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ABSTRACT

DESIGN, CONSTRUCTION AND PERFORMANCE EVALUATION OF A VARIABLE PITCH
AXIAL FLOW FAN

0ZEN, Cengiz
M,S. in Mechanical Engiheering
Supervisor : Assoc,Prof.Dr. Omer T, GUKSEL
September 1985,103 Pages

In this study a variable pitch axial flow fan was constructed for
a smoke tunnel in the Fluid Mechanice Laboratory and a test set up for
testing the fan were designed and constructed, The fan was tested at dif-
ferent speeds including the design speed and at different blade angle set-
tings. The effect of the speed and the blade angle on the fan performance
characteristics were evaluated, and the theoretical design values at the

design point were compared with the experimental results,

Key Words : variable pitch axial flow fan.,
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OzED

PALA ACISI DEGISTIRILEBILEN EKSENEL BIR FAN TASARIMI VE IMALATININ
YAPILMASI ILE PERFORMANSININ INCELENMEST

0ZEN, Cengiz
M.S. in Mechanical Engineering
Supervisor : Assoc.Prof,Dr,0mer T, GOKSHL
September 1985,103 Pages

Bu ¢aligmada Akigkanlar Mekani#i Laboratuvarinda meveout bir duman
tiineli i¢in hilcum agisa deéigtir'ilebilen palali, eksenel bir fan ve onun
test edilecefi bir deney dlizenegi tasarland:i ve imil edildi, TFan, tasa-
ram hizini da igeren degisik hizlarda ve degigik pala ac¢ilarinda test
edildi, TFan hizinin ve pala agisinin fan performansiy iizerindeki etkileri
incelendi ve tasarim noktasindaki teorik deferlerle deneysel deferler

mukayese edildi,

Anahtar Kelimeler : Degigen acili eksenel fan,
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CHAPTER 1

INTRODUCTION

The object of the present work is to design, construct and determine
its performance characteristics of an axial flow fan with variable pitch
for the smoke tunnel existing in the Fluid Mechanics Laboratory.

An axial flow fan may be described as a fan in which the flow of air
is parallel to the axis of the impeller, In the simplest form, air ap-
proaches the impeller in an axial direction and leaves it with a rotational
component due to the work done by the impeller., More advanced designs have
inlet ani/or outlet guide vanes to obtain a higher static pressure differ-
ence across the impeller,

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 speed fan needs a variable
speed prime mover which is not available at hand and is also expensive,
variable pitch rotor blades are found to be more suitable for the present
fan,

The system characteristic of the smoke tunnel was obtained experi-
mentally. The fan was designed for the conditions of a design point se-
lected from the system characteristic. The blades were designed using
isolated aerofoil method and the design procedure is outlined in Chapter 3,

Aluminium alloy was used as blade material. In order to manufacture
“the blades, its model was made out of plexiglass material and them the
blades were cast from this model, Selection of the fan material and
strength calculations are given in Chapter 4, Manufacturing of the fan

blade and construction of the fan are presented in Section 5.1 and 5.2



A test set-up for testing the fan was designed and constructed. It
is presented in Section 5.3 . The measurement techniques used, and the
calculations related with fan performance paramaters such as power,
volume flowrate and fan total pressure are presented in Chapter 6.

The fan was tested at different speeds and at different blade
pitch angle settings. The effect of speed and blade pitch angle on'the
fan performance was studied. The performance characteristics of the fan,
the discussion of the experimental results, and the conclusions reached
from this study are presented in Chapter 7. Recomendations for further

work are also given in Chapter 7.



CHAPTER 2

LITERATURE SURVEY

2.1. INTRODUCTION

Propeller, or axial, type fans have been in use for many decades
but it was only during the last three or four decades that much atten—
+ion has been paid to their technical refinement (1). For the first
part of this century, centrifugal fans enjoyed popularity owing to
their greater operating flexibility, efficiency and quietness. However
the axial flow fans are rapidly gaining importance due to the present
preference for such fans in large ventilating installations and in oth-
er systems where there is a demand for large flowrates, This is due to
the experimental and theoretical studies which have ensured the attainment
of very high efficiencies together with satisfactory operation of the
axial fans within the desired range, Marked reductions in noise level
have alsoc been achieved,

Technology of fan engineering was given an unexpected impetus when
the construction of high efficiency blowers in 1952 with 90 efficien-

cies become practicable (2),

2.2, GENERAL TYPES OF AXIAL FLOW FANS

In the existing literature the axial flow fans are generally placed

in three main catagories,

a) Free fan ¢t A free fan is one which rotates in a common unre.
stricted air space. It is so widely used that it is called as the table
fane It can move large quantities of air but is unable to produce a

gignificant pressure increase on the air being moved, The low driving



power and the satisfaction of being able to obtain results even with a

simple design caused this application to receive little scientific atten-

tion, Many firms are attempting to markgt technically upto date designs.»rr

An interesting design by the Samson United Corporation in Rochester,

USA, is shown in figure 2,1(2), Blades, which have a twisted circular
section, are made of rubber sheets thickened at the hub end, These blades
are inserted into grooves of a hub in the shape of a bell, From the
aerodynamic aspect,the shape is fairly satisfactory and the use of rubber
eliminates danger, so that the fan can be used without a guard, Due to
their higﬁer efficiencies,these impellers can be run at low peripheral
speeds, These free fans are also used as ceiling fans for circulating

air in an enclosed space as shown in figure 2,2,

Fig.2.1 Axial Flow Fan with Rubber Blades

LLLLLL AL S
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Fige2,2 Ceiling Fan
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b) Diaphragm mounted fan : This type of fan is shown in figure
2.3 « It transfers air from one relatively large space to another. A
shroud ring may be attached to the blades or, alternatively, to the par-
titioning structure. It is a relatively long-cstablished fan and it is

probably one of the most common fan in use.

Blade

Fig.2.3 Diaphragm MNounted Exhaust Fan

One of the notable improvements of recent years has been the
design of exhaust fans which operate in short and compact ducts (1).
These fans are superseding the cheap but crude type cof diaphrasm
mounted fan  illustrated in figure 2.3 . Diaphragm mounted exhaust
fan type represents a passing phase in the development of quite and

high efficiency exhaust fans.

c¢) Ducted fans : This type of fan is ducted and the enclosing
duct constrains the air to enter and leave the fan unit in axial di-
rection. The various components which make up a ducted fan unit are indi-
cated in figure 2.4 . Vhen 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 COMDressor.

Stationary vancs known as stators or guidé vanes, are often located

upstream and/or downstream of the fan to achieve maximum amount of uscful



pressure. The question is often raised whether an upstrcam guide vane or
a downstream guide vane should be chosen.

In many cases the decision is governed by the type of installation
and overall arrengements. Harcinowski.H(3) investigated this problem
very throughly and reached the conclusion that the upstream quide vane is
only of benefit for very low hub to impeller diameter ratios and partic-
ularly for fans having blades with small 1ift to drag ratios. In prac-
tice, present tendency is to design axial flou impellers with dowm stream
guide vanes. This is justified because,a down stream guide vane removes
the swirl component of vclocity in the discharging flow hence increasecs
the static pressure developed by the fan.

A third way to achieve the maximum useful static pressure is to dis-
pense with guide vanes and to have a second impeller downstream of the
first but rotating in opposite direction. This second impeller then acts
in a manner similar to that upstream guide vane unit, taking its pre-
rotated air from the discharge of the first impeller. Such an assembly
is known as a contra-rotating fan.

Comparative characteristics for fans having impellers of similar
proportions are shown in figure 2.5. As secn in figure 2.5 although faons
with upstream guide vanes develope higher pressures than fans equipped
with downstream guide vanes,they show marked stalling characteristic.

The highest pressure is naturally expected from a contra-rotating fan.

- OtOr
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/ Air out
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Mig.2.4 Components of a Ducted Fan Unit
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Contra-rotating

Upstream

0.5 guide vane

Downstream

Non guide vane guide vane
: —
0.2 0L ¢

Fig.2.5 Characteristics of Axial Flow Fans
2.3. TESIGN METHCODS OF A FAN BLAIE

Design of ducted axial flow fans may be approached by either single
aerofoil or cascade theories.

In Reference (1) it is stated that.no single design method can cover
the entire range of ducted axial flow fans and choice of appropriate design

method depends basically on the following factors.

a) Multiplane interference

b) Blade solidity c/s

c) Whether the fan is a high pressure or a low pressure fan
Multiplane interference may be explained as follows :

When the aerofoil sections are brought closer and closer to each other,
there is mutual interference between the flow patterns around the aerofoils.
This leads to a change of the slope of the 1ift curve of the blade and

hence it causes a decrease in the maximum 1ift.



Blade solidity isg defined as the ratio of the blade cord to the
spacing of blades perpendicular to fan axis,. For low blade solidities, B
no interference is experienced and two ~ dimensional test data obtained
for a single aerofoil can be used with confidence in design. But since
the interference between the blades is high for high blade golidities,
then cascade theory is used for the blade design (1), Theoretical
methods of calculating cascades of aerofoils and the detailes of the
flow through them are given in References (6) and (7).

Attempts have been made to extend the scope of the isolated aero-
‘foil -method by introducing an: interference factor such as the ratio
of the actual 1ift of the blade to the 1lift it would exert in the
absence of other blades, These methods have, however, failed in general
to produce consistent results,

In Reference (4) it is stated that since the solidity is high
near the blade root and low at the remaining major portion of the blade,
the design of a complete fan blade requires the use of cascade‘method
in the vicinity of the blade root while over the remaining major por-
tion of the blade span the isolated aerofoil method is the appropriate
one. A solution for blending the two methods is outlined in Reference
(5).

In Reference (1) it is also stated that the cascade method is
used in high pressure fans and isolated aerofoil method is used for
low pressure fans, In present design, since the designed fan is a low
pressure fan, the isolated aerofoil method was used in the design of

the blade, It is explained in gection 3,.5.



CHAPTER 3

AERODYNAMIC DESIGN OF THE FAN

3.1. SELECTION OF THE FAN TYPE

The smoke tunnel existing in the Fluid Mechanics Laboratory is an
open cirouit tunnel and is designed to be driven by an axial flow fan,
The fan is planmed teo be placed at the exit of the diffuser ocone of the
tunnel,

The axial flow fan for this tunnel may be designed without inlet
and outlet guide vanes, Since the tunnel is an open circuit type and
the fan is to be placed at the outlet of the tunnel, the outlet guide
vanes,whose function is to convert the outlet swirl into static head,
are not necessary, Furthermore,a low pressure axial flow fan may be
sufficient for this purpose, Low pressure fans do not usually require
inlet guide vanes. When thereare no guide vanes at the inlet of the fan,
air enters the fan axially and is discharged with a swirl velocity Vug .

For a given duct system, the volume flowrate through the fan is
normally varied by changing the rotor speed, Alternative method which -
has been devised for the purpose of changing the flow rate passing
through +the fan is the uss of variable pitch rotor blades, Therefore
fans may also be classified according to ad justability of rotor blades,
Tiree types of blade configuration, in ascending order of complexity,
are listed belaw,

a) A standard blade is designed for a rotor of given boss, and the
fan diameter for a specific task., The correct number of blades is perma~
nently fixed to the boss at the desired pitch angle, When a change in
fan duty occurs the blade pitch is altered by substituting a different
rotor having a different blade pitch, This method avoids necessary

mechanism for adjusting the blade pitch angle and may provide a cheap



solution if the replaced rotor is used for an other duty at the same
installation, The blade root setting and the number of blades used
are sufficient to specify a particular variant, The sheet metal
bladed fans are probably the most suitable for this particular treat-
ment since the blades can readly be welded to the boss,

b) As an alternative to a permanent root fixing, the blade pitch
can be altered manually, by remote control or otherwise, when the fan
is inactive, The blade root isg usually provided with a screwed
attachment by which the blade is screwed to the boss.,

c) In some instances it may not be practical to stop the fan in
order to change the blade pitch, in which case suitable manual or auto-
matic mechanisms must be provided to change the blade pitch while the
fan is in operation,

The second type of fan unit is the most popular, since the mechanw
ical complications are by no means excessive,

In the light of the above explanations a variable piteh fan of the

second type without guide vanes was selected for the present smoke iunnel,
3.2, FAN LAWS AND PERFORMANCE COEFFICIENT

The performance of a fan in terms of pressure, volume flowrate and
the power absorbed by the fan rotor depends on the following factors,

a) The design and the type of fan,

b) The volume flowrate, Q, through the fan and the pressure, p,
developed by the fan at the point.of operation,

c) Size of the fan,

d) Speed of rotation of the impeller,

e) Thermodynamic state of the air or gas passing through the fan,

It is usually desired to compute the performance of any fan from a
minimum number of tast data. The relationship between the volume flowrate
and the pressure developed by the fan is not generally capable of being
expressed as a simple mathematical function. However, by considering any
single point on the p - Q characteristic of the fan, it is possible to

derive some simple relationshipg . generally known as the fan laws or

10



the similarity laws,

Using dimensional analysis, the following fan laws may be derived

(8).

Volume flowrate

Q = kqod ol (3‘1)

p 1: 'd‘ «nn .': (3. )

Where kp and kq are numerical constants, n and d are the rotational

speed and the diameter of the fan impeller respectively,

Fan power
P = p,Q w kp.ds.nB.fp (3.3)

Where EP = kp.kq

The coefficients kp, kq and gp are constant for a range of geomet-
rically similar fans,

Since the fan laws are valid for any one particular point on the fan
p - Q characteristic , similar laws will aiao be valid for other points
of operation on the p - Q characteristicy however, the numerical values
of the coefficients will be different for each point of operation, Thus
a plot of kp against kq will have exactly the same form as the p - Q
characteristic of each fan in the homologous series.

p - Q@ characteristic of a fan is usually plotted using non - dimen-
sional parameters called the velume flowrate coefficient, ¢, and the

pressure coefficient,9/ o They are defined as follows :

g = 2 (3.4)
(r d2/4).u
P

Yoo i | (3.5)
'2'P.u
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2
Td"/4 in equation 3.4 is the area normal to the flow and d is the
characteristic length of the fan impeller which may be equal to the im~

peller diameter. in equation 3.5 stands for total fan pressure

Pog
developed by the fan.

The other dimensionless coefficients are static pressure coeff-
icient,qp'st, and power coefficient,%_. They are defined in equations
3.6 and 3.7 respectively

pst

1 2
*2;'5’. u

2\ —%—V-— (3.7)

]

(3.6)

Vét

i

Where wu 1is the impeller peripheral velocity, pwt is the static pressure
developed by the fan and./zt is the total efficiency of the fan.

Fan static pressure, ps is defined to be the fan total pressure

t’
ptf minus the fan velocity pressure (8). Fan velocity pressure is the
velocity pressure corresponding to the average flow velocity at the fan

outlet.
3¢3+. ENERGY TRANSIER IN AXTAL FLOW PFANS

Pigure 3.1 shows an axial flow fan blade section at some particular
radius. The parameters in the velocity triangles shown in figure 3.1 with
subscripts 1 and 2 denote the inlet and discharge conditions. In this
figure, w 1is the relative velocity of the fluid, vm is the axial
component of the absolute fluid velocity v and vu is the tangential
component of the absolute fluid velocity.

Since there are no inlet guide vanes in the present fan, air enters
the impeller axially with velocity vl = vm and leaves with velocity Ve

The tangential speed of the impeller at thé mean blade radius is assumed

to be the same at inlet and outlet of the blade, i.e. u1 =u, -

12



vm is also assumed to be the same at inlet and qutlet of the fan blade,

Therefors

ml m2

i vy
lelo.l ) v =Vm
direction 1 1

g1

u

Blade
————————

Direction of rotation

Fig.3.1 Axial Flow Fan Blade Velocity Triangles.

The ideal total head developed by the fan impeller is given by
Euler Purbine Equation (8) as

u2.vu? - ul.vul

H = 3'8
- (3.8)
8ince ul = u2 and assuming axial entry v =0
Therefore
B B2 (3.9)
g
Since Ha =B
P
Equation 3.9 may also be written as
p = H.P .g =f .u.Vu2 (3010)

13



In order to show the components of the energy transfered by the fan
impeller, equation 3,8 may be written in the following form (8).

v 2 v, 2 W. 2 w 2
2 s -
Ha= (= )+ (e (3.11)

The first term in equation 3,11 represents the increase of head
due to the forced vortex caused by the impeller rotation, The second
term in equation 3,11 represents the regain of static head due to the
reduction of relative wveloecity, w, of the air prassing through the
impeller,

Figure 3,2 shows the theoretical performance characteristic of
an axial flow fan together with the actual or measured performance
characteristic of an axial flow fan without guide vanes,

In this figure the maximum point on +the measured performance characteris—
tic corresponds to the stall point of the impeller blades, Fans are not
operated to the left of this point because of poor fan efficiency and

unstable flow conditions causing large fluctuating forces on the blades,

y b

Euler line

Stall point

Measured
performance characteristic

¢

FPige 3.2 Theoretical and Actual Performance Characteristics
of an Axial Flow Fan
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3.4. THE SELECTION OF THE BLATE TESIGN METHOD

In the existing literature, there are basically two types of blade
design methods as was explained in section 2.3,
These were @

a) Isolated aerofoil design method

b) Cascade design method

Multiplane interference which was explained in section 2.3 prevents
the use of isolated aerofoil design method for solidities above unity,
while the cascade design method can not be used for solidities much less

than 2/3 (1). Solidity of a blade is defined as

(= === (3.12)

Where c¢ is the cord length of the blade and s is the spacing between

the blades and is given in equation 3.13 .

. - - (3.13)

2
Where 2z 1is the number of blades and r is the radius of any circle on
the fan blades concentric with the fan rotational axis.
For the present design, since the fan pressure is low, i.e. it is a
low pressure fan, the isolated aerofoil design method was found to be
suitable. The solidity §° was kept below unity in the blade design so that

no interference between blades is expected.
3e5+ ISOLATED AEROFOIL DESIGN METHOD

According to this design method, the flow through the blade row pro-
duces an effect on the blades which is the same as the effect of a free
stream with velocity w,, which is equal to the mean of inlet and outlet
relative velocities on a single aerofoil (l) “

Too = == (T 4T) (3.14)

15



Geometric details of the blade element for isolated aerofoil method

is shown in figure 3.3 . In this figure o is called the angle of attack.

_Plane of
rotation

Fig,3.,3 Geometric Details of a Blade Llement

Figure 3.4 shows the configuration of inlet and outlet velocity

triangles of the rotor blade shown in figure 3.3. In this figure

L
L
o0 FA //
= 76
FT 7D W, /‘*
W, v
Wo 2 2
8 |%=Vn
[}
Vu,/2 Vu,
Vu,
u
u

Tige3e4 Inlet and Outlet Velocity Triangles Relative
to a Rotor Blade.

the 1ift force, L , and the drag force, D , are perpendicular and parallel
to the mean relative velocity weorespectively. For two-dimensional flow,

they are defined as follows (1) :

2
D/unit span = CD. "é"" CeVoo (3015)
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2
L/unit span = CL. "%“ CoWpo (3.16)

Where CD and CL are known as the drag and 1ift coefficicnts'respectively.
For a given aerofoil shape CL and CD are functions of the angle of attack
oX. and. Reynolds number,

The Reynolds number is defined as

Woo C
Re = y (3.17)

Where y is the kinematic viscosity of air and ¢ is Lhe cord length of
the aerofoil section,
The flow coefficent f and the static pregsure coefficient lyst in

equations 3.4 and 3.6 can be written as shown below,

V’l

g = T (3.18)
g.H
5%

Vo, = e (3.19)

If the static head, Hst’ axial velocity of flow, Va’ at any radius
r and the impeller angular velocity H,. in rad/sec, are known, the flow
coefficient £ and the static pressurc coefficient 'WSt can be calcula~
ted by equations 3,18 and 3,19 ,

Using the above coefficient together with the inlet and outlet
velocity triangles given in figure 3.5, the following cquations were
derived for an axial flow fan with no guide vanes. The derivations of

these design equations written below are given in Appendix 1,

lf/. = st (3.20)

B = —EL (3.21)

2
Cospc/5

fn= L= Aeve (1 +vy .co\':/ew) (3.22)
L (3.23)

~>
fes]
ot
Hi
-3
=
i
no
-
!..J
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2(//'5 cSinﬁco

/ G - ¢ o B.(1 4V .Cotpu) (3.24)
and
cC = '2"121"'1:' + 0 (3’25)

Where / is the ratio of drag coefficient to 1ift coefficient CD/CL y

/7st is the static pressure efficiency of the fan, is the hydraulic

Ma
efficiency which accounts for the blade drag, Q/i is the ideal pressure
coefficient,

If a blade profile is selected,the values of CL and % are taken
from the two -~ dimensional test data for the selected aerofoil profile,
Then 9 equations from 3,20 to 3,23 are solved iteratively by as-
suming a value for A7st given in equation 3,20 wuntil the sssumed value

of ’2st converges to the value of evaluated by equation 3,23,

st
After the determination of relevant parameters by means of prementioned
iterative solution, equations 3,24 and 3.25 are used to calculate the

solidity (T and the cord length ¢ at desired blade sections,
3.6, DESIGN RESTRICTIGNS

There are some restrictions in designing the blade, First of these is
the effect of compressibility of the fluid on fan performance, The com -
pressibility of the fluid becomes significant when the relative fluid
velocity at the impeller tip exceeds 150 - 165 m/sec, or the tip speed
is greater than half of the local speedvof sound (1), Fan necise also
increases with increased impeller tip speed.,

The second restriction is the solidity ¢~. 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 1ift
for a given blade incidence (1). Selection of the 1ift coefficient effects
the performance of the fan, Mair (9) suggests that the fan blade lift
coefficients should not exceed 0.9 or 1 at the root and 0,7 at the tip

in order to avoid stalling due to boundary layer interference at the root,

18



The number of blades is arbitrary, The product of the number of
blades and the cord of the blade represent total blade area which must
be in accordance with the trust requirements, To avoid excessive flow
pulsations, a minimum number of 4 blades is used in wind tunnel fans,
The maximum blade number is limited by the strength of the fan material
used,

In well designed units, the rotor boss dimater will normally be
within the range of 40 - 70 % of rotor diameter., The larger boss
diameter is usually associated with fans designed for high pressure
requirements (1) and very large boss requires a large and a long nascelle

for proper streamlining, which involves costly and difficult construction,

3+7. DESIGN OF THE FAN ROTOR BLADE

In the excepted design method,it is appropriate to consider each
blade element as an isolated two dimensional aerofoil, Production cen -
siderations often influence the choice of the blade section, The RAF.6E
and the clark Y series of aerfoils are very popular as both have flat
undersurfaces and are capable of high efficiency operation (1).

Aerofoil sections with flat undersurfaces are usually preferred because,
they can be manufactured and set h_easily. Aerofoil sections suitable for

fan design are shown in figure 3,5,

= =

CAMBERED PLATE

( T~

CLARK Y-10 % THICK

/ \

RAF 6 E —10.3 % THICK

Fig, 3.5 Aerofoil Sections Suitable for Fan Design
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7 RAF 6E aerofoil with flat undersurface is selected for the present
design., The section coordinates of RAF 6E aerofoil are given in table
3.1, The experimental aerodynamic characteristics of the selected
aerofoil plotted against the angle of attack o at Reynolds number
Re = 3.12 x 105 are given in figure 3.6(1 ).

It is common to design a blade to give the same axial velocity
va and the pressure p at any given radius of the fan (8),
In which case j

P = ?.u,vu = Constant (3.26)

or

r.vu = Consztant (3.27)

This is seen to be the condition for a free vortex, In this ocase, it
necessary to have increased blade angles at the hub sections to achieve
higher values of vu at smaller radii,

In the present work the design of the blade was made for the desired
maximum flowrate through the smoke tunnel. If the maximum flowrate, Q, and

the corresponding static head, H are known, the blade dimensions can

st’
be calculated by using equations 3,20 and 3e254
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. Table 3.1 RAF €E Section Characteristics (16)

For solid RAF 6E profile
*
A': 0.7380 c.h

min 3 0-0472 c.ha(about the horizontal centrodial axis)

Toax ° 0-0446 03.h(about the vertical centrodial axis)

Yo 0.4210 h (location of center of gravity above cord line)

xg ¢ 0.4405 ¢ (location of center of gravity from leading edge)

*H
h is approximately equal to 0,10 ¢

Digtance from Distance from Lower

leading edge (% c) Cord line (4 c) Surface

0.00 1.15 Flat
1.25 3.19
2.50 4,42
5.00 6.10
7.50 Te24
10,00 8.09
15,00 9,28
20,00 9.90
30,00 10,30
40,00 10,22
50.00 9.80
60,00 8.98
70,00 7.70
80.00 5.91
90,00 3.79
$5.00 2,58
100,00 0,76

Leading edge radius ¢ 1,15 (% c)
Trailing edge radius : 0,76 (% ¢)

Distances are given in percentage of cord length

¥ A 1is the area of thecross section of blade normal to the line joining
the centroids of the blade profile at the root and at the tip of the
selected blade,

# h is the thickness of the blade profile at the gentroid,
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3.8. DETERMINATION OF THE FAN STATIC HEAD AND THE FAN INLET VELOCITY

The maximun desired velocity at the smoke tunnel test section was

assumed to be 45 m/sec. Then, maximun flowrate can be vritten as

R A (3.23)
Where At is the test section area of the smcke tunnel and Vt is the
maximum average velocity at the test section.
Subst ituting the known values of A, and Vt into equation 3.28, the
maximum flowrate is calculated as

Q =0,988 m%/sec

max

The necessary fan total head, Hch » and static head, Hst y corre-
sponding to this maximum flowrate, Qmax » are calculated as follows :

In general, the estimation of losses can not be accomplished with
anywhere near the degree of accuracy associated with the “osign of the
ducted axial flow fan. It will be appreciated therefore that the greatest
care hould be exercised in assesing the losses. The most accurate way to
estimate the losses is to determine it experimentally. To do this, an
axial flow fan with the diameter of the tunnel outlet was fitted to the
tunnel as shown in figure 3.7. By using a pitot tube, the velocity pro-
file across the tunnel test section was determined. Then, the average
velocity at the test section, consequently the flowrate, was calculated
from this velocity profile.

The fan total head, Htf y may be expressed as
2
H = B+ /2g (3.29)

Where HL is the loss through the twinel and V  is the discharge velocity
at the tunnel outlet.

The loss HL through the tunnel, neglecting the losses downstream
of the section 2 shown in figure 3.7 , is calculated using equation 3,30
which is Bernoulli equation written between section 1 and section 2 shown

in figure 3.7 .
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V2
pn P 2 2

H = & - ( S + ’
L peg 7.8 28

HE) (3.30)

Where is the atmospheric -ressure
a ?
) 5 is the static pressu e at seciion 2,
s

V2 is the average velocity at section 2,

HE is the elevation head.

Since the fan total pressure Hft at each flowrate passing through
the tunnel corresponds to a point an the tunnel loss characteristic, it

is then written that
H, =H (3.31)

Where H%l ig a point on the tunnel loss characteristic and called total
tunnel loss.
Then substituting equation 3.30 to 3.29, an expression for Htl may be

written as

2
p P v
a s2 2 2
B G ( il H,) + V'/2¢ (3.32)

Using equation 3.32, tunnel losses, Htl , at five different flowrates were

determined experimentally and were given in table 3.2. Different flowrates
were obtained by blocking the tunnel outlet wniformly and the static

was measured from static pressure holes at section 2. Since

2
the flowrate may be found from the measurements at the test section of the

pressure pS

smoke tunnel as mention before, the velocities V2 and V were found using

the continuity equation.

Since the loss through a duct system is proportional to the square
of the flowrate, the loss characteristic of the tunnel is parabolic. It

may be given in the following form.

2
H, = k.Q (3.33)

Where k is the constant of proportionality.
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Table 3.2 Experimental Results for the Hydraulic Losses of the

Smoke Tunnel.

A(n”/scc) 7 (n/sec) | B _(n-air) | = "1/0°
0.133 6.06 0.35 19,7
0.247 11.25 1.25 18.8
0.334 15.24 1.69 15.2
0.354 16.26 2.79 21.8
0.407 18-57 4.47 27.0

The value of k in equation 3.33 may be estimated by taking the average of
the experimental values of k given in table 3.2 and it is found to be as

khv = 20.5
Then, the smoke tunnel loss characteristic is given by equation 3.34 and
is plotted in figure 3.8 .

2
H, =20.5Q (3.34)
Models with different sizes are going to be tested in the test secction

of smoke tunnel. These models will cause blockage losses. According to
reference 17, this blockage loss may be taken between 10% and 15% of the
total tunnel loss. In the present case because of small tunnel size the
total tunnel loss was increased by 15% at each flowrate and the corrected
tunnel loss characteristic was determined. It wasplotted in figure 3.8 and
may be expressed as

H = 23.6 Q° (3.35)

For designing of the fan blade, the static head Hst and the inlet

velocity va at the design flowrate are needed. The static head Hst is
defined as the fan total head minus the fan velocity head, Viut/Zg’ which
is the head corresponding to the average velocity Vout at the fan outlet.
(The outlet velocity Voutis found by dividing the flowrale by the gross
area at the outlet section of the fan without deducting the area occupied by

the motors, the fairings and the other obstructions (12)).Therefore the

static head Hst may be written as

2
i - _ .36
o= e = T o/% (3.36)
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Slllce II = II = 2 ).6

Then equation 3.36 may be expressed as

) 2 2
H = 23.6 Q- Vout/Qg (3.37)

Since the design flowrate and the fan outlet area are known,the static head,

Hst’ at the design point is determined from equation 3.37 as

H =20.2 m ~ air column.
st

The axial velocity , va, at the design point is also calculated as

V= 11.80 m/sec

4

—H%l(m - air column)
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3.9. CAICULATION OF THE BLADE DIMENSIONS AND SELECTION OF THE FAN SPEED

After the fan static static pressure, Hst’ and the axial velocity,
va, at the design point were determined,the design of the fan impeller
blades was made by using equations 3,18 to 3,25, In the blade design
calculations,the rotor speed was determined as follows :

-« 'The rotor speed was assumed to change from 2000 to 3400 rpm by
200 rpm increments, and also the ratio of boss to rotor diameter was
taken as 0,6, Considering the blockage effect of the rotor blades and
the nascelle spokes, the axial velocity, Va’ was increased approximately
by 10%. The following blade characteristics taken from figure 3.6 at

Re = 3,12 x 105 were used for each case

40 £ cL/cD <51

0.57 & C, < 0.665

L
1°< X< 2.5

The change of CL/CD’ c and o along the span was assumed to be linear

L
and is given in table 3,3,
A computer program was prepared for blade design calculations., The

average Reynolds number R (Re_ = (Re + Retip)/2) , the root solidity

av root
0, the average hydraulic efficiency~/?h, and the average static effi-
ciency ﬁ?st’ were calculated at each speed and the calculated values
were plotted against the speed and are given in figures 3,10 and 3.11.

In selecting the fan speed, the first restriction is the Reynolds

number, Since all blade data for the selected blade profile is given
for Re = 3,12 x 105 . The design speed is the one where the average
Reynolds number across the blade span is equal to 3,12 x 105. From figure
3.10 it is seen that the fan speed corresponding to the above mentiorned
value of Reynolds number is found to be 2800 rpm, At this speed, the
limitations imposed on such as the root solidity and the compressibility,
mentioned in section 3,6, are also satisfied, So this speed was selected
as the design speed, At the selected design speed, all blade parameters

such as the blade cord ¢, the angle ﬁ;# the blade angle/g', vhich
28



is equal to 42-+o<, the static efficiency /7st, and the hydraulic
efficiency /7 h were calculated and the results of calculations are
tabulated in table 3.4. The orientations of the blade sections at

some calculated radii are shown in figure 3.1l.

Table 3.3 Variation of Blade Characteristics along the Span of

RAT 6E Blade Profile at Re = 3,12 x 105'

r(mn ) ¢ /¢, c, o’
123 51.00 0,665 2,50
126 50,58 0,661 2,44
129 50,18 0,657 2,38
132 49477 0.654 2433
135 49,36 04650 2.27
138 48,95 0,647 2,22
141 48.55 0.643 2.16
144 48,14 04640 2.11
147 47487 0,636 2,05
150 47 48 0.633 2,00
153 46,98 0,629 1.94
156 46 .55 0.626 1.88
159 46,10 0.622 1.83
162 45.70 0.619 1.77
165 45429 0.615 1,72
168 44 .88 0,612 1.66
171 44 .47 0,608 1.61
174 44,07 0.605 1.55
177 43,66 0.601 1.50
180 43425 0.598 1.44
183 42,80 06594 1.38
186 42,44 0.591 1.33
189 42,00 0,587 1.27
192 41,60 0,584 1.22
195 41.21 0,580 1.16
198 40.27 0577 1.11
201 40.40 0,573 1.05
204 40,00 0.570 1.00
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Table 3,4 Calculated Blade Parameters,

r(mm) 7st
123 0.669
126 0.666
129 0.667
132 0.665
135 0,664
138 0,662
141 0,661
144 0.660
147 0,659
150 0.657
153 0,655
156 0.654
159 0.653
162 0,652
165 0,650
168 C.649
171 0,648
174 0.646
177 0.645
180 0.643
183 0,642
186 0.640
189 0,639
192 0.637
195 0.636
198 0.634
201 0.633
204 0,633

0y

. 0.954

0'952
0.950
0.948
0.947
0.945
0.943
00941
0.940

~
U0937

0.935
0.933
0.931
0.929
0.927
0.925
0.923
0.921
0.919
0.917
0.915
0.913
0.911
0.909
0.906
0.904
0,902
0,900

o
L
22,14
21.54
20,98
20445
19.95
19.47
19,01
18,58
18,16
17.77
17.39
17.03
16,68
16,35
16,03
15.72
15.43
15,14
14.87

14,01,

14,35
14.11
13.87
13,64
13.42
13.21
13.00
12.90

o]
c{mm
Jo (mm)
24,64 132,0
23,98 129,6
23,32 127.3
22,78 124.6
22,22 122,2
21,69 120.2
21.17 118,1
20.69 116,0
20.21 114.1
19,77 112,2
19.33 110,8
18,91 109.2
18,51 107.5
18,12 106,0
17.75 104.5
17.38 103.2
17.04 101.8
16.69 100.5
16,37 99.6
16,05 98,1
15,73 97.2
15.44 96.2
15,14 95.1
14,86 94.0
14.58 93.2
14,32 92.2
14405 9l.4
13090 90'8
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3,10, DESIGN OF THE NASCELLE

For the nascelle shape, any efficient streamlined body of revolution
may be used (1), One such shape is illustrated in figure 3,13 and its

coordinates are given in Appendix 2,

Max. Diameter at 40 % of Length

Fig,3,12 Streamlined Body of Revolution,

Since the fan discharges the air into atmosphere,only the aft portion
of the streamlined body of revolution was used, The diameter of the
streamlined body illustrated in gigure 3,12 reaches a maximum at 40% of
cord length position, When designing the nose and tailfairing, the forward
and rearward portions of the body can be considered saperately, If the
flow seperation is to be avoided, the nose fairing.should be kept relatively
short while the tailfairing may have to be long.

In the design of the streamlined body of revolution, the term fineness

ratio, f, is defined and is given in equation 3,34 (1).

£ om (3.38)

Where 1 1is the length of streamlined body,and Iy is the radius of the boss,
A suitable finenessratio for nose fairing is given as 1.2 at which it
provides a good entry to the fan, This ratio, however, can be reduced

without any moticable penalties (1),

In the present design, this ratio, f, was taken as 0.6. As is shown in
figure 3,12, the aft portion of the body upto to the position where its

diameter becomes maximum was used as the nascelle shape,

3



CHAPTER 4
MATERTAL SeELECTION AND STRENGTH CALCULATIONS
4.1. FAN BLADE FATERIAL

4For the selection of fan material, there are some alternatives.
Mostly used fan materials are wood, aluminium alloy, steel and impreg-
nated wood. Before choosing the fan material, its properties should be
determined. The fan material should have high resistance to corrosion
and abrasion in order to maintain its shape and strength under varying
load conditions. Furtheremore, since the aerofoil type fan rotor blades
are subjected to high inertia (mainly centrifugal forces) and bending
(due to 1ift and drag) forces it is then hizhly desirable to select a
blade material which has high strength —to- weight ratio when the
service conditions are demanding.

The mostly used wooden material for fan blades are oak, birch and
wallnut. Fan blades made out of wood have usually fixed pitch i.e. the
correct number of blades are permanently fixed to the boss at the desired
pitch angle. In some cases, the adjustable pitch fans are also manu-
factured out of wood. The fans made out of wood have some advantages over
the fan made out of the other materials., If highly skilled - carving
work is available, it is rather easy to manufacture the fan blades out of
wood in comparison to the fan blades made out of other materials. Also
its production cost is low and it has high internal damping, and high
fatigue strength to weight ratio. However, it also has some disadvan—
tages. It is easily effected by moisture, and it splits easily along the
grains under longitidunal shear.

In axial fan technology, most of the aerofoil shaped axial fan blades
are made of high strength cast aluminium. Advantages of aluminium are its
relative ease of manufacture and its lightness compared with steel blades,

It is easily machined and finished by grinding and buffing.
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Though steel is occasionally used for aerofoil type fan blades,
because of production diffuculties and its low strength to weight ratio,
stell is not prefered material. However hollow steel bliades are used
for certain applications.

Impregnated wood is also used for fan blade material. Wood laminates
are impregnated with a phenolformaldehyde resin, compressed and formed at
elevated temperatures. After carving, it is covered with cellulose acetate.
Sometimes Glass Reinforced Plastics (GRP) are used as blade material.

In the present work, since high skilled-carving work is not available
in our department and keeping in mind the difficulties in menufacturing
steel blades, it was decided to make the fan blade out of cast aluminium.
Therefore, a model of the fan blade was made and it was ordered to a priva~
te foundry for casting. But, some difficulties arised during casting due
to the low density of the aluminium. For instance, large pours existed
on the surface of the blades and also the tips of the blades weren't
cast faithfully. To overcome this problem, a low melting die casting
alloy was substituted. This alloy, though, was a higher density and lower
strength, turned out to be highly satisfactory. The fan boss was cast

from aluminium succesfully and then it was machined.

4.2, STRENGTH ANALYSIS

4.2.1 Blade stress analysis

The fan blade is considered as a rotary cantilever beam when it is
in operation. The blade is .subjected to various loads. The following
steady loads are the principal loads in determining the blade strength (8).
a) Bending forces acting on the blade,

b) Centrifugal force due to rotation

4.2,2 Bending stresses

The forces causing bending moment on the blade are drag and 1ift forces.
The drag force may be neglected because, the drag coefficient is very small

in comparison to the 1ift coefficient for the selected aerofoil.



The 1ift force on a blade may be expressed as shown in equation 4.1 (8).
L =f(p; 2Mr).dr / z. Cos (4.1)

Where pé is the static pressure difference across the impeller which is

given in equation 4.2 and its derivation is given in Appendix 1.
- 1 2
' = . . - * .
p! =P.u Yu, T2 P Vu2 (4.2)

Since the most critical section is the circular root section shown in
figure 4.1, the bending moment due to the 1lift force at this section may

be written as follows :

"2
- ' .
M _ﬁ)s 21Tr.(r-—rl) dr / Z Cos@<> (4.3)
1
Where r and r, are the radii of the blade root and blade tip respectively.

The integration of equation 4.3 causes some difficulties since p; and
coslg are both functions of radius., But, the order of the magnitude of
oQ

the force may be estimated by using the fan static pressure pS for p;

3

and using the value of angle /o% which will cause maximum bending moment.

This angle corresponds to the value of ,B at the blade root. Therefore,
R0

equation 4.3 may be written in the following form (8).

r
2TT.pS_t 2
M = > Gosg r.(r-rl).dr (4.4)
wri
Substituting the already determined values of r1= 0.123 m, r,= 0.204 m,

z = 4, p_ = 218 pa, and §= 22,14° into equation 4.4, the value of i at

the root section is found to be

M = 0,2146 N-m,
Bending stress, U‘B, is defined in equation 4.5 as

U—B= MI (4-5)

Where M ig the bending moment at the root section. y is the distance from

the centroidal axis of the blade to the bhlade surface at the tension side.
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I is the moment of area of the cross hatched about the centroidal axis

shown in figure 4.1 .
Substituting the calculated values of M = 0,2146 N-m, y = 0,0055 m and

I=28.24. 10--9 m4 into equation 4.5, the bending stress at the root

1s determined as

Blade profile
% /Y;///W)\;p |
: : : o=
/%//%7 \J\\ \
\
~==Blade shank  Centrodal

axis

Fig. 4.1 Blade Shank Portion

4.2,3 Centrifural stresses

The centrifugal force acting on a blade element at a distance r

from the axis of rotation shown in figure 4.2 can be expressed as
dF = w2. T . dﬂl (4-6)
cf

Where W is the angular speed and dm is the differential mass of the element

shown in figure 4.2 . .
o

Fige. 4.2 Position of a Blade Element on the Fan Blade
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If equation 4.6 is integrated over the span of the blade, the
following equation is obtained.
T
2]2
Fcf= §>. W A(r).r.dr (4.7)

1
Where A is the area of cross section of the blade normal to the line
Jjoining the centroids of the blade profiles at the root and at the tip
of the selected blade and f7is the density of the blade material.

The area A 1in equation 4,7 changes from root to tip and the

expression for this area is given in table 3.1 as
2
A =0,0738 ¢ (4.8)

Where ¢ is the cord length of the aerofoil at the desired blade cross

~

section for which the area is calculated.
Substituting equation 4.8 into equation 4.7, the following equation may

be obtained
r
2
F = 0.0738 wz‘/‘z .4 (4.9)
o= O¢ 'F. C JTedr 4.9
T4

Since the blades were designed such that the profile centroids lie
on a radial line and the blades have approximately a straight taper, the

cord ¢ can be written as a function of r and is given in equation 4,10,

(s - 7))

1 --—--—-(rz_ rl) (cl; 02) (4.10)

1 5 are the cord lengths at the root and at the tip of the

Where o, and ¢
blade respeétively.

; c, and ¢

Substituting the values of 1 2 O 5

1
plifies to the form shown below,

y T into equation 4.10, it sim-

¢ = 0,1945 - 0,5086 r (4.11)

Therefore, the centrifugal force Fcf can be expressed only as a function

of r and is given in equation 4.12 .
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r
2
P = o.o738? .1.\:2/1«.(0.0378 - 01978 + 0.2581‘2).(11' (4.12)
o

Since the most critical section is at the root of the blade, eque~

tion 4.12 is integrated from the root, r. = 0,123 m, to the tip,

1
r2= 0.204 my, for N = 2800 rpm and‘f = 7000 ko m3. From this integration,

the centrifugal force at the root of the blade ig calculated as

The normal stress at the root of the blade duc to this centrifugal force™
is calculated by dividing the centrifugal Torce, Fcf,at the cross hatched

area shown in fipgure 4,1 and the result is civen below,

5

G;f= 141.58 . 10” Pa

The combined normal siress, U;’ due to the bendins moment and
centrifugal cffect is cqual to the summation of these 1,0 stresses and

is equal to

5

(7, = 143.05 . 10° Pa

When the stress is compared with the strength of the blade matcrial
which is equal to approximately 800 . lO5 Pa , it would be seen that the
design is safe, The strength of the blade material wWas detemined
experimentally by using the standard test specimens made out of blade
material.

In the above calculations the stress concentration at the root of the
blade was neglected because no specific data vas available for this purpose.
However this was taken care of by the generous allowance for the factor of
safety.,

The strenght calculations were based on the assumption of maximum
possible static loading though it may be argucd that the blades are sub jec—
ted to dynamic loads, the usual design practice for low pressure fans is to

employ the static load.
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4.,2,4 Hub stresses

In calculating the hub -stresses the hub was considered as a ro-
tating disc with a central hole and having an inner radius of rhl and an
outer radius of r. + The hub material has a density of ?h and poisson
ratio of /ﬁ e

When the disc rotates with an angular velocity W about its axis,
there will be stresses tending to strain the disc in a radial and tan-
gential directions. These stresses are called radial and hoop stresses

respectively. The maximum values of radial stress (7 and hoop stress

g~ are given in equations 4.13 and 4.14 (8).

h
W 2
“r T Pur 5 (M 3) (rhz" rhl) (4.13)
2
R DR CEOE AP LR

Since the hub also carries the fan blades which will increase the
radial and hoop stresses, their effect should be included. In reference
8 the effect of the mass of the blades is approximated by using the

following equation.

9' - ( Disc mass + blade mass ) ?
h Disc mass *Jh

(4.15)

and.lf; is used in place of fh in equations 4.13 and 4.14 .
For the designed fan :
mass of the disc = 3.0 kg
mass of the blades = 2.2 kg
Substituting the above values into equation 4.15, the value of }7; is

calculated as

Fl'l=1.73$)h

Then equations 4.13 and 4.14 reduce to
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2

W 2
W2 (( 2 ( 2
¢, = 1.73 fh""[ /Wh+3)rh2+ 1 -/fh)rhl) (4.17)

In the design of the hub, the inner radius Ty is selected as

0.098 m . Substituting the values of r, = 0,123 m,l/ﬂh = 0,33,

hy
f3h= 2700 kg/m3 and N = 2800 rpm into equation 4.16 and 4.17, the
following values are calculated for G‘r and 671 .
max max
Ovr = 2,08 x 105 Pa
max
th = 56,98 x lO5 Pa
max

When these stresses are compared with the strength of the hub
material which is equal to approximately 12,5 x 107Pa, it would be seen
that the design is safe. A large thickness is selected for hub because
gpace is needed for shank portion of the blade. The strength of the hub
material was determined experimentally by using the standard test

specimen made out of hub material,
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CHAPTER 5

MANUFACTURING AND CONSTRUCTION OF THE FAN AND THE TEST SET-UP
5.1. MANUFACTURING OF THE FAN BLAIE

For manufacturing the blade, first its model was made. In making
the mbdel, fhe following procedure was carried out.

The cord length ¢ and the blade angle £, which have been calculated
at each radius r with 3 mm~increments from the root to the tip of the
Tan blade, are sufficient to determine the complete blade dimensions.
Using the previously calculated values of ¢ and the values listed in
table 3.1, the following blade dimensions were calculated.

a) The co-ordinates of the aerofoil scctions at cach calculated
radius.

b) The centroids of the aerofoil sections.

c) The leading and trailing edge radii of the aerofoil sections.

The blade section profiles at each radius, starting from root to tip,
were drawn on a cardboard and the centroids of each section was marke on
it. Because of the small dimensions of the trailing and the leading edge
radii of blade section profiles, the original dimensions of the blade were *
magnified ten-times before it was drawn on the cardboard. Plexiglass
with 3 mm-thiclmess was used as the model material. The blades section
profiles drawm on the cardboard were copied on the plexiglass to their
original dimensions by using the pantograph machine in the machine shop.

Since the blade was designed such that the centroid. of each
section lies on a radial line, each blade section was drilled
through its centroid. As shown in figure 5.1, a straight wire was placed

through the holes drilled at the centroids of each blade section profiles.
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] r+Ar

|

Blade sections

—e Steel wire

FigeHel. Construction of the Blade Sections

In examining figure 5.1, it will be seen that although the centroids of
the blade section profiles lie on a distance of r from the axis of ro-
tation, the leading and trailing edges of the blade sections lie on a
distance of r +Ar . Since each blade section profile was designed on
the assumption that each point on section profile lies on a distance r
from the axis of rotation, this assumption was satisfied by bending the
each blade section onto its own radius, This was accomplished by placing
the plexiglass blade section on a properly curved wooden surface and +the
blade section was heated until it assumed the form of the wooden surface.
- A clamp shown in figure 5.2 was made to assemble the blade sections after
each blade section was heated to its required radius.

As shown in figure 5.3 each blade section makes an angie :8 with respect
to horizontal plane. Therefore, in the assembly clamp,first blade section®
were oriented so that each blade section had the correct angle relative to

horizontal plane and then they were compressed between the jaws of clamp.
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Pige5.2 Device for Clamping the Blade Sections

Cloroform was employed as an adhesive to cement the blade sections
together in layers. Then the surface of the model was YTinished to the
required dimensions. The shank portion made out of the same material as
the blade sections was glued to the root of the blade. The model of the
blade where two different views of it are showm in figure S.4a and 5.4b

was made ready for casting.

— Direction of
rotation

Fig.5.3 Blade Section Orientation
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Fig.5.4a. Model of the Blade

Fig.5.4b. Model of the Blade
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5.2 CONSTRUCTION OF THE FAN AND THE DRIVE UNIT

The complete fan unit is basically composed of three parts namely,
the fan hub, the blades and the fan shaft. Detailes of hub and blade
assembly is shown in figure 5.5 . Blades are joined to the fan hub by
two socket head bolts. The bolts arc tightened at the outset such that
although the blades can be intentionally turned by hand, they do not
inadvertantly turn in actual coperation. When the rotor is in rotational
operation, the friction between the blade and the hub is increased by
centrifugal force which prevents any change in the blade setting.

The 0 - Ring shown in figoru 5.5 is made of resillient material. It
reduces the transmission of vibration between the blades and fan hub.
Since vibration is the chief cause of material fatiguc, it increases the

service life of the fan.

Fan Hub

Hold Down Plate

Blade Piteh angle
Indicator

Blade 0-Ring

Steel Ring
Socket Head Bolt \\\\\\\\\\

1

Fig.5.5 Details of Hub and Blade Assembly
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Fan shaft was attached to the impeller hub by four socket head
bolts and nuts and it was supported by two ball bearings. The fan and
its drive unit are shown in figure 5.6 and 5.7 . In order to obtain
different operational speeds, a pair of multi-stepped V-belt pulley was
used. The pulley has five steps corresponding to rotational speeds of
750, 1070, 1610, 2060 and 2800 rpm.

A 4 KW A.C electric motor with a speed of 3100 rpm was used as the
prime mover of the fan.,

The fan was dynamically balanced together with its shaft and
bearings before it was coupled to the drive unit.

Technical drawings of the fan unit are given at the end of +the

thesis.

Fig.5.6 Left Side View of the Fan and its Drive Unit
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Fig.5.7 'Front View of the Fan and its Drive Unit

5.3 CONSTRUCTION OF THE FAN TESTING SET-UP

The present fan was tested according to British standard BS 848.
Fan testing methods are classified in this standard according to fan

installation types. The four installation types used in this standargd .

are as follows :

a) type A : Free inlet, free outlet;
b) type B : Free inlet, ducted outlet;
c) type C s Ducted inlet, free outlet;

d) type D : Ducted inlet, ducted outlet.

Although type C is more close to our application, type A was
adapted to the type C as given in the standard and was used for testing
of the fan because of difficulties in manufacturing the test set-up for
type C. Free inlet condition was satisfied using the standardized inlet
side test chamber. For the selected testing method, there are four

methods of measuring the flowrate. These four methods are as follows :
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a) Venturi nozzle or conical inlet
b) Inlet orifice
¢) In-duct orifice with D and D/2 taps,

d) In-duct venturi nozzle.

In-duct orifice with D and D/? taps was selected as the flowrate
measuring method. This type of orifice plates are easy to manufacture
and the flowrate can be measured by this method as accurate as the other
methods.

The selected fan testing set-up is shown in figure 5.8 . It is com=

posed of six main parts namely :

a) Fan casing

b) Standardized inlet side test chamber
c) Diffuser

d) Orifice

e) Airduct

f) Auxiliary fan

Fan casing was made out of sheet metal having a thickness of 1.5 mm.
In order that the air enters the fan with a minimum loss,a conical entry
with an angle of 60° was fitted to the inlet side of the fan casing as
ghown in figure 5.8 . A nascelle equipped with flow straighteners was
placed in front of the fan, in order to enable a wniform axial entry to
the fan. Furthermore, flow straighteners prevent the occurence of swirl
in the inlet test chamber so that the static pressure measurement at the
chamber wall is not effected by any swirling flow in that chamber. The
clearance between the fan and its casing was taken to be approximately
2 mm. Inlet side test chamber was also made out of sheet metal having
a thickness of 1.5 mm. It was constructed out of four pieces and was
assembled to each other with the flanges.

In accordance with BS 848, some restrictions on the dimensions of
the inletside test chamber are imposed. The test chamber cross section

may be circular, with diameter D3, square D

3

x D3, or rectangular with D3
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the shorter side. The minimum dimensions of the inlet chamber are given
in figure 5.8 . The inlet cross sectional area of the fan under test
should not be greater than Di / 8. The inlet cone must be coaxial with
the inlet chamber. In designing the chamber, precautions have been taken
to secure reasonably uniform flow approaching the fan. The flow wniformity
condition is considered to be met, if maximum air velocity at the pressure
measuring section in the inlet chamber nowhere exceeds 1.25 times the
average velocity at the same plane or 2.5 m/sec, whichever is greater (12).
If three uniform wire screens having 60 %, 50 %, and 45 % open area are
placed in the inlet chamber with O.3D2 apart normal to the flow direction,
and they are adequately supported anddsealed at the inlet chamber wall,it
1s possible to have a flow at the fan inlet meeting the above mentioned
conditions (12). In the present set-up, screens with 47 %, 50 % and 62 %
freearea were used because, screens with 45 % and 60 4 free area were not
available in the market. The air chamber cross section was selected
square with a side length of 1060 mm which satisfies the limitations
imposed on  it. The air enteres the chamber through a diffuser with an
included angle of 300.

An anti-swirl device called "flow straightener" at the entrance of
the air duct as shown in figure 5.9 was used to prevent the growth of
swirl in the flow. This device with length 1 consists of a nest of equal

cells of sequare cross section with a side of length t as shown in

figure 5.9 .
“w

1 B yl

[ \ 1
t <015 D
\ / 3t <Il<0.5D

\\ ’,
D {

Fig.5.9 Flow Straigntener (12)
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In-duct orifice with D and D/2 tappings was used to measure the
flowrate through the fan. The orifice plate and the associated pressure
tappings conform to the dimensions shown in figures 5.10a2 and 5.10b. This
orifice was made out of an aluminum plate. The upstream face of the ori-
fice was finished by a very fine radial cut from its centeroutwards so
that the upstream edge of the orifice. be sharp. The ratic of the ori-
fice diameter to the duct diameter, x, was taken to be 0,62 . The wall
static pressure tappings are four in number. The axis of each tap inter-
sects the duct axis at right angles. Dimensions of the wall tapping holes
conform to the dimensions shown in figure 5.11 . Tapping connections to
obtain average static pressure at the measuring station are shown in

figure 5.12 ,

D+0.1D 0.5D+ 0.05D

' 0.05 D max.

Fig.5.10b Details of the Orifice Plate (12)
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NN\
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Fig.5.11 Construction of Wall Pressure Tappings (12)

V4

To manometer

Fig.5.12 Pressure Tapping Comnections to Obtain Average

Static Pressure (12).

The air duct was manufactured in the work shop. It was made out of
sheet metal with a thickness of 1.5 mm. The length of the duct conforms
to the dimensions shown in figure 5.8 . As shown in figure 5.14, +the
complete air duct was constructed out of four pieces. When connecting
these parts together, care was taken so that parts were in alignment with
each other and the joints were free from internal protrusions. The air
ducts were joined to each other as shown in figure 5.13 . According to
the British standard BS 848, there are some restrictions on the diameter

of the air duct and the orifice. According to this standard ;
0
Ddud;>b 50 mm

d’orifice) 25 mm
53



The upper limitg of the value of the above diameters are determined by
the Reynolds number of the flow through the orifice. For in~duct ori-
fice with D and D/2 tappings, the range of the Reynolds number at the

orifice is shown in figure 6.2 , and is also given below.

4 6
1.107  Re, 1.10

According to BS 843, orifice plate measures the correct flowrate when

operated within aforementioned range of Re

d -
In accordance with the above restrictions, the orifice diameter

was selected as 186 mm.

ATSSSSoTSIey )
,“““““““F““C“T \\\\\\\\\\\\\\\\ <c

Fig.5.13 Air Duct Connection

Because of high system resistance of the fan testing set-up, an
auxiliary centrifiigal fan, which has backward curved blades, running at
2150 rpm was used to obtain the full range of ptfr Q characteristic of
the tested fan.

The flow through the air duct was throttled by a throttling plate
mounted at the inlet of the auxiliary fan. When the auxiliary fan was
connected to the fan testing set-up, the flowrate through the auxiliary
fan inlet was found to be approximately 0.9 m3/sec .

The whole system was assembled in the F'luid Mechanics Labaratory
after manufacturing of each component of the test set-up.

Air leakage test was done on the test set-up by using soap foam.

A general view of the fan test set-up is shown in figure 5.14 .
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CHAFTER 6

MEASUREMENTS AND CALCULATTIONS

6.1. DETERMINATION OF THE POWER INPUT TO THE FAN

The performance of a fan is determined by the power input to the

fan (impeller power PR), volume flowrate Q@ and the fan total pressure

b

o f or the fan static pressure pst'

In determining the power input to the fan, torque at the fan shaft
was measured by a torque transducer shown in figure 5.7. A strain indi-
cator was used as the readout instrument of the torque transducer. The
specifications of the torque transducer and the strain indicator are
given in Appendix 3. Calibration of the torque transducer was done with
a 60 k N test resistor as follows :

Strain indicator was brought to zero balance where there was no
torque on the transducer shaft, then the test resistor of the torque
transducer which simulates 80 % of the full scale of the capacity of the
torque transducer was connected to the input terminals of the strain
indicator. Strain indicator reading difference of the loaded and unloaded
conditions corresponds to the torque of 80 % of full load capacity of
torque transducer. The reading difference was found to be 2560/Min/in.
This strain corresponds to a torque of 80 in-~1b (9.04 N-m). Since the
strain changes linearly with the applied torque T, the relation between
" the applied torque and the strain is determined and is given in equation

6.1 L]

T = 0.00353 € (N-m) (6.1)

Where € is strain in Min/in
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The fan impeller is not mounted directly on the drive motor.
Therefore, in determining the net power input to the fan impeller, it is
necessary to deduct from the shaft power an alowance for bearing losses,
for losses in the pulley and in the flexible coupling. These losses
were determined as follows ¢

The impeller was replaced by a disc of equal weight having negligi-
ble aerodynamic resistance. This provided the same bearing loads, and it
was run at the same speeds as the planned testing speeds of the experi-
mental fan. The friction +torque and the windage losses due to bearings
and the flexible coupling were measured and are given in table 6.1 .

Net torque on the fan impeller for any testing point was calculated by
using equation 6.1 and 6.2 after the total strain e% on the fan shaft

was measured. The strain due to the net impeller torque is calculated as

€=€, -€ -¢€ ( Min/in) (6.2)

Where €y ¢ Total strain on the fan shaft read by the stirain indicator
at any test point

Initial strain reading on the strain indicator when the fan

M
o

was not rumning

€ ¢ Strain caused by friction torque which is given in table 6.1

Table 6.1. Strain Caused by Friction Torque
at the Test Speeds

{ ¥ rpm 750 {1070 | 1610 | 2060 | 2800

e‘f/vfin/in 80 | 85 90 105 130

The net power input to the impeller was calculated by using

equation 6.3 .
T TN

- 6.
Py 5 (Watt) (6.3)

Where N is the speed of the fan impeller in rpm.
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6.2. TETERMINATION OF THE FLOWRATE

As explained in section 5.3, the flowrate through the fan was
measured by the orifice with D and D/2 tappings. The mass flowrate

through this orifice is given by equation 6.4 (12),

2
d
q = Cj.e. 'Ii-—" 2Fu’Ap (kg/sec) (6.4)

Where 4 : orifice diameter, m

Ap : pressure difference across the orifice, Pa
?u : alr density at the upstream tapping, kg/m3
e : expansibility factor

Cd 3 flow coefficient

The expansibility factor, e, is given by equation 6.5 (12) .
Ap
e =1 = 0.,4617 wwememn at A= 0.62 (6.5)

¥ P
u

Where Pu : absolute pressure at the upstream of the orifice, Pa
A : ratio of the orifice diameter to the air duct diameter
Vo isentropic exponent
The value of the isdntropic exponent is given as (12)
V= 1.4 for Ap > 1000 Pa
V= 1.0 for 4p <1000 Pa

The expansibility factor, e,for atmospheric air is plotted as a
function of A and Ap/pu and is given in figure 6.1 .

The flow coefficient, C;o is a function of Red and A, and may be
expressed as (12) .

, . . 6
—O- St . .
C = (1-2) 5(0.5899+O.O5}\2—O.08?(54»(0.00377\1 25+o.0117§).(R-L—: )O 5) (6.6)
a

and it is plotted ina figure 6.2 .
In the design of the orifice, since A has chosen as 0.62, in ex-

amining figure 6.2, it is seen that
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at A= 0.62 0.657 L ¢, £0.68

d
sinqucd and Red are not known in advance,a trial and error method
should be used to determine the exact value Cd at each test point. On the
other hand, it may be considered sufficient to calculate the mass flow-
rate by taking the aritmetic mean of the flow coefficient, Cd’ which
produces an error in the calculated mass flowrate of about 1.7 % (12) .

If the mass flowrate is determined, the volume flowrate is calculated by

the following equation (12) ,

Q = (6.7)

Where‘?3 is the density of air in the inlet chamber and is given in
equation 6.10 .
Static pressure measurements were made by using two inclined tube

alcohol manometers.

6.3. FAN PERFORMANCE CALCULATIONS

In calculating the fan performance, the following relations were

used (12) .

- - (6.8)

Fan static pressure
10 pressure py +1

1

Vhere p,. =P + P
t1 s d
3 3

pS is the static pressure in the inlet chamber shown in figure 5.8 .

3 is the dynamic pressure in the same chamber.

Pa
3
The dynamic pressure Py is defined as
2 3
qm
= 6.
Pa 20, (6.9)
3 33
Where 3)3 is the density of air in the inlet chamber and A3 is the area

of the inlet chamber normal to the flow.
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The density ?3 is defined as
Py * ps3

= . B ————————y 6.10

Pyefa s (5 (6.10)

Where pa is the atmospheric pressure and Pa is the density of air at

ctmospheric pressure.

2
q
m
F i = 3
an dynamic pressure Pyr o a (6.11)
a 2
Where A2 is the total discharge area of the fan.
F 1 = 6. 2
an total pressure Pip =Dy + Pyp (6.12)
q <D
Fan static pressure / = k _(...‘.’.......?.JF.) (6.13)
st c PR

Where k.c is the compressibility coefficient .

The value of the compressibility coefficient, kc, is determined
as follows (12) :

If (- ptl) is less than 2500 Pa, it is taken as k, = 1.0

If (-~ ptl) is greater than 2500 Pa, k_ must be determined by
using equation 6.14 .

. . 7iog | (6.14)
c 10;10(1 +?(e - 1))

Where ?and 0 are defined below.

Y - 1).%.PR

Yt €
0 - "2 (6.16)
pa + ptl

After determining the fan static efficiency ot the fan total

efficiency ?'b is calculated by using equation 6.17

9 Pas
Pa.PR

A computer program was prepared to calculate the performance

Fan total efficiency 7t=7st+ (6.17)

parameter . This program and a sample output of it are given in Appendix 4.
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CHAFTER T
EXPERIMENTAL RESULTS AND CONCLUSION
T.1. INTRODUCTION

The fan was tested at five different speeds . At each speed, the
blade root angles were set to the desired angle by hand. The following

quantities were measured at each test point.

Ap : Static pressure difference across the orifice, mm alcohol

Static pressure in the chamber, mm alcohol

ko’

Static pressure at the upstream of the orifice , mm alcohol

o]

€ : Strain caused due to the torque at the fan sha.f“c,///in/in

All the above quantities at each test point together with the
impeller speed N, atmospheric pressure I.)a’ and ambient temperature Ta
were used in the computer program given in Appendix 4 and the following

paramaters were calculated.

PR : Power input to impeller, Watts

Q@ .z Volume flowrate through the fan, m3/sec

ptf : Fan total pressure, pa

: B i
pst an static pressure, pa

% : Fan total efficiency
/251; ¢ Fan static efficiency

Red : Reynolds number at the orifice

ReD : Reynolds number at the air duct

v

Flow velocity through the air duct, m/sec

Using the calculated values of the above parameters at each test
point, the fan Py o~ Q, PR-. Q a.nd'?_t- Q characteristics were plotted for

each test speed at the corresponding blade angle. These plots are shown
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in figures 7.1 to 7.15 .

The fan was tested at the blade root angles of 250, 32.50, 400 and
47.5o for each test speed except the design speed. The auxiliary fan
capacity was not sufficient to test the fan 2t angles greater than 250at
the design speed. Therefore, at the design speed, the fan was tested at
the blade root angles of 50, lOo, 150, 20°,and 250 to obtain the oper-
ating points as shown in figure 7.2 . The operating point of the fan is
defined as the state at which the fan characteristic intersects the

system characteristic.

64



575

550

525

500

450

425

400

375

350

{ Pa)

325

300

Pressure

275

250

Fcn Total

225
CL\::'200
175
150

125

100
75
50

25

0

0.0 01

607
50
40

30

20

N =2800 rpm
A =25°

1

10

Fan Characteristic _«

Operating Point «_3

>
s
)]

Z
O

eristic %

—

()

L

System

(P =277.8 Q%)

1 ] | 1 l L I 1 1 ! | i

02 03 04 05 06 07 08 09 10 11 12 13

inlet Flowrate ( m’/sec )

1.4

Volume

~

Pis T,0 B Poofore mee ar the Design Speca together witn

the Do 9vamel Uyston ftesistance line

Lo



550F =N N

525

T
g

500

475

450}

425

o
-—
o

40Ot >

375F

( Pa)

350

325 o
w Fan Characteristic

a\ A ) \“\

System

300

Pressure

2753

250

Fan Total

225

te

b
N
o
o

175

150

125

100

1 L | i 1

Chargcteristic

00 O 02 03 04 05 06 07 06 o5 oo 1.2
o Inlet Volume Flowrate (m’/sec)
Pig, 7.2 Fan Performmce at the Desipgn Spaod and
Ditferent Blade Root Angles
66

1.3

1.4

607
50

40

30
20

10



(%)

E fficiency

Flow Rate (m¥sec)

Q Volume

60

50

L0

20

10

L

1.2

35

11

08}

0.7+

0.6F

0.5

0.4F

0.3

0.2}

0.1F

a0

1

N =2800 rpm

PigaT.3

1
10 15

Blade Root

Lff'ect of Blade oot Angle on the Volume Flowrate

[Sa

30

and Overall Efficicency at the Desi;w Specd.

o7

35



Efficiency (%)

(m/sec)

Section Velocity

VT Test

60

501

A

30

20

10

S~

35

60

55k

50

35

30

25

20r

15

10+

D: 2800 rpm

} I I 1 1

Mg 7.4

10 15 20 25 30
Root Blade Angle (g°)

Change of Flow Velocity through the Test Section of

the Sicke Tuwanel with Blade Root Ancle of the Fan

<0

35



t
w =~ U N
O o fan) o

Efficiency 7 ()

-
O

0

50 60
L0 55

30 50

[pS]
o

Power (W)
ptf Fan Total Pressure (Pa)
)
QO

PR
S

o

25

20

15

10

5

0

N
[ow]

i
00 01 O

1 1 1 i | 1

i I} I} 1 1
2 03 04 05 06 07 08 09 10 11 12

X
750 rpm
250°
[+]
325
40.0°
4L7.5°

n

X

OB o
BWoWoWw p M
|

] J I 1 1 | | 1 | 1 1 1

00 01 02 03 04 05 06 07 0% 09 10 11 12
Q Inlet Vvalume Flowrate (m¥sec)
Fig.7.5 Fan Performance at 750 rpm at Different Blade

Root Angles
69

13

1.4



(€3]
(e

o~
o

Power (W) /2
No W)
o (aw)

R
-
o

[an]

Efficiency 7 (%)

ptf Fan Total Pressure (Pa)/2

t

60
50
40
30
20
10
Ol ] ] I ] I | 1 | 1 1 1 ) L
00 01 02 03 04 05 06 07 08 09 10 112 13 14
60
3
N=1070 rpm
© A8 =250
A A :32'50
g g :AO.OO
x B =.4705°
0 | 1 ] ] 1 1 1 1 |‘ ] | 1 1
00 01 02 03 04 05 06 07 08 0.9 10 1112 13 1.4

Q Inlet Volume Flowrate (m%/sec)

FigeT.6 Tan Performance at 1070 rpm at Different Blade

Root Angi es

70



P, Power (W) /4

()

(Pa) /4

Pressure

Total

Fan

Pys

Efficiency 7
w &~ Ul N
o o [} [}
T T T

N
O
T

. ! L 1
00 01 02 03 0L 05 06 07 08 09 10 11 12 13 1.

N = 1610 rpm
ol =25.0:
a p =325
of = LO.OO
x B =47.5°

1
00 01 O

0

1 1 L 1 1 ] 1 1

1 1 !
2 03 064 05 G5 07 08 Q09 10 11 12 13 14

. Q Inlet Valume Flowrate (m3/sec)
Fig.7.7 Fan Performance at 1610 rpm at Different Blade

Root Angles 7



(W)/s6

Power

P

N
o

-
o

Pys Fan Total Pressure (Pa)/ 6

[en)

t

Efficiency 7 (%)

(o]
o

50
4Ok
301
20
10+
0£ ] ] 1 1 ] ] I 1 ] ] 1 1 ]
00 01 02 03 04 05 06 07 08 09 10 11712 13 1.4
£
N = 2060 rpm
@A =250°
a p =325°
LOk @A =400°
30+
20
10
0 ] 1 ] 1 I 1 | i ] 1 1 1 1
00 01 02 03 04 05 06 07 08 09 10 11 12 13 1.4

E

Q Inlet valume Flowrate (m’/sec)

Fig.7.8 TFan Performance at 2060 rpm at Different Blade

Root Angles 7



Pressure (Pa)

Fan Total

f

)

o

460 T

L40
420
400
380
360
340 °
A =25
320k © N=750rpm
4 N=1070rpm
300k a N:1610rpm
x N=z2060rpm
280} ® N=2800rpm

160

120

100

] 1 | | I

& 1 ]
00 01 02 03 04 05 06 07 g8 08 10 11 12

Q Inlet Volume Flowrate (m¥/sec)

13

Pig.7.9 TFan Performance at Constant Blade Root Angle and

at Different Speeds
: 73

607

50

L0

30

20

10



Efficiency 7 (%)

Ptf Fan Total Pressure (Pa)

t

| | 1 1 1 1 } [\
05 06 07 08 08 10 11 1213 14
300
280]
260} 5
A =32.5
2L0 © Nz 750rpm
a N=1070rpm
220} O N=1610 rpm
X N=2060rpm
0 L 1 1 ) ] 1 ] 1 L 1 1 1 !
00 01 02 03 04 05 06 07 08 03 10 11 12 13 14

Q Inlet Volume Flowrate (m3/sec)

Fig.7.10 Fan Performance at Constant Blade Root Angle and

- at Different Speeds
T4



(%)

t

Efficiency 7

p‘tf Fan Total Pressure (Pa)

50
AV
30
20k
10
0 ’ s | 1 } [} 1 | 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 69 10 11 12 13 1
320
300r
2 =40° .
N=750rpm
N=1070rpm
N=1610rpm
N=2060rpm

—
N
o

100

80

60

40
q

20

0 I | | ) 1 | | 1 1 ] 1 ]

00 01 02 03 04 05 06 07 08 Ol.9 10 11 12 13
Q Inlet Valume Flowrate (ma/scc)
Fig.7.11 Fan Parformance at Constant Blade Root Angle and
at Different Speeds
5

14



N W &~ Ul
(] o O o
T T 1 T

Efficiency 7t (%)

—
[an ]
L}

00 01 02 03 04 05 06 q7 08 08 10 1 12 13 14
320

300f

280

T

260

240 : B8 =147.5°

© N= 750rpm
4 N=1070rpm
200+ ‘ O N=1610rpm

220

180

'mt‘f Fan Total Pressure ( Pg)

0 ] 1 1 ! 1 1 1 I 1 i 1 1 !

00 01 02 03 04 05 06 ©7 08 09 1.0 11 12 13 14

* @ Inlet valume Flowrate (m%/sec)
Fig.7.12 Fan Performance at Constant Blade Root Angle and

at Different Speeds
76



Fan Total Pressure (Pa)

Pis

Efficieny 7 (%)

(@3]
o

R
/

(%]
Q

N
o
o
N
wu
o
W)
o
(9%]
U
o
=~
[an)
o
~
wu
=)
un
o
Q

280

260 |-

240 at 7'1"‘0:" points

a 1070
220 © 1610
g 2060

200 |

180 L

160 +-

140 -

120

100

80

60

T

40 ® A

20

0 1 ] 1 1 1 1

20° 25° 30° 35° 40° 45° 50°
Blade Root Angle (5°)
Fig.7.13 Blade Root Angle versus Fan Total Pressure and

Efficiency at Maximum Efficiency Points
7

55



—
(@2 ]

1.4k & 1070 rpm
-5 © 1610 rpm
cn'NZ'l.Z— B 2060rpm
I
> 10f
€
B
5 0.8+
v 061
Q
o 0.4
a
kY
= 02f
0.0 1 { 1 I 1 1
0.2 0.3 0.4 05 06 0.7 08 09
Blade Root Angle (radians)
Pip.T.14 Head Coefