches the
rotor in the axial direction and leaves it with a rotational velocity
component due to the work done by the rotor. More advanced designs have
upstream and/or downstream guide vanes to obtain a higher static pressure
difference across the rotor. Guide or stator vanes serve to smoothen /
straighten the airflow and improve efficiency. If the pressure losses are

high, multistage fans may also be used.

In general, an axial-flow fan is suitable for a larger flowrate with a relatively
small pressure gain and a centrifugal fan for comparatively smaller flowrate

and a large pressure rise [21].

Important factors affecting the choice of fan unit are

e manufacturing simplicity

e cost of manufacture

e power input to fan

e fan tip speed and fan noise

e required flow speed in the test section
e fan efficiency

e flow reversal in an emergency
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The first two former often favour the centrifugal while the subsequent two

favour the axial flow type [2].

While aircraft propeller type fans are used in most wind tunnels for
circulating the air, in some cases multiblade centrifugal fan are also
employed. According to wind tunnel test, the propeller fan was found to be
superior to the centrifugal fan in that the efficiency was about twice as great

while the flow was also much smoother [20].

Axial flow fans are finding greater acceptance in industrial applications as

alternative equipment to the radial flow machinery [1].

Axial flow fans are designed by using either “free vortex flow theory” or

“arbitrary vortex flow theory”.

The conventional method of blade design for axial flow fans and
compressors specifies a free-vortex type of blade loading, which is
characterized by an essentially two dimensional flow through the rotor
disk. According to free vortex theory, the blades are loaded radially so that
no mutual interference exists between adjacent blade elements. This loading
is accomplished by having the absolute tangential velocities in front of and

behind the fan varies inversely with the radius, i.e,

v, = Const.

2.1)
»
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The flow through free vortex blading in incompressible flow is essentially
quasi-two dimensional in character; no radial velocities occur in the flow
field outside the boundary layer regions. In incompressible flow, therefore,
the axial velocities at a particular radius are the same upstream and
downstream of the fan when the flow area is constant. A free vortex rotor is
also characterized by a uniform total energy rise across the annulus. Free
vortex flow is achieved when both the total pressure rise and axial velocity

component remain constant along the blade span.

Arbitrary vortex flow theory (non-free vortex theory) is generally used in
design of high pressure rise rotor [12]. In this case, spanwise load
distribution differs from the free vortex type. This loading is generally

accomplished by having a constant absolute tangential velocity, i.e,

V, =Const. (2.2)

Another distribution of load along the blade span is,

V, = Const xr (2.3)

This is known as “solid rotation”, so called because in this case the air

would rotate as though it were a solid body.

Free vortex flow is assumed when designing ducted axial flow fans. This
theory permits simple design methods and high efficiencies [1, 2]. Tests of a
series of free vortex designed fans are reported in reference 13; the

experimental results therein show excellent agreement with the theory.
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2.2 General Types of Axial Flow Fans

In the existing literature the axial-flow fans are generally placed in three

main categories:

1. Air circulator or free fan: A free fan is one that rotates in a common
unrestricted air space. Desk, wall, pedestal and ceiling fans fall into
this category.

2. Diaphragm-mounted fan: This type of fan transfers air from one
relatively large air space to another.

3. Ducted fan: A fan is ducted when the air is constrained by an
enclosing duct to enter and leave the fan blading in an axial direction.
The minimum duct length required to satisfy this condition will be in

excess of the distance between inlet to and outlet from the blading.

The first two types are relatively long-established, being currently in
common usage. The task that they perform, generally speaking, can not be
economically performed by radial flow equipment. Although
improvements have been made in the design of these unducted types, there
are still many of a relatively crude type in existence. Exhaust fans that
operate in short, compact ducts constitute a worthwhile improvement over
the diaphragm-mounted variety and could eventually supersede the latter.
Higher efficiencies and lower noise levels will, of course, be associated with

the better class of air circulator and exhaust units [1].

Wind tunnel fan must be of ducted fan type whether the tunnel is open or

closed circuit because the fan is located inside the tunnel circuit.
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2.3 Elements of a Ducted Fan Unit

The various elements that go to make up a ducted fan unit are illustrated in
Fig. 2.1. When additional fan stages are fitted in series, the pressure rise
which a single unit is capable of increases, in the extreme case a multistage

unit becomes a compressor.

Rotor blades are a series of airfoils that by virtue of relative motion with
respect to the air mass add total pressure to the airstream. It is desirable to
reach desired a uniform test section speed with minimum power input,

friction, secondary flow, and flow separation losses.

Rofar

Tail fairinugh

3

J.
EI:EI‘.DIE.T.Q.I‘/ \Sfraighl’ener

(Inlet guide vane) (Outlet guide vans)

Figure 2.1 Components of Ducted Fan Unit.

Stationary vanes known as stators or guide vanes are normally located

upstream and/or downstream of the rotor to achieve maximum amount of
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useful pressure. The air flowing through prerotating stators is accelerated
and, in accordance with Bernoulli's equation, the static pressure falls.
However, the reverse occurs in straighteners, where a static pressure rise

accompanies the removal of the tangential velocity component.

Suitably shaped fairings upstream and downstream of the hub are an
essential part of a good design. In a multistage unit of co-rotating rotors, a
stator row is required between rotor stages. Contra-rotating rotors do not

normally require inlet or outlet guide vanes.

The purpose of a fan is to increase the total pressure of the air to a value
equal to the total resistance losses in any given duct system so as to achieve
desired uniform test section speed . These losses that have to be overcome
within the wind tunnel are due to skin friction, flow separation, secondary

flow and energy dissipation at system discharge [1, 8].

Duct resistance increases approximately as the square of the velocity for
turbulent flow, which is the type normally encountered in industrial
installations. The nature of the characteristic curve for the duct system is
illustrated in Fig. 2.2. The fan characteristic cuts this curve to give the
operating point of the system for a given fan speed. Provided the fan is not
stalled, flow conditions will be steady; this feature is emphasized by the

very definite point at which the two characteristics intersect.

N
[Z Ko, j : ,002 Ay 'Vo3
P —

i=1

(2.4)

input

2-pp
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Duct Characteristic

Operating Point

Fan Characteristic
At Constant RPM

PRESSURE, Pa

CAPACITY, m3/s

Figure 2.2 Matching of Fan and Duct System.

Denoting the mean total pressure at fan inlet and outlet by the symbols P,

and P, , the fan total pressure (AP, ) is given by

AP, =P, -P, (2.5)

For a given duct system the volume through the fan is normally varied by
changing the rotor speed. Alternative methods which have been devised for
the purpose of altering the fan characteristic utilize variable pitch rotor or
stator blades. Fans provided with pitch change capability are known as
adjustable-or variable pitch units, where the latter term refers to equipment

in which the pitch can be changed without stopping the fan.
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2.4 Types of Ducted Fan: Aerodynamic Classification

When a fan rotor adds total head to the air flowing through it, the angular
momentum of the stream is increased. For example, a rotor receiving mainly
an axial air flow discharges it with a tangential component of velocity,
resulting in the appearance of a phenomenon which in the theory of aircraft
propellers is known as “slipstream rotation”. The change of angular
momentum in the airstream is directly related to the torque on the rotor

shaft.

The efficiency of the fan unit is also influenced by the amount of the swirl

left in the air after it has passed the last stage of blading in the unit.

Five main design possibilities arise as a result of the above mentioned

aerodynamic phenomenon of slipstream rotation.

a) No-straightener rotor unit: The swirl passes downstream of the rotor
and associated momentum is lost.

b) Rotor-straightener unit: The swirl is removed by the stators placed
downstream of the rotor and the associated dynamic head is
recovered in the form of a static pressure rise.

c) Prerotator-rotor unit: Stators are used to impart a preswirl in the
opposite sense to the rotor motion and the rotor then removes the
swirl.

d) Prerotator-rotor-straightener unit: A combination of the preceding

two configurations.

39



e) Contra-rotating rotors: The second rotor removes the swirl

introduced by the first.

The question is often raised whether an inlet guide vane or an outlet guide
vane should be chosen. In many cases the decision is governed by the type
of installation and overall arrangements. Inlet guide vane is only benefit for
very low hub to rotor diameter ratios and particularly for fans having
blades with small lift to drag ratios. In practice, present tendency is to
design axial flow fan with outlet guide vanes. This is justified because an
outlet guide vane removes the swirl component of velocity and increases

the static pressure developed by the fan.

The rotors in a contra-rotating fan assembly will differ, with the rear rotor
possessing blading with lower solidity and pitch settings than the leading

one.

Multistage co-rotating units may be designed with identical rotors and
stators, except for instances where air compressibility becomes an important

factor.

The magnitude of the pressure rise required produces detailed design
differences between fans that are nominally of a similar type. For example,
low pressure-rise fans possess a smaller number of blades than the high

pressure rise fans; the relative hub diameter will be greater in the latter case.

Comparative characteristics for fans are shown in Fig. 2.3. As seen, the

highest pressure is naturally expected from a contra-rotating fan. Although
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fans with inlet guide vanes develop higher pressures than fans equipped

with outlet guide vanes, they show marked stalling characteristic.

"

Contra-rotating

Pressure Rise

Upstream
guide vane

Downstream

Non guide vane guide vane

-
Volumetric Flowrate

Figure 2.3 Characteristic of Axial Flow Fans.

2.5 Theoretical Considerations

Axial flow fans are designed by using either “free vortex flow theory (two
dimensional flow with uniform total pressure spanwise distribution and
radial equilibrium)” or “arbitrary vortex flow theory (two dimensional flow
with radial gradients of axial velocity and total pressure and also radial

equilibrium)”.
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A vortex can be qualitatively described as a circulatory flow about an axis
OZ as shown in Fig. 2.4. When the fluid has a velocity component in the

direction OZ, the air particles trace out helical flow paths.

Figure 2.4 Vortex Flow.

When these paths maintain a constant radius, a condition for radial
equilibrium exists, namely, a balance is maintained between the centrifugal
and pressure forces acting on the particle. The equilibrium requirements for

this two-dimensional balance, is termed free vortex flow.

Assume that an element of fluid at radius » with unit length in the direction

OZ rotates with tangential velocity V, about the axis OZ as shown in Fig.

2.5. The centrifugal force acting on the element is given by

2

dF, :s-dr-p-v—g (2.6)
r
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Figure 2.5 Rotating Element.

and the pressure force by
dF, =dp-s (2.7)

where dp is the pressure difference between the two faces of the element.

Equating the two forces gives

a_, Ve

dr r 28)

which is a universal requirement for radial equilibrium. The total pressure

of a particle in equilibrium is
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1 1
PT=P+E‘p‘Va2+E‘P‘VgZ (2.9)

where V, and V, are the axial and tangential velocity components,

respectively. Differentiating with respect to r,

dp, dp 1 dv? 1 4V,
L =T 4 .p.—1 4+ .. 2.10
dr dr 2 P dr 2 P dr (10

when H and V, are constant with radius, Eqn. (2.10) reduces to

a

dp 1 _dv;
o2, 2.11
dr 2 P dr @11)
Combining Eqns. (2.8) and (2.11), it follows that

v, - Const. 2.12)

r

That is, V, is inversely proportional to r. A vortex flow with the above
requirements regarding p;,V,, and V, is commonly known as a “free

vortex”.

Free vortex flow is achieved when both the total pressure rise and axial

velocity component remain constant along the blade span

Departures from free vortex flow give what is commonly known as
arbitrary vortex flow. Owing to its lower rotational speed, the blade root is
the most aerodynamically critical design section and conditions here limit

the work capacity of a rotor designed for free vortex flow. By increasing the
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swirl towards the tips, relative to the free vortex distribution, however, it is
possible to increase the work capacity of the rotor, especially for small boss
ratios that is the ratio of hub diameter to fan section diameter. The ensuing
axial velocity distributions for a particular arbitrary vortex flow can readily

be calculated when suitable simplifying assumptions are made.

In some instances it is necessary to design axial flow fan equipment with
radial gradients of axial velocity and total pressure. Low pressure rise
cooling tower fans with small boss ratio provide one example of this design
requirement brought about by practical blade construction considerations.
Although approximate design methods are available for use with tangential

velocity distributions of the form

V,=a+br (2.13)

where a and b are constants, the computerized “streamline curvature” and
“matrix” techniques would provide more accurate design procedures.
However, these theoretical methods must be adjusted to conform to
practical situations such as those arising from boundary layer growth.
Experimental feedback and confirmation is usually required for fans
possessing a marked departure from free vortex flow. Two well known

distributions which follow from this equation are

V,=a (whereb=0) (2.14)

and

V,=b-r (wherea=0) (2.15)
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The first, of course, gives constant tangential velocity while the second is
known as “solid rotation”, so called because in this case the air would rotate

as though it were a solid body.

When an arbitrary vortex of the above type is imparted to the air by means
of fan blades or vanes, there is a radial displacement of the air particles. It
has, however, been found in practice that radial equilibrium is quickly
established; the flow then satisfies the equation

dr_ Yo

1
= — 4 —
dr r r 2'0

2 2
d:;u w1, dV (2.16)

2" dr
which is obtained by combining Eqns. (2.8) and (2.10). This equation is a key

one in developing design methods for fans with arbitrary vortex flow.

2.6 Design Methods of Fan Blade and Stators

Airfoil characteristics are available in two general classes: isolated or free
airfoil data, and airfoil data. The first data are, as the name implies, obtained
from wind tunnel tests on a single airfoil whilst the second result from test
on multiple airfoils installed in a cascade testing tunnel. This leads to two
methods of design which are designated here as the “isolated airfoil
method”, and the “cascade airfoil method”. The former utilizes lift data in

design, while the latter is based mainly on flow deflection information.

The first axial flow machines designed was of a small pressure rise variety

and employed low-solidity blading. As a consequence the blading design
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was successfully based on two-dimensional, isolated airfoil lift and drag
data. Increased pressure duties, however, resulted in larger blade solidities
with a progression toward mutual flow interference between adjacent

blades. An interference factor C,/C, was introduced on the basis of

theoretical studies. However, the use of this factor failed to predict
accurately the cascade effect on blade performance because of the inviscid
nature of the investigations and also probably the blade interaction with the
wake of the preceding blade was not modeled accurately. Hence attempts
have been made to extend the scope of the isolated airfoil theory by the
introduction of an interference factor such as the ratio of the actual lift of the
blade to the lift it would exert in the absence of the other blades. These
methods have, however, failed in general to produce consistent results [2].
The designers of axial flow compressors, therefore, were obliged to procure
deflection, lift, and drag data from two-dimensional cascade wind tunnel

tests [1].

Choosing of appropriate design method depends basically on the following

parameters:

a) Multiplane interference
b) Blade solidity

C) Whether the fan is a high pressure or a low pressure fan

When airfoil sections are brought closer and closer to each other, there is
mutual interference between the flow patterns around the airfoils. This

leads to change of slope in the lift curve and a decrease in the maximum lift.
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Solidity of blade is defined as

c
o=—
S

where ¢ is the chord length of the blade and s is the circumferential gap

between adjacent blade elements and it is defined as

2--r
S =

n
where n is the number of blades and r is the radius of any circle on the fan
blades concentric with the fan rotational axis. For low solidities, no
interference is experienced and two-dimensional test data obtained for a
single airfoil can be used with confidence in design. But since the
interference between the blades is high for high solidities, then cascade
airfoil method is used for the blade design. Although there are some
theoretical methods of calculating cascade of airfoils most present day
designs are based on experimental data obtained from two-dimensional
cascade wind tunnels. The main application of these data has been to axial

flow compressor design [2].

Observance of the following general rule should ensure a satisfactory

design:

i) If 0 >1.0 the cascade method of design should be employed
ii) If 0 <0.7 theisolated airfoil method is the appropriate one

iii) 0.7 <0 <1.0 either method may be employed

It is apparent that, in view of the limited experimental data available, no
single design method can cover the entire range of ducted axial flow fans.

Multiplane interference prevents the use of isolated airfoil design method
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for solidities much above unity, while the cascade design method can not be

used for solidities much less than 2/3 [2].

In reference (1) it is also stated that the cascade airfoil method is used in
high pressure fans and isolated airfoil method is used for low pressure fans

with large boss ratios.

2.7 Airfoils for Rotor and Stator

Any airfoil for which two-dimensional lift and drag data are available can
be used in rotor blade design. However, design accuracy is improved by the
use of carefully selected sections for which experimentally established

performance information is available [1].

In reference 1 four general categories of airfoil are recommended for use,

namely,

a) A high performance type of circular arc blading, being
particularly suitable for high pressure rise units.

b) A high performance type of flat undersurface blading for low
pressure rise units.

c) Elliptical sections for flow reversing design requirements.

d) A less efficient and cheaper variety of blading featuring cambered

constant thickness plates.

F-Series and NACA 65-Series airfoils are generally used as circular arc

blading. These airfoils are usually used for compressors operating in high
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Mach numbers. F-Series airfoils meet the need for a unified approach to fan

blade design, irrespective of blade solidity requirements.

Airfoils with flat undersurfaces shown in Fig. 2.6 are the Clark Y, Gottingen,
and RAF 6 profiles. All possess maximum thickness at 30% chord and
varying this quantity without altering the flat undersurface is equivalent to
changing the camber. For 10% sections the Clark Y and Géttingen airfoils
possess additional leading edge droop of approximately 1% c, while 3% c
value is more relevant to the RAF 6 case. The drag coefficient data presented
in Fig. 2.7 disclose differences related to leading edge shape. The RAF 6E
airfoil with its greater nose droop suffers a drag penalty at low C, but
surpasses the Clark Y at high C,;, for identical Reynolds number. The
Gottingen and Clark Y sections possess similar characteristics when
Re effects are taken into account. For blades requiring a design C; of about
0.8 to 0.9, there is little significant drag difference between all three sections.

Also, a small delay in the stall onset is indicated for the RAF 6E section.

T T

&

Clark Y

& 10% thick
Gottingzan

al I

RAF BE-10.3% Thick

Figure 2.6 Flat Undersurface Airfoils.
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Figure 2.7 C;, versus C, Data for Flat Undersurface Airfoils (ref.1, p. 160).

In elliptical airfoils, ellipses possess the same airfoil characteristics for
reversed directions of airflow approach. They are therefore used in design
situations where an identical duty condition is required for reversible fan
assemblies, such as utilized in a number of preheat furnaces and drying

kilns.

Cambered plate airfoils have many obvious advantages. When correctly
shaped and constructed, the resulting operational characteristics and peak
efficiency can be good, provided high quality inlet flow is assured in
duct/fan installation. Unfortunately, many existing fans fail to meet these

basic requirements and consequently are noisy, inefficient, and inadequate.

Production considerations often influence the choice of blade section. The
RAF 6 and Clark Y series of airfoils are very popular as both possess a flat

undersurface and are capable of high efficiency operation. When cheapness
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of construction is more important than the attainment of the highest
possible efficiency, cambered plates of constant thickness, twisted from root

to tip, are often used.

In straightener design, NACA symmetrical airfoils especially NACA 0012
and C4 symmetrical airfoil are often used when the swirl velocity is small.
This type of straightener can be considered satisfactory when the swirl
coefficient less than 0.4. When the value of swirl coefficient exceeds 0.4,

circular arc blading in C4 thickness form is preferred.
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CHAPTER 3

AERODYNAMIC DESIGN OF THE FAN

3.1 Aerodynamic Characteristics of Ankara Wind Tunnel

In order to achieve a satisfactory fan design, it is essential to prescribe the
aerodynamic characteristics of the wind tunnel. This is done by either

calculating or measuring the pressure losses in the wind tunnel.

In order to determine the loss characteristics of AWT, an algorithm is
developed and the results are validated by two test cases. Pressure losses of
every section of AWT and necessary power to drive the tunnel at 0.52 Mach
are calculated by a computer program. To this end some pressure and
velocity measurements are made at the fan section to find the losses

experimentally.

3.1.1 Numerical Calculations

The method of loss analysis presented is a synthesis of theoretical and
empirical techniques. A system of equations has been compiled and
assembled into a computer program for determining the total pressure

losses. The formulation presented is applicable to compressible flow
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through most closed or open test section, single, double, or non-return wind

tunnels.

Flow-state parameters:

The basic flow-state parameters are determined from input information
about the test section. These parameters are mainly derived from continuity

equation and isentropic relations for compressible flow.

Pr
- 3.1
Pr R-T, (3.1)
a, =7 R-T, (3.2)
T 0.76
Hr = Hstp (_Tj (3.3)
STD
a, = ”Tl (3.4)
\/1 + (y— : Mozj
2
Py = o (3.5)
[1_'_(7/_1']\4’02):'7—1
2
7+1
2(y-1)
A =M, A, 4 +1 (3.6)

Local conditions:

The local flow conditions are determined at the end of every section of the
wind tunnel. Each section of AWT is depicted in Fig. 3.3 and for the test

cases; sections are illustrated in Figs. 3.1 and 3.2. Calculations and
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determination of the main variables proceed according to following

formulas;

1. Mach number: The local Mach number is found from a Newton’s-

method solution of the relationship (ref. 9, p. 6)

2(r-1)
+1
Mo 7L A T a2 (3.7)
y—1 A, y—1
2. Reynolds number: The Reynolds number based on the characteristic

length ¢, usually the local hydraulic diameter, is determined from (ref. 9, p.

6)
0.76
Re = %—W(ﬁj[l +(7__1.M2H (3.8)
Hr A 2
3. Friction coefficient: A Newton’s-method solution is wused to

determine the friction coefficient for smooth walls from the expression (ref.

9, p. 6)
llog,,(4-Re?)-0.8]" -4 =0 (3.9)

Calculation of the pressure losses for each section:

The loss in total pressure caused by each section is calculated in a form non-
dimensionalized by local dynamic pressure: K=Ap;/q. In this study the
smallest-area end of each section is used as the local reference position. The
individual losses are based on the nature of the section, local flow

conditions, input geometry and parameter information.
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1. Constant-area ducts: For closed, constant area sections the pressure

loss due to the friction is given by (ref. 9, p. 6)

k-1t (3.10)
Dh
2. Contractions: In contraction sections, where the major part of the

losses is due to the friction, the local loss may be approximated as (ref. 9, p.

6)

A-L

K=0.32- (3.11)

3. Corners with no net area change (“constant areas”): A duct can
change direction with or without the aid of the flow guide vanes. For a
constant-area turn employing turning vanes for efficiency, with a “normal”
number of vanes and with chord-to-gap ratios between 2-to-1 and 4-to-1,

the losses resulting from friction and rotation caused by the vanes are (ref. 9,

p.7)

2.58
K= & 24+ % (3.12)
3 log,,Re

The Reynolds number used for the turning vane loss is based on the vane

chord. The turning vane loss parameter K;;, is a function of turning angle
and K, =0.15 is a reasonable value for a 90° corner. Re,,, is the reference

Reynolds number and Re,, =0.5-10°at which turning vane 90° loss

parameter, K, , was determined. Corners without turning vanes are less
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efficient and the loss function related to turn angle, ¢, may be

approximated by a sixth order polynomial as (ref. 9, p. 7)

K =4.313761-10" - 6.021515-107* - ¢ +1.693778 -10~* - ¢°
~2.755078-107°¢° +2.323170-107 ¢* —3.775568 10~ ¢° (3.13)
+1.796817 107" ¢°

4. Diffusers: Diffusion produces both expansion and friction losses in

the duct given by (ref. 9, p. 7)

2
K= KEXP—I_( /1 ‘AR+1) (AR_l) (3.14)
8.sinf AR-1 AR

where K., is the expansion parameter, ARis the ratio of cross sectional
areas at upstream and downstream ends of section, and & is the diffuser

half angle in radian.

The determination of the diffuser loss parameter, K,,,, is complex. It
depends on the cross-sectional shape and equivalent cone angle of the

section and it is being given by (ref. 9, p. 38)
Kixp = KEXP,)HS,-C + (1 -9, ) (KEXPMMWI - KEXPWS,-C ) (3.15)

where 0, is the diffuser side length ratio (ratio of change in height to change

in width from upstream to downstream end, or its inverse, whichever is less

than or equal to unity). If the ratio is negative, o, =0. For different cross-
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sectional shapes formulations on determination of K,,,, are given in Table

3.1 and 3.2.

Table 3.1 K, and K.y,  Definitions for Different Cross Sectional

Shapes.
Cross-Sectional Shape K K
EXPbﬂSiC EXPAdditimmI
Upstream Downstream

Circular Circular Kixp, KEXPZDC,.M,,W
Circular Rectangular KEXR@DAZ,W KEXPzDAWge
Circular Flat oval Kixp, . EXPs Dot

Rectangul Rect 1 K Kxp

gu ar ecC al’lgu ar EXPSqu, ZDRectangular

Rectangular Circular KEXPsDAWgC KEXPzDAz,W
Flat Oval Flat OVal KEXPCirrular KEXPZDermIm
Flat oval Circular Kexp, KEXPZDC,M,M

58




(85 w___q._...uﬁ_u._.:..__.!__uu_l ._r___.jE_u
nhﬂ.._n..u N.___E.....r”j_l.u”ﬂ . ni ..j.n..u”ﬂ__ - jﬂ.m.ﬂ
(5g5) ehyf Ty, Ty . Ty
ot
(s (6] 01 -CEMSRE T +ORTOET-=  ®y A< AT
(rT e (6 T) Ol EEEEEE G 0L L= | %y [ £ =60l
(e {0 T) DL WIRIL X o T) AT -ses = | Py | JLSATS 6
@ T) 0T ERTFE+ (8- T) o 00 LG0T + & -T) - 0T -DEDRE T
(zre) 48T F " nET) e gy | BFOCESE
e L T) 00 EaeET L@ ) 0D IS LEEF (6 T) o 0 BEAIE S =, Ol FEEETE = k|
(ITE) (@) .00 CIEEE T O CRITE [== 45y Al < T
Lge) (6-T) o0 TRGIT — 01 -WZTFG = Py | £>60>a0
@) L OD LITE9E — Ja T) o 00 69 L8+ J @ T o 00 9EFRE
(61§ o o ¢ . ! = gy | ALF 54
- L@ T) 01 FP9ROF - L@ T) L O P0DES + (@ T) (01 DEFES T- (01 K11 = ;|
CgIE (2T) 0 SETOEET+ 0L SET9TH—= 0y A < o80T
(Ll g (& T) o 00 SOFTT = 0T SHEEEn T= 7y | £>6T>0
. LT L0 BITOIT+ (@ T) 00 6ME1F = 6] (00 BETLYT
(o1 g gy | AT FE FE
= A8 T) DL LW T+ (8 T) - O -SETR+(8-T) 00 TERMS— 01 ST60S 1= k]

sadig [EUORDES $2000 PUBIRJTIT 10§ “T Of Pag (R SUCHE ML I E B9 L

59



5. Fan (power) section: Fan drive sections are commonly made up of
contractions, constant-area annular ducts, and diffusers. Therefore analysis
of this section is handled by dividing the fan into contraction, constant area
duct, and diffuser sections for which the corresponding formulas have

already been given above.

6. Internal flow obstruction-drag items: The loss due to the drag of

internal structure such as struts or models has the form (ref. 9, p. 9)

K=C,- ‘€ (3.29)
? AFLOW
7. Mesh screen: The losses produced by a mesh screen may be
expressed as (ref. 9, p. 9)
2
K=KRe-KMESH(1—AFLOWj+( A —1} (3.30)
A AFLOW

where the mesh constant, K, is 1.3 for average circular metal wire, 1.0
for new metal wire, and 2.1 for silk thread and the Reynolds number
influence factor, K;,, is related to Reynolds number based on mesh

diameter as

for 0 <Re <400

78.5- [1 RN
354

Ky, = ) +1.01 (3.31)

100

for Re > 400
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Ke =1.0 (3.32)

8. Calculation method for transferring loss values to reference location:
Each local loss parameter is calculated based on local conditions at the
smallest-area end of each section and may then be referenced to the test

section conditions by the formula (ref. 9, p. 33)

-1
1+ (7 ‘M 2)
A A, - 0
Ko_ﬁ (iJ_K [iJ:K 5T : (3.33)
7 Yo 9o A-M, 1+(7/_1-M2)
2
9. Overall and summary performance: The energy ratio of the wind
tunnel under consideration is given by (ref. 9, p. 10)
1
ER=— (3.34)

Total pressure rise across the fan is equal to total pressure drop through the

wind tunnel and it is given by (ref. 9, p. 34)

N
Apr. =4, 'ZKO, (3.35)

i=1

The power required to be input into the flow in order to drive the flow

through the wind tunnel at a specified test section speed is expressed as (ref.

9, p. 10)

p, =~ (3.36)

input



The actual drive power required is dependent on the efficiency of the
fan/motor system:
P

SRS (3.37)
e

required

To calculate the pressure losses at AWT an algorithm is developed based on
these equations. Firstly results of the algorithm are validated by two test
cases. Two (40 by 80 Foot and 7 by 10 Foot) Wind Tunnels belonging to
NASA-Ames Research Center are selected as test cases because they bear
close similarity with AWT. These tunnels are shown in Figs. 3.1 and 3.2 and
the algorithm results belonging to these facilities are given in Table 3.4 and
3.5 respectively. Some of the component losses could not be calculated due

to the lack of available data so that related columns are left blank.

The performance calculations, based on three different flow conditions at
the test section of AWT, are made once the circuit geometry of AWT is
determined (Fig. 3.3). The flow conditions in the test section (velocity, and
stagnation temperature and pressure) and the external atmospheric
pressure that are input to the algorithm are determined experimentally. The
total pressure and temperature for the Condition-3 are found by curve

titting (Table 3.3).

Table 3.3 Flow Conditions Input to the Algorithm.
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Condition 1 2 3
Velocity (m/s) 72 90 180
Total Pressure (Pa) 94166 95353 105291
Total Temperature (‘K) 302.8 303.2 306
Atmospheric Pressure (Pa) 91840 91840 91840

The aims of the choosing three different flow conditions are three folds: (1)
to compare with experimental data, (2) to find aerodynamic efficiency of the
existing fan, and (3) to find required power for a test section Mach number
of 0.52 respectively. Results of the algorithm for all three conditions of AWT
are listed in Table 3.6. Loss at the fan section part of AWT could not be
calculated by dividing this section into three parts (contraction, constant
area duct, and diffuser) because there is no data corresponding to the center
body and struts. Since the NASA-Ames Research Center 7 by 10 Foot Wind
Tunnel is very similar to AWT and its fan section loss is about 0.89% in

overall, the fan section loss of AWT is taken conservatively to be 1% of the

overall loss value.

All results are summarized in Table 3.7.
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Table 3.4 Components Losses of NASA-Ames Research Center

40 by 80 Foot Wind Tunnel (Test Case-1).

] Ko Ko Difference

No Section Type (Ret.9)| ° |Eqn.(3.33)| %

1 | Constant Area Duct 0.00003 | 0.02 0.00003 0

2 | Contraction 0.00501 | 3.99 0.00502 0.200

3 | Test Section, Diffusion 0.00835 | 6.65 0.00836 0.120

4 | Diffuser 0.04514 | 35.95 | 0.04515 0.022

5 | Corner With Vanes 0.01995 | 15.89 | 0.01999 0.201

6 | Constant Area Duct 0.00123 | 0.98 0.00123 0.000

7 | Corner With Vanes 0.01995 | 15.89 | 0.01999 0.201

8 | Diffuser 0.00191 | 1.52 0.00191 0

9 | Fan Contraction 0.00050 | 0.40 0.00050 0
10 | Fan Duct & Struts 0.00279 | 2.22 0.00279 0
11 | Fan Diffuser & Center Body | 0.01431 | 11.40 | 0.01541 7.687
12 | Multi Internal Structure 0.00060 | 0.48

13 | Diffuser 0.00123 | 0.98 0.00123 0
14 | Corner With Vanes 0.00227 | 1.81 0.00227 0
15 | Constant Area Duct 0.00004 | 0.03 0.00004 0
16 | Corner With Vanes 0.00227 | 1.81 0.00227 0.044
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Table 3.5 Components Losses of NASA-Ames Research Center

7 by 10 Foot Wind Tunnel (Test Case-2).

No Section Type (RI;(,) 9) % Ean((;. 33) lefi /zence
1 | Constant Area Duct 0.00003 | 0.02 0.00003 0
2 | Contraction 0.01213 | 9.81 0.01214 0.082
3 | Test Section, Diffusion 0.01322 | 10.69 | 0.01322 0
4 | Diffuser 0.00096 | 0.78 0.00083 -13.542
5 | Internal Structure 0.00224 | 1.81
6 | Diffuser 0.07838 | 63.38 | 0.06888 -12.120
7 | Corner With Vanes 0.00799 | 6.46 0.00799 0
8 | Diffuser 0.00076 | 0.61 0.00077 1.316
9 | Corner With Vanes 0.00448 | 3.62 0.00448 0

10 | Diffuser 0.00066 | 0.53 0.00066 0

11 | Fan Contraction 0.00001 | 0.01 0.00001 0

12 | Fan Duct & Struts 0.00017 | 0.14 0.00017 0

13 | Multi Internal Structure 0.00021 | 0.17

14 | Fan Diffuser & Center Body | 0.00071 | 0.57

15 | Contraction 0.00001 | 0.01 0.00001 0

16 | Diffuser 0.00002 | 0.02 0.00002 0

17 | Diffuser 0.00003 | 0.02 0.00003 0

18 | Constant Area Duct 0.00001 | 0.01 0.00001 0

19 | Corner With Vanes 0.00079 | 0.64 0.00079 0

20 | Constant Area Duct 0.00002 | 0.02 0.00002 0

21 | Corner With Vanes 0.00084 | 0.68 0.00084 0
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Table 3.6 Components Losses of Ankara Wind Tunnel.

Ko %
No Section Type Eqn. (3.33)
Cond.1 | Cond.2 | Cond. 3 | Cond. 1

1 | Constant Area Duct 0.00007 | 0.00006 | 0.00005 0.03

2 | Contraction 0.00892 | 0.00867 | 0.00786 3.78

3 | Test Section, Diffusion 0.01911 | 0.01856 | 0.01683 8.09
4 | Diffuser 0.07194 | 0.07148 | 0.06924 | 31.16

5 | Corner With Vanes 0.01896 | 0.01858 | 0.01639 8.10

6 | Diffuser 0.00094 | 0.00091 | 0.00075 0.4

7 | Corner With Vanes 0.01852 | 0.01814 | 0.01598 7.91

8 | Fan Contraction

9 | Fan Duct & Struts 0.02127 | 0.02101 | 0.00194 1.0
10 | Fan Diffuser & Center Body

11 | Constant Area Duct 0.00037 | 0.00036 | 0.00029 0.16
12 | Diffuser. 0.00659 | 0.00647 | 0.00577 2.82
13 | Corner With Vanes 0.00263 | 0.00257 | 0.00224 1.12
14 | Constant Area Duct 0.00002 | 0.00002 | 0.00001 0.01
15 | Corner With Vanes 0.00263 | 0.00257 | 0.00224 1.12
16 | Screen, Fine Mesh 0.02546 | 0.02518 | 0.02278 | 10.98
17 | Screen, Fine Mesh 0.02546 | 0.02518 | 0.02278 | 10.98
18 | Screen, Coarse Mesh 0.00972 | 0.00961 | 0.00869 4.12
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Table 3.7 Summarized Results of the Algorithm.

AWT

Parameter Test Test AWT AWT
Case-1 Case-2 Cond. 1 Cond. 2 Cond. 3
Total pressure loss coefficient, 0.12559 0.12387 0.2137 0.2105 0.1938
Eqn. (3.33)
Energy ratio,
7.962 8.073 468 475 5.16
Eqn. (3.34)
Total Pressure Rise (Pa), Fqn. 840 12387 589.3 900.4 32783
(3.35)
Input power (kW),
23044 996.6 293.2 552.3 3667.2
Eqn. (3.36)
Required Power (kW), Eqn. 24257 11725 - 750 4314.4
(3.37)
Fan aerodynamic efficiency %95 %85 - %74 %85
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3.1.2 Experimental Measurements

In order to determine the loss characteristics of AWT, some pressure and
velocity measurements are made at the fan section. In this measurements
two pitot tube shown in Fig. 3.4 and a pressure transducer (+0.5 psid) are

used as experimental apparatus.

Figure 3.4 Pitot Tube Used in Experimental Measurements.

The upstream velocity profile is measured at a section 60 cm upstream of
the inlet guide vanes after performing some pretests for determining the
axial location. Sensor-blade proximity sensitivity is also carried out: It is
clear from the results that flow is not disturbed by the inlet guide vanes
when the pitot tube is at least 40 cm far away (Fig. 3.5). The axial velocity
profile is also measured at a section 150 cm downstream of the outlet guide
vanes. Although there are not many alternative axial locations for
downstream axial velocity profile measurements because of the difficulty of
fixing the pitot tube supports to the thick concrete walls, the distance from
the outlet guide vane is still taken to be larger than the chord of outlet guide
vane. Pitot tubes are traversed starting from 33.5 cm from the tunnel floor
up to 173.5 cm with 20 cm intervals at both sections (Fig. 3.6). Test pictures
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are shown in Figs. 3.7 and 3.8. Measurements are performed at 7 different

fan speeds.

30

N
[6)}

Velocity (m/s)
— N
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o
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Figure 3.5 Determination of Upstream Axial Measurement Location.

FLOW

Figure 3.6 Velocity and Total Pressure Rise Measurement Points.
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Figure 3.8 Test Picture (Downstream of the Fan).
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Upstream velocity profile is presented in Fig. 3.9. Nonuniformities in

upstream velocity are found to be low, and it is about 11% at the highest fan

speed.
Tip 1.0
Uncertainty = 8%
0.9 4 Y
2 [ | X [ J +
0.8 * ] X PY + ¢ 70 rpm
M 140 rpm
o~ 0.7 4 * = X . N 210 rpm
b * m X ° + 280 rpm
*
0.6 - X350 rpm
¢ - X e + @ 420 rpm
0.5 * - X Py +|+ 490 rpm
0.4 - . ] X ° +
& [ | X [ ) +
Root 0.3 T T T T T T T
0 3 6 9 12 15 18 21 24 27
Velocity (m/s)

Figure 3.9 Upstream Velocity Profile.
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Downstream velocity profile is presented in Fig. 3.10. Nonuniformities are
found to be relatively high compared to upstream values. One of the

reasons may be the flow separation near the root.

Tip 1.0
09 Uncertainty = 8%
' ¢ = X ° +
0.8 ¢ ] X ° + || ®70rpm
M 140 rpm
* [ X (] +
& 0.7 4 210 rpm
D . m X ° + || 280 rpm
*
0.6 1 X350 rpm
» " X » * @ 420 rpm
0.5 . - X PY + + 490 rpm
0.4 - * u X ° +
* | X [ ] +
Root 0.3 \ \ ‘
0 3 6 9 12 15 18 21 24 27
Velocity (m/s)

Figure 3.10 Downstream Velocity Profile.

Total pressure rise across the fan is presented in Fig. 3.11. As seen from this
figure, total pressure rise changes largely from root to tip. High total
pressure rise occurs near the midspan and this is compatible with the

typical total pressure contours aft of straightener which is given in

Reference 1 (Fig. 3.12).
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Figure 3.11 Total Pressure Rise.
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- —
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Figure 3.12 Typical Total Pressure Contours Aft of Straighteners
(ref. 1, p. 375).
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Mean axial velocity at the upstream of the fan and the mean total pressure

rise across the fan may be calculated respectively as:

_ 2 |
Vi=—— |V, -x-dx 3.38
d 1-x"; ! (3.38)
2 1
A5T==i———3-jApT-x-dx (3.39)
_xb X,

Volumetric flowrate at the upstream of the fan is calculated by

Q=@(mfj (3.40)

where D is the diameter of the fan section entire and it is equal to 5 m.
Experimental results based on formulations given above are listed in Table

3.8.

Table 3.8 Experimental Results for the Losses of AWT.

Vf (m/s) Q (m3 /5) Apr (Pa) k= Ap; /Q?
3.21 63.00 14.83 0.003737
6.69 131.27 51.83 0.003008
10.29 201.96 113.28 0.002777
13.69 268.57 196.80 0.002728
17.40 341.56 308.42 0.002644
20.99 411.84 446.30 0.002631
24.65 483.68 614.24 0.002626
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Since the loss through a duct system is proportional to the square of the
volumetric flowrate, the loss characteristics of the tunnel is parabolic. It may

be given in the following form.

Ap, =k-Q° (3.41)

where k is the constant of proportionality. The value of k in Eqn. (3.41) may
be estimated by taking k for the highest velocity in Table 3.8 and

accordingly the total pressure loss can be defined as

Ap, =0.002626-Q° (3.42)

Then, AWT loss characteristics curve that simulated by Eqn. (3.42) is plotted
in Fig 3.13.

Models with different sizes are going to be tested in the test section of AWT.
These models will cause blockage losses. According to reference 9, this
blockage loss is estimated to be between 10% and 15% of the total tunnel
loss. In the present case the tunnel loss is increased by 10% for each flowrate
because of large tunnel size and the actual tunnel loss characteristics is

determined in Table 3.9. It is plotted in Fig. 3.13 and may be expressed as

Ap, =0.002888 -Q? (3.43)
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Table 3.9 Actual Loss Characteristics of AWT.

\Va 3 = — 2
V, (m/s) Q (m’/s) Apy (Pa) k=Ap, /Q
3.21 63.00 16.31 0.004111
6.69 131.27 57.01 0.003309
10.29 201.96 124.60 0.003055
13.69 268.57 216.48 0.003001
17.40 341.56 339.26 0.002908
20.99 411.84 490.93 0.002894
24.65 483.68 675.67 0.002888
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Figure 3.13 AWT Loss Characteristics Curve.
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3.2 Design Inputs

e Selection of the Ducted Fan Type

e Selection of Design Theory

e Selection of Rotor Blade and Straightener Design Method
e Selection of Airfoils for Rotor and Straightener

e Selection of Speed Control Method

The chosen fan configuration consists of rotor and straightener unit because
it provides flow stability. This configuration is the common choice for high
power axial flow fan wind tunnel applications and if correctly designed,

these units of rotor and straightener are potentially the most efficient [1].

For the present design, free vortex theory is used for the fan design because

spanwise nonuniformity of axial velocity at the fan section is not high.

Since it is a low pressure fan, the isolated aerofoil design method is found to
be suitable. Choice of the straightener design method depends on the swirl
values produced by the rotor. If swirl coefficient is equal or lower than 0.4,
the isolated airfoil method is suitable otherwise cascade airfoil method must
be used. For the straightener case cascade airfoil design method is found to

be suitable because of high swirl (that greater than 0.4).

As for the rotor blade design method, it is appropriate to consider each
rotor blade element as an isolated two dimensional airfoil. Production
considerations often influence the choice of blade section. The RAF 6E and
Clark Y series of airfoils are very popular as both has flat (pressure side)
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undersurfaces and is capable of high efficiency operation [2]. The RAF 6E
airfoil is selected for the rotor blade because its aerodynamic characteristics
is available at design Reynolds number and stall limit is higher than the
Clark Y. The experimental two dimensional aerodynamic characteristics of
the RAF 6E airfoil plotted against the angle of attack at different Reynolds
number are shown in Fig. 3.14. Circular arc blading in C4 thichkness form is
selected for straightener because of high swirl. The section coordinates of

RAF 6E and C4 airfoils are given in Table 3.10.

The flowrate through a fan unit is normally varied by changing the rotor
speed. An alternative method for changing the flowrate is to use variable
pitch rotor blades. Since variable pitch fan allows more efficiency in large
working range, it is found to be more suitable for the present fan. Also, a
variable pitch fan is of great value even when a variable rpm drive is

available since it gives much quicker speed control than variable rpm drive

[4].
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Figure 3.14 Airfoil Characteristics of RAF 6E Section.
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Table 3.10 Section Coordinates of RAF 6E and C4 Airfoils.

Distance from | Distance from chord line

leading edge | RAF 6E C4
0 1.15 0

1.25 3.19 1.65

25 4.42 2.27

5.0 6.10 3.08

7.5 7.24 3.62

10 8.09 4.02

15 9.28 4.55

20 9.90 4.83

30 10.30 5.00

40 10.22 4.89

50 9.80 4.57

60 8.98 4.05

70 7.70 3.37

80 5.91 2.54

90 3.79 1.60

95 2.58 1.06
100 0.76 0

L.E. radius 1.15 1.2

T.E. radius 0.76 0.60

3.3 Design Constraints

e Fan Hub Ratio

e Solidity

o Lift Coefficient

¢ Loading Factor

¢ Flow and Swirl Coefficients

e Aspect Ratio
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e Number of Blades and Straighteners
e Blade Tip Speed

In most fans, hub diameter is usually 40 to 70% of the rotor diameter [1].
The larger hub diameters are usually associated with fans designed for high

pressure rises.

Blade solidity is defined as the ratio of the blade chord to circumferential
gap between adjacent blade elements. The solidity o is kept below unity in
the blade design because the isolated airfoil method is selected. For
solidities approaching unity or greater than unity there is an aerodynamic
interference between the adjacent blades which usually results in a marked

reduction in lift for a given blade incidence.

Because of the influence of the boundary layers on the hub and duct, the
maximum lift coefficient of the blade section near root and tip will be less
than in two dimensional flow, and the maximum lift to drag ratio will occur
at a smaller lift coefficient. There is no general information to correct the
two dimensional characteristics, even if the inlet boundary layer profile
were known accurately. It is suggested that the fan blade lift coefficients
should not exceed 0.9 or 1.0 at the root and 0.7 at the tip in order to avoid
stalling due to boundary layer influence at the tip and a combination of this
effect and blade interference at the root [1]. A survey of recommended

C,values in fan design indicates a range from 0.6 to 1.0 [2].
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Because of the restriction on the lift coefficient C; and solidity o at the

blade root, the product of lift coefficient and solidity known as loading

factor C, -0 do not exceed unity.

For flow coefficient A; there is a lower limit of 0.2 fixed by efficiency
considerations and there is an upper limit of 1.5, due to design difficulties.

For swirl coefficient &_; there is an upper limits of 1.5 and 1.0 for prerotators

and straighteners respectively. This value is very much fixed by blade

stalling characteristics [1, 2].

Aspect ratio of a blade is defined as the ratio of the blade span to chord. The
choice of blade aspect ratio is influenced by a number of factors. With the
object of keeping annulus and secondary drags to a reasonable level it is
generally accepted that the aspect ratio should be at least 2 [2]. From the
practical point of view, increasing the aspect ratio reduces the axial
dimension of the hub to which the blades are attached. Very large aspect
ratios are undesirable for reasons of blade multiplicity, loss of blade
stiffness and reduction in aerodynamic efficiency due to the low blade

Reynolds number which follow from small chord blades.

The choice of blade numbers depends mainly on practical considerations
such as root fixing details and boss depth. However, aerodynamic matters
are also not to be neglected. For instance, a decreasing number of blades
will reduce the aspect ratio and eventually lead to an efficiency decrease.
On the other hand, a greater number would result in higher blade drag
counts. The product of the blade number and chord values represent the

total blade area which must be in accordance with thrust requirements. To
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avoid excessive blade passing pulsations, a minimum number of 4 blades
are used in wind tunnel fans. The maximum number is limited by strength
and Reynolds number considerations. The minimum Reynolds number
based on the relative velocity and blade chord should be 7x10° in order to
keep the sectional drag to a low level [2]. The number of straighteners

differs from that used in the rotor design; this is done to reduce beat noise

[1].

The effect of compressibility of the fluid on fan performance is important.
The compressibility of the fluid becomes significant when the relative fluid
velocity at the rotor blade tip speed exceed 167 m/s (550 ft/s), or the tip
speed is greater than half of the local speed of sound [1]. Fan noise is also

increased with increased rotor tip speed.

3.4 Rotor and Straightener Design Equations

Design equations from momentum considerations will be presented in
detail for the general case of a rotor with preswirl and afterswirl. When
appropriate, the preswirl or afterswirl may be equated to zero; e.g. in a

rotor-straightener unit the preswirl is zero.

It is assumed that both the total pressure rise and the axial velocity
component remain constant along the blade span and, that there is no radial
component of flow. The latter condition is a consequence of the two former
assumptions and is a requirement for free vortex flow. Constant axial
velocity is never fully achieved but it has been demonstrated in practice that
moderate departures from it are relatively unimportant.
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Conditions in an elementary annulus of width dr and constant radius r are
given in Fig. 3.15 at various stations in the fan unit. Air entering the
prerotators axially is deflected tangentially in a direction opposite to the
rotation of the fan. It is assumed that the air leaves the fan rotor with a swirl
component in the direction of rotation, and hence the straighteners are left

with the task of deflecting it back into the axial direction.

Vo'p Vo Py Va'hatV, Py
b}
N

V;'Po‘PT-——>T = _%—n’_él:_-}::-t—-—‘ﬁ'!’:‘i’ra

0

Prerota‘tor+ ..e___..-Straightenar

Figure 3.15 Blading Arrangements (General Blading Case)

by ——3

It is convenient to take the preswirl and afterswirl as both positive values
although strictly their respective positive directions are opposite sense to

each other.

The Bernoulli relationships at the four stations in Fig. 3.15 assuming

spanwise constant total pressure at each cross-sectional plane is

1
Pn:%+54T%2 (3.44)
1 , 1 )
PT1=P1+E'P'Vu +E'P'V9p (3.45)
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1 1
pT2=p2+E-p-Va2+E-p-V952 (3.46)

1
Pr, = Ps +E'p‘Va2 (3.47)

where p;,p,V,, V, are the total pressure, static pressure, axial velocity

component, and swirl velocity component, respectively. The overall change

in total pressure in the annulus can be written
Pr, =P, = APy~ APx —Ap, — Ap, (3.48)

where Ap, is the theoretical mean total pressure rise, the other terms

denoting the losses in the rotor, prerotators, and straighteners, respectively,

which have a spanwise variation.

The following nondimensional equation is obtained by dividing Eqn. (3.48)

by % p-V.?, where V, is the mean axial velocity through the fan.

=Ky — kg —kp— ks (3.49)

where szp/;p-Vaz,for example, k, =A;9R/;,0-V2

a

From Eqns. (3.44) and (3.47) it follows that (pn — P, )/; p-V.7? is also the

nondimensional static pressure rise for the unit. Defining the swirl

coefficient as
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e=V,/V, (3.50)
the static pressure rise across the fan rotor at radius r is then given by

1
pz_pl:Ap:E'p'vuz'(Kth_kR+gp2_gsz) (3.51)

The output of the work done from the rotor in the elementary annulus is

defined as;
(s, —py )-2-7-1-dr-V, (3.52)

and the input is Q-dT, where Q is the rotational speed of the rotor in
radians per second and dT is the element of torque. From the rate of change

angular momentum,

AT =p-V,-2-z-r-dr-\V, +V, |-r (3.53)

Replacing (pTZ —pTl) by the theoretical total pressure rise in Eqn. (3.52) and

equating the new relation to Q-dT,

(pTZ -Pr +ApR)-2-7z-r-dr-Vu =p-V -2-7z-r-dr-(V6,s +V€I))-Q-r (3.54)
and therefore
Apy = p-Q-r-(V, +V, ) (3.55)
Nondimensionally,

K, = % (e, +5,) (3.56)
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where the flow coefficient is defined by

A=V, Q-1 (3.57)

The resultant velocity vector V,, which determined the lift on the blade

element, is shown in Fig. 3.16 together with the velocity components at inlet

and outlet from the blade element.

Chard line

Axis of rotation

Plane of rotation

Figure 3.16 Relative Velocity Vectors, Rotor Blade Element.
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The tangential velocity component of the air relative to the blade is given by

Q-r —%.(Vgg -v,) (3.58)

where the second term is the mean swirl between the rotor inlet and outlet.

The angle g, that the resultant velocity V,, makes with the plane of rotation

is obtained from

Q-r—;-(\/@ -V, )
tan 3, = S 3.59
B 7 (3.59)
or
1—1'(85 —gp)-/i
tan B, = —2 -~ (3.60)

It can be shown from Eqn. (3.55) that (Vgs + Vgp) is inversely proportional to

the radius r when Ap,, is constant along the blade. It is usual to make one

of these swirls zero or inversely proportional to the radius; in both cases the

flow satisfies the condition for free vortex flow.

The general momentum theory is applied to a blade possessing relative

motion, as illustrated in Fig 3.17.
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Figure 3.17 Absolute Velocity Vectors, Rotor Blade Element.

The change in the tangential velocity component from blade inlet to outlet is

Q- r+v, )-l@-r-v, )=V, +V, (3.61)

In addition, the theoretical static pressure rise (Ap,, )s is equal to the change

in dynamic pressure, namely,

1 1
(Apth)s :E'p'V12_E'p'V22 (3.62)
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a relationship that can alternatively be obtained by combining Eqns. (3.51)

and (3.55) and by using the vector diagrams of Fig 3.15.

From the force vector diagram (Fig. 3.18) it follows that the axial force Z is

given by
R
Z= j Ap-s-dr (3.63)
and the tangential force Y by
R
Y=[s:pV, -(Vgp vV, )dr=s.p- V2 (e, + e, dr (3.64)

Ty

From Fig. 3.16, the drag of a blade element is

R
D:Is-p-Vﬂz-(gs+gp)-dr~sinﬂm —s-Ap-dr-cos 3, (3.65)

b

Substituting for Ap from Eqn. (3.51), writing V,/V, as cosp, (Fig. 3.13)

and dividing by % p-V,2-c-dr in order to obtain a drag coefficient,

C,=2>cos’f, - [2 : (55 + gp)~sin . —(Km —el+ gpz)- Cosﬂm]
c (3.66)
+§-kR .cos’ 3,

Eliminating K, by Eqn. (3.56) and using Eqn. (3.60)
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C,=2-2.cos’ B, -(gs +gp)-{sinﬂm —%}+i-klz -cos’ B, (3.67)
c cotf, | ¢

and hence

C, =2k, cos’ 3, (3.68)
C

Axis of rotation

Plare of rotation

Figure 3.18 Rotor Blade Element Force Vectors.

Similarly, the lift is

L=Y-cospf,+Z-sinp,

= TS-p'Vﬂ2 -(85 +5p)-dr-cosﬂm +TS'AP'd7'Sinﬂm (3.69)

Ty Ty

and hence
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C, :g-cos2 B, ~[2-(£5 +gp)-cos,6’m +<Kth ~& +gp2)-sin,6’m]

(3.70)
~5 .k, -cos’ B, -sin B,
c

Making substitutions similar to previous ones and using Eqn. (3.68)

CL:2-£-(gs+gp)-cosﬂm—CD-sinﬂm (3.71)
c
or

CL-0'=2~(gs+gp)-cos,6’m—0'-CD-tanﬁm (3.72)

where o =c/s =solidity. The last term is usually small, being ignored in

most design methods. Hence

CL-0:2-(gS+gp)-cos,Bm (3.73)

From Fig. 3.17 blade inlet and outlet angles in terms of 4 and ¢,

1+e, -4

tan 3, = £ (3.74)

A
tan g, = 1-¢,-4 (3.75)

A
tanf, —tanf, = ¢, +¢, (3.76)

and when combined with Eqn. (3.60)

tan g, = % -(tan B, + tan 3,) (3.77)

The drag coefficient for a blade element is given in Eqn. (3.68). Multiplying
by C, /K, and writing y for C, /C,,
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k C, -
yo—R = L—i (3.78)
Kth Kﬂ7 - COS m

Substituting for C, o (Eqn. (3.73)) and K, (Eqn. (3.56))

7-k—R: /21 (3.79)
K, cos”p,

Making the design assumption that the mean drag coefficient for the rotor is

given by
Cp=Cp, +Cp, (3.80)

where C, is the profile drag coefficient at mid blade span, and the
secondary drag coefficient Cy_ is suitably calculated, then the mean total

pressure loss coefficient k, for the rotors follows from Eqn. (3.79), namely,

k_R: _ G d (3.81)
C,-cos’ B, ).

This expression can alternatively be written

kp k C, C
k_R:ﬁJrﬁ:( D, Dj[ 4 j (3.82)
K, K, K, C, C, N\cos” B, ),
where MS denotes the midspan.

The estimation of efficiency loss due to profile drag will depend on whether
the fan is designed by the isolated aerofoil or the cascade design method. In

the former case, profile drag coefficient can be ascertained from the
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experimental aerofoil data once the design midspan lift coefficient has been

chosen.

Boundary layers of both duct and fan hub cause secondary flows that
appear on the surfaces of the blades at their extremities and constitute
momentum losses which reduce fan efficiency. The drag due to secondary
flows is known as secondary drag. The secondary drag for the rotor blade is

given by (ref. 1, p. 222)

— . 2
Cp, =a-C, (3.83)
where a is a function of chord Reynolds number only, and C, is a mean
value for the blade. The coefficient a varies from 0.019 at Re =1x10° to 0.015

at 5x10°.

From momentum considerations with Fig. 3.19, similarly with the rotor

blade element, the following relations are obtained for straighteners.

B, =tan’! (‘%} (3.84)
S &
C, =25 ¢ .cosp, —-C,- = (3.85)
c s 2
Cp =2k -cos’ B, (3.86)
C
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*..q

Flow axis

ISR |

Figure 3.19 Velocity Vectors for Straightener Vane Element.

Since the last term in Eqn. (3.61) is usually much smaller than the preceding

one

C,ro=2-¢5-cos B, (3.87)

The important flow and geometric parameters controlling straightener

design are defined Fig. 3.20.

Flow axis

Figure 3.20 Straightener Vane Element Geometry.

From Fig. 3.20, following relationships are obtained.
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-1
B =tan" &g

0=p+0

5:0.26-9-\/E
c

b:l-c-tang
2 4

1-0.26,/s/c

(3.88)

(3.89)

(3.90)

(3.91)

(3.92)

(3.93)

In equations given above; 6,0,&,b are the camber angle, deviation angle,

stagger angle and radius of curvature respectively. If the swirl coefficient is

known, corresponding values of s/c,C, and 6,& are determined from Figs.

3.21 and 3.22 respectively.
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Figure 3.21 Straightener Vane Design Data (ref. 1, p. 233).
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Figure 3.22 Straightener Vane Camber and Stagger Angle (ref. 1, p. 234).
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Straightener losses from momentum considerations,

K [G,a|._ 4 & (3.94)
K, \Cp, 2 cos” B, &+&p
and since C, /Cp >>¢& /2
ks Co_ f & (3.95)
Ky, Cp cos"B, &s+ép
The profile drag coefficient C;, is assumed to be given by
Cp, =0.016 (3.96)

This value corresponds to blading of moderate to high solidity at Re of 2x10°
approximately. Reductions of 20 to 25% in profile drag coefficient can be
expected at Reynolds numbers of around 6x10°. The adoption of the above

value for C, therefore ensures an increasing degree of conservatism, for

advancing Re.

The secondary drag coefficient C, for straightener is assumed to be given

by
Cp, =0.018-C,* (3.97)
Mean drag coefficient is given in same equation with rotor blade by.

Cp=(Cp, +Cp,) (3.98)

MS
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and hence

ke CL:( A . J 3.99)

25 =L s
K, C, | cos Eg+&p

mg

3.5 Rotor and Straightener Design

Fan applications can be divided roughly into three categories, in terms of
flow coefficient and pressure rise capability. These are follows [1]:

1. A<0.2. These low pressure rise fans which usually possess a small
boss ratio (=0.4) are frequently operated as exhaust fans, without
guide vanes.

2. A=0.2 to 0.4. These units normally have boss ratio between 0.5 and 0.7
and incorporate guide vanes; they are capable of substantial pressure
rise, gaining from an optimum efficiency design approach.

3. A>0.4. Fans in this category are usually of the multistage in-line type,

as single stage total pressure coefficient capability is restricted.

Since the rotor-straightener unit is selected as the ducted fan type, our fan

belongs to the second category.

Rotor design is almost exclusively a function of swirl and flow coefficients
and straightener design is largely a function of the former parameter. The
quantity that is common to the flow and swirl coefficients is the axial

velocity component.
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It is known that the maximum desired velocity at the test section of AWT is
assumed that 180 m/s (M =0.52). Response to this velocity, the axial
velocity at the fan entry is calculated using the calculations steps explained
in section 3.1.1 which also takes compressibility into account. Based on these
calculations, maximum axial velocity at the fan entry is 56.97 m/s.
Maximum flowrate is 1118.7 m?%/s (Eqn. 3.40). The maximum axial velocity at

the fan annulus can be written as

Qax (3.100)

= 2 2
amax 7Z-‘R 1_xb

Then,
1118.7

V p—
max314.2.58%-(1-0.5

):71.32 m/s

Rotor tip speed is

Vi 7132
RS

=1783 m/s

Fan rotational speed is calculated from:

V.
iy = :@:69.1 rad [ s= 660 rpm
y R 258

To find minimum axial velocity, minimum flow coefficient is used;

1%
Ao =—=022V,  =1783-02=3566 m/s

tip

The velocity at the fan entry, from continuity equation assuming no density

change
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=V =V .”'RZ‘(1—x§)=35'66_3.14~2.582-(1—0.52)

=y, Aov —22 ) 2849 m/s
m A e TR, 3.14-25

And similarly minimum test section velocity is 79.7 m/s.

Required total pressure rises in the operating range of the fan are given in

Table 3.11.

Table 3.11 Required Total Pressure Rises in the Operating Range.

3
A V_ (m/s) V,(m/s) Q(m /S) Ap, =0.002828-Q’ (Pa)
(Eqn. 3.100)
0.2 35.66 79.7 559.3 903.47
0.25 44.58 - 699.2 1411.98
0.3 53.50 - 839 2033.05
0.35 62.41 - 978.8 2767.02
0.4 71.32 180 1118.7 3614.53

At the design point of a subsonic wind tunnel fan mostly maximum velocity
is taken. In this study firstly maximum velocity is taken as design point but
after interpreting the analysis result it is concluded that this design point is
not feasible because some inefficient data and some impossible results are
included in the operating range. For this reason midpoint of the flow

coefficient (A = 0.3) is taken as design point instead.

An algorithm consists of preliminary design, rotor design and straightener

design is developed to design the fan (Fig. 3.23).
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After the design flow coefficient and the rotor tip speed have been fixed, for
five different fan hub ratios preliminary design is carried out to determine
the fan hub ratio which gives the highest overall efficiency (Table 3.11).
Preliminary design is performed at midspan station of the rotor. According
to preliminary design, the fan hub ratio is selected as 0.5. The next design
phase concerns the detailed design of the rotor blade elements at chosen
radii. First, the appropriate Reynolds number can, when blade chord is
assumed to equal half the blade span, be determined for midspan station

from the relation
_pV,c_  p-V.c
U cos f,, - p

Re =5.8x10°

where £ =1.78x10°N-s/m*>, p=117kg/m’>, V,=53.5m/s (Table 3.11),
B, =67.02° (Table 3.12) and ¢ =0.645m. Hence the lift and drag data of

RAF 6E given in Fig. 3.14 for Re =5.07x10° are suitable for design use
providing that chord length is less than 0.645. Thereafter rotor blade design

is performed. Rotor design details are given in Table 3.12.

It is desirable that for the straightener vanes to have a fixed pitch and yet,
within acceptable limits, to still remove the swirl downstream of the rotor
over the entire operating range. To achieve this goal along the entire blade
span, for the rotor which is analyzed over the operating range, the swirl
coefficients are calculated at the highest swirl location that is the rotor blade
root. It is decided to design the straightener at 0.2 flow coefficient and zero

pitch angle. Straightener design results are given in Table 3.13.

At the end of the design, efficiency of rotor and straightener system at the

rotor design point is obtained (Table 3.14).
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Figure 3.23 Rotor and Straightener Design Algorithm.
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Table 3.12 Preliminary Design Results.

Determination of Main Design Parameters

x, =1,/R (Fan boss ratio) 0.5 0.55 0.6 0.65 0.7

R 258 | 258 | 258 | 258 | 2.58

1, 129 | 142 | 155 | 1.68 | 1.81

V,=Q/z-R*(1-x?) 535 | 5755 | 62.7 | 695 | 787

1

5P V? 1687 | 1951 | 2317 | 2846 | 3649

Ap; 2033 | 2033 | 2033 | 2033 | 2033

1

K, (APT / 5P v? j /m 142 | 123 | 1.03 | 0.84 | 066

Vi =Q-R 1783 | 1783 | 1783 | 178.3 | 178.3

A=V, [V, 0.3 032 | 035 | 039 | 044

Check on Blade Root Loading
A4, =A/x, 060 | 059 | 059 | 0.60 | 0.63
&, =K, - 4,/2 0.43 036 | 030 | 025 | 021
. 1
(8,), = tan 1{(1 — & A j /ib} 555 | 56.8 | 57.3 | 57.0 | 56.0
(C,-0),=2¢, (c0sB,), 048 | 039 | 033 | 027 | 023
Efficiency Estimation

Xys =(1+x,)/2 075 | 078 | 080 | 083 | 085

s = N X5 040 | 042 | 044 | 047 | 052

(&) s = (K - s )/2 028 | 026 | 023 | 020 | 017

3 1

(B, )ys = tan 1{(1 - (&,)- /lj / ﬂ} 670 | 663 | 652 | 636 | 615

kR ﬂ‘MS
yR | =M 263 | 257 | 249 | 240 | 2.28

Kth MS COs (ﬂm )MS

Vs =[Cu/(Co, +Cp )] 4 4 0 | 2 |

k

(K—R] 0.062 | 0.061 | 0.059 | 0.057 | 0.054
th / Ms

(Bos s = tan"[(e.),6 /2] 81 | 73 | 65 | 57 | 49

[7£J - s 0.41 042 | 045 | 048 | 0.52
th MS m ' . . . .
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Table 3.12 Preliminary Design Results (Continued).

7us = [Ci/(Co, +Co, )] . 28 28 | 28 | 28 | 28
k
(K—Sj 0.015 | 0.015 | 0.016 | 0.017 | 0.019
th / Ms
M 0.825 | 0.825 | 0.825 | 0.825 | 0.825
kp =(1-np |22 -x2)] 0.077 | 0.09 | 0.103 | 0.117 | 0.129
K
= 0.054 | 0.073 | 0.100 | 0.139 | 0.198
th
kR
(7 s =|1- A 0938 | 0939 | 0941 | 0.943 | 0.946
th / Ims
ks
(175 )ys =| 1- I 0985 | 0.985 | 0.984 | 0.983 | 0.981
th MS
kg +k
(1751 s =| 1- e 0923 | 0924 | 0925 | 0.926 | 0.927
th MS
k,+k.+k
(nT)Ms—{l—[ — DH 0869 | 085 | 0825 | 0.787 | 0.73
th MS
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Table 3.13 Rotor Design Details.

x=r/R 0.5 0.6 0.75 0.9 1.0

A=A/x 0.6 0.5 0.4 0.33 0.3

K, (APT / ; P ij /nT o 1.387 | 1.387 | 1.387 | 1.387 | 1.387
& =K, -1 /2 0.416 | 0.347 | 0.277 | 0.231 | 0.208
B, = tan‘l[(l—l-(es)- /”tj //1} 556 | 613 | 67.1 709 | 72.8
C,ro=2-¢ -cosp, 0.470 | 0.333 | 0216 | 0.151 | 0.123
B =12 59.0 63.4 68.2 71.6 73.3
B, =(1-¢)/2 514 | 588 | 658 | 701 | 723
B — B 7.6 4.6 2.4 1.5 1.0

C, 09 | 0.842 | 0.697 | 0.624 | 0.6

o 0523 | 0.395 | 0311 | 0.243 | 0.205
a 387 | 337 | 201 1.35 1.13
§=p,-«a 51.70 | 57.93 | 65.04 | 69.53 | 71.66
$=90" - ¢ 3831 | 32.07 | 2496 | 2047 | 18.34
n-c/R=2-n-c-x 1.64 1.57 1.50 1.36 1.29
c(n=6, AR<2) 0.706 | 0.676 | 0.630 | 0585 | 0.554
c(n=8, AR>2) 0530 | 0507 | 0473 | 0438 | 0.416
c(n=10, AR >2) 0.424 | 0405 | 0378 | 0351 | 0.332
c(n=12, AR >2) 0353 | 0338 | 0315 | 0292 | 0277
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Table 3.14 Straightener Design Details.

x=1/R 0.5 0.6 0.75 0.9 1.0

g, 0.955 0.83 0.709 0.6 0.535
B, =tan' g, 437 39.7 35.3 31.0 28.2
s/c 0480 | 0.642 | 0.862 1.140 1.374
0 53.2 50.0 46.6 42.9 404
b/c(%) = %-tan% 11.76 | 11.04 | 10.28 9.47 8.92
g 17.0 14.7 12.0 9.50 7.9

C, 0.822 | 0.978 1.149 1.31 1.406
n-c/R=2-7x/(s/c) 6552 | 5877 | 5464 | 496 | 4573
n 13 13 13 13 13

c 1.3 1.166 1.084 | 0984 | 0.908

Table 3.15 Efficiency of Rotor-Straightener System at Rotor Design Point.

x=r/R 0.5 0.6 0.75 0.9 1.0

Co, ). 0.01 0.01 | 0.009 | 0.009 | 0.009

, )R =0.015-C} 0.012 | 0.011 | 0.007 | 0.006 | 0.005

72 =[C./(Co, +Co, |, 4044 | 4119 | 4241 | 4234 | 41.87

k

< 0.046 | 0.053 | 0.062 | 0.074 | 0.082
th

C,, ), 0.016 | 0016 | 0016 | 0.016 | 0.016

(o, )5 =0.018-C} 0.001 | 0.002 | 0.003 | 0.006 | 0.008

7s =[C./ICo, +Cp, )| 1357 | 1747 | 21.83 | 2465 | 27.81

k

< 0.046 | 0.029 | 0.019 | 0.013 | 0.011
th

kn

. 0.054 | 0.054 | 0.054 | 0.054 | 0.054
th

Mk 0.954 | 0947 | 0938 | 0.926 | 0.918

s 0.954 | 0971 | 0981 | 0987 | 0.989

Mo 0.907 | 0918 | 0919 | 0913 | 0.907

M 0.853 | 0.864 | 0.865 | 0.859 | 0.853
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3.6  Hub Cone Design

The nose and tail fairings should preferably be good streamlined shapes.
For the hub cone shape, any efficient streamlined body of revolution may be
used [2]. One such shape is illustrated in Fig. 3.24 and its coordinates are

given in Table 3.16.

/ Max. diameter at 40% of length

\ /

Figure 3.24 Streamlined Body of Revolution.

Table 3.16 Streamlined Body of Revolution Coordinates.

DIAMETER AT POINT | DISTANCE FROM NOSE
MAX. DIAMETER TOTAL LENGTH
PERCENT
0 0
24.8 1.25
34.8 2.5
48.4 5
66.2 10
86.6 20
96.8 30
100 40
97.7 50
90.5 60
78.2 70
60.0 80
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34.7 90
18.7 95
0 100

The diameter of the streamlined body illustrated in Fig. 3.24 reaches a
maximum at the 40 percent length position; the forward and rearward
portions of the body can be considered separately when designing the nose
and tail fairings. Nose fairing should be kept relatively short, while tail
fairings may have to be long if flow separation is to be avoided. In the

design of nose and tail fairings, the term fineness ratio, f, is defined as;

f= (3.101)

where [ is the length of nose or tail fairing, and r, is the radius of the hub.
Experiment has shown that streamlined shapes with a total length to
diameter ratio of 3 are the most efficient [2]. Assuming that the maximum
diameter occurs at the 40 per cent length position, the fineness ratios of the
nose and tail fairings will be 1.2 and 1.8 respectively. The ratio of 1.2

provides a good entry to the fan.

Fan diffuser efficiency is given by [1, 2]

M =1-7 =& (3102)
V(4,47

where Ap,, is the mean total head loss, V, is mean axial velocity through

rotor, and A,, A, are the rotor annulus and duct areas respectively. In

design, Ap, is obtained by assuming the diffuser efficiency. Unfortunately,
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very little experimental information is available but from the existing
evidence it appears that 7, =0.8 t0 0.85, provided flow separation is

avoided. The loss of total head, Ap,,, can be expressed non-dimensionally as

kp=q—"" =2 . (3.103)
—.p-V
, PV

and hence Eqgn. (3.102) can be written

2
kp=(1-n,)1- (ﬂJ (3.104)
AB
When the duct diameter of the fan unit remains constant, we have
kp=(1-mp)-[x,-(2-x2) (3.105)

After the determination of hub cone geometry, eight rotor blades and
thirteen straighteners are located on the hub. Designed fan is illustrated in

Figs. 3.25 and 3.26.
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Figure 3.25 Designed Fan (Side View).

Figure 3.26 Designed Fan (Isometric View).
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CHAPTER 4

PERFORMANCE ANALYSIS OF THE FAN

4.1 Introduction

An analytical method for establishing off-design duty performance is as
important as the evaluation of the fan design point. It permits the
construction of characteristics curves for a wide range of blade settings and
enables fan stall approximations to be obtained. The procedure is invaluable
in relation to the development of variable pitch axial flow fans. In addition,
from measurement of blade profile, solidity, and stagger angle, the likely
performance of a rotor can be estimated in the absence of aerodynamic

design data.

The method proposed is centered on mean flow and pressure rise
calculations. Provided the design meets free vortex flow conditions, the
midspan station is a possible choice. At the mean station it is only necessary
to calculate swirl coefficient ¢ as a function of flow coefficient 4, for a given
blade geometry, in order to compute all other variables involved in
characteristic curve construction except the estimation of the stall point.
This latter point requires load limit studies at the blade extremities,

normally the blade root.
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In rotor analysis there are two major variable, the flow coefficient and the
swirl coefficient. The problem of analysing stators is a relatively simple once

since there is only one major variable, the swirl coefficient.

4.2  Analysis Equations

The rotor vector diagram of Fig. 3.16 is modified in manner shown in Fig.
4.1. An essential part of the analysis problem is to find the rotor no-work
point. For such a condition the velocity vector diagram is reduced to the
velocity triangle EBG, where

Mean resultant velocity =V, =EB
Axial velocity =V, =BG

Tangential velocity = Q-7+ (VHP )N =EG

N
>

N (Vg Iy —% (¥, — V)

Axis of rotation

Plane of rotatian

E Dy F \ G
IVEP:'N

Figure 4.1 Velocity Vectors for Rotor Blade Element.
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With increasing load the point D will move away from B and hence

V, =ED
V,=CG=BG-BC

Q-r+%-(V9p—V95):EG—CD

Expressions for flow coefficient 4 and swirl coefficient &, are now

developed from

gp-/IN—;-ﬂ-(gp—gs)

V. =[Q-7+(Vap)N]'COtﬂN_ tany

Dividing by Q-r

A=1+¢, -4, ) cot B, — 2
( 4 N) Py tany
where
Vol V
( gﬂ)N . an :S 'ﬂN
Qr v, 7
and
A =(l4e, 2, ) cotpy=— L
: tan g —¢,

Eqn. (4.1) can be rewritten as
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A 2-4
=2.t JN _1—-g - N _1 4.3
- an‘”[ﬂ } 8"{ 2 } ()

in which y is the only unknown being a function of blade element load

capability.

Assuming that the lift coefficient can be expressed as a simple function of

incidence angle, then
C, =m-sin(8, - ) (4.4)

where m is a constant and f,, — £, is the incidence relative to the no-lift

chord line. For airfoils of low to moderate camber, of faired shape, and not

subject to multiplane interference, the lift proportionality constant is 5.7.

An expression for sin(f, — 3, ) is obtained as follows:

AD=V, -sin(B, - By )
= BD-sin(f, ~v)
— DC'Sin(ﬂN _‘//)
siny

Substituting the velocity vector of Fig. 4.1 for DC

V .sin(8, - B, )= [(Vgp ). _%( .=V, )} %NW—V/) (4.5)

Momentum considerations are satisfied when Eqns. (3.73) and (4.4) are

equated. Rearrangement gives
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2-(5p +gs)-cos,6’m

sin(f, - By) = (4.6)
m-o
Substitution in Eqn. (4.5) produces the expression
B . sinfgy
tany = i (5p e 4.7)
P 1+ cos Sy
m-a-[gp -(Z-ZN/Z—1)+55J
where (VQP )N / Vi.=¢, - Ay/4
Introducing Eqn. (4.7) into Eq. (4.3) gives
. 2-sin B -|Ay /A -1] (2
s 4-l¢,+s,) )
r £ 1+ cos Sy,
m-o-le, (2-Ay/2-1)+e,]
(4.8)
2:sin By (A /A-1)-4-¢,/m-o—¢,-cos By -(2- Ay /A-1)
- 4/m-o +cos By
In the absence of prerotation Eqn. (4.3) reduces to
6. =2-tany - [%—1} (4.9)
Eqn. (4.7) reduces to
tany = sin fy (4.10)

4/m- o +cos By

And Eqn. (4.8) reduces to
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; _ 2-sinfy -(cot By /A1) @11)
’ 4/m- o +cos By

4.3  Rotor and Straightener Analysis

The thickness to chord ratio of the selected airfoil, RAF 6E, is 10.3%.

According to the Fig. 4.1, no lift incidence angle, «;, is approximately -4.5°,

0

&
)
=3
-
g » -.-..‘_\-‘
: \
é \
=

-8

a B 10 12 14 16

Thickness/ Chord (2}, %

Figure 4.2 No-Lift Angle for Flat Undersurface Airfoils (ref. 1, p.159).

Firstly, only rotor is analyzed in the operating range to determine the
maximum swirl that is to be removed by the straightener before the
straightener design. Analysis is carried out only at the rotor blade root for
different pitch angles (Fig. 4.3). It is clear from this figure that maximum

swirl occurs at 0.2 flow coefficient and zero pitch angle.
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Swirl Coefficient

0.25

0.3

Flow Coefficient

0.35

——_14°

—-—_12°

10°
12°
14°

Figure 4.3 Swirl Coefficients at Rotor Blade Root for Different Flow

Coefficients and Pitch Angles.

After that, analyses are performed from root to tip of the rotor at 0.2 flow

coefficient and zero pitch angle and swirls along the rotor span are obtained

(Table 4.1)

Table 4.1 Swirl Coefficients along the Rotor Span.

x=r/R

0.5

0.6

0.75

0.9

1.0

0.955

0.830

0.709

0.600

0.535
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Performance analysis of the fan according to the algorithm that given in Fig.
4.4 is made in the operating range that is between 0.2 and 0.4 flow
coefficients. When the fan operates at maximum and minimum flow
coefficients, blade pitch angle is changed between -14° and 12° relative to
reference stagger angle ¢ to obtain the required pressure rises given in
Table 3.11. It is determined that it is necessary to give 10.79° and -13.37
pitch angle to the rotor blade respectively to obtain velocities of 79.7 m/s

and 180 m/s at the AWT test section.

Analysis results at reference blade angle are given in Table 4.2, 4.3, and 4.4

in details.

Rotor and fan unit efficiencies for various blade settings are presented in

Figs. 4.5 and 4.6 respectively.

Fan performance data, which consist of the fan characteristics curves, AWT
loss characteristic curve, rotor stall line and different swirl coefficient lines,
at various pitch setting are illustrated in Fig. 4.7. Fan performance data with
efficiency contours is shown in Fig. 4.8. In both of figures, the fan
characteristics curves cut AWT loss characteristics curve to give the

operating point of the system.
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Figure 4.4 Rotor and Straightener Analysis Algorithm.
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Table 4.2 Rotor Analysis at Reference Blade Setting Angle.

A=V, /Q-R 02 | 025 | 03 | 035 | 04

A =Afxys 0267 | 0333 | 04 | 0467 | 0533
_tanfl SinﬂN

= Im-o+cosfy | |17:579|17.579 | 17,579 [17.579 | 17.579

By =¢ctay 60.539 | 60.539 | 60.539 | 60.539 | 60.539

cot By

552'““‘”{ 7 ‘1} 0709 | 0.44 | 0261 | 0.133 | 0.037

K, =2.%

w=2— 5314 | 2.641 | 1.306 | 0.571 | 0.141
—tan|(1-Le a2

B =tan 1=z, 73.591 | 70.215 | 67.118 | 64.282 | 61.688

Cro=2-¢cosp, 04 | 0298 | 0203 | 0.116 | 0.036

o 0311 | 0311 | 0311 | 0311 | 0311

C, 1.287 | 0.958 | 0.653 | 0372 | 0.114

Cp, (from RAF 6E charact) | 515 | 001 | 0,009 | 0.009 | 0.009
_ 2

Cp, =0.015-C; 0.025 | 0.014 | 0.006 | 0.002 | 0.0002

r =C./(Co, +Co,) 32.373 | 39.506 | 42.374 | 33.766 | 12.526
hy A

K, " cosi A, 3342 | 2.909 | 2.646 | 2.478 | 2.371

k.

K, 0.103 | 0.074 | 0.062 | 0.073 | 0.189

Mk 0.897 | 0.926 | 0938 | 0.927 | 0.811
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Table 4.3 Efficieny Loss Due to Straightener and Diffuser.

A=V, [Q-R 02 | 025 | 03 | 035 | 04
¢, (from rotor analysis) | §709 | 044 | 0261 | 0.133 | 0.037
_ -1

B, = tan (3s/2) 19.509 | 12.411 | 7.44 | 3.814 | 1.073
Cro=2-¢cosp, 1.336 | 0.86 | 0.518 | 0.266 | 0.075
o (from design) 116 | 116 | 1.16 | 1.16 | 1.16
C, 1.152 | 0.741 | 0.447 | 0.229 |0.065
ke A

K, cos’f,, 03 | 0349 | 0.407 | 0.469 |0.534
Co, 0.016 | 0.016 | 0.016 | 0.016 | 0.016

_ 2

Cp, =0.018-C; 0.024 | 0.01 | 0.004 | 0.001 | 0©
y =C./ICp, +Co, ) 28.883 | 28.629 | 22.794 | 13.536 | 4.018
ks

} 0.01 | 0.012 | 0.018 | 0.035 |0.133
s 0.99 | 0.988 | 0.982 | 0.965 |0.867
o 0.825 | 0.825 | 0.825 | 0.825 | 0.825

2 2

kD=(1—77D)[xb(2—xb)] 0.077 | 0.077 | 0.077 | 0.077 | 0.077
kp

K, 0.014 | 0.029 | 0.059 | 0.134 | 0.545
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Table 4.4 Dimensional Data for Reference Blade Setting Angle (& = 65.04").

A=V, /QR 0.2 0.25 0.3 0.35 04
Mt 0.872 0.885 0.861 0.758 0.133
Ky 5.134 | 2.641 1.306 | 0.571 0.141
Vi 35.66 | 4458 | 5350 | 62.41 71.32
Q 559.3 699.2 839 978.8 | 1118.7
1 e
5 PV 749.83 | 1171.61 | 1687.11 | 2296.35 | 2999.31
Ap. =K 1 V2
Pr =BT\ 5P Va 3474.67 | 2738.65 | 1897.09 | 994.73 | 56.09
1 —~— 14
- _12°
0.9 1 -10°
_8°
B e
§ 0.8 - .y
& —
m o
2 07 —
o
&~
0.6 1
10°
0.5 e
0.15 0.2 0.25 0.35 0.4 0.45

Flow Coefficient

Figure 4.5 Rotor Efficiencies for Various Blade Settings.
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Figure 4.6 Fan Unit Efficiencies for Various Blade Settings.
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Figure 4.7 Fan Performance Chart.
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Figure 4.8 Fan Performance Chart with Efficiency Contours.
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CHAPTER 5

CONCLUSION

A variable pitch axial flow fan is designed for Ankara Wind Tunnel (AWT)
to increase the Mach number from 0.26 to 0.52. Thereafter the fan is
analyzed over the operating range and performance characteristic curves
are obtained. Based on loss characteristic of AWT, the existing fan
aerodynamic efficiency is obtained as 74% and required power to reach a
Mach number of 0.52 is found to be 4314.4 kW excluding model blockage.
This value will be 4745.8 kW taking the 10% model blockage into account.
According to the design and analysis results, rotor blade is placed by root
angle of 38.33" to obtain 79.7 m/s. It is found that the necessary blade root
angle for the velocity of 180 m/s (0.52 Mach) is 62.48".

Although two dimensional isolated airfoil data is used in the rotor blade
design, secondary drag known as three dimensional losses is taken into

account. This approach will increase the reliability of the results.

It is seen in the analysis that diffuser loss that is related with hub cone
shape, increses when the velocity increases and it causes a reduction on the
overall fan unit efficiency. It is concluded that the hub cone design is as

important as the rotor and the straightener design.
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Velocities lower than 79.7 m/s may be obtained by bringing down the rpm
to half because flow coefficient remains constant. But at very low Reynolds
numbers it may not be suitable to make tests in the wind tunnel because of

low flow quality.
In both of fan design and analysis, it is assumed that velocity is uniform at
the upstream of the fan. If large nonuniformities occur, there may be a big

deviation on the fan unit efficiency.

It is advised to manufacture a scaled model of the fan and do some wind

tunnel tests before the manufacture of full scale fan.
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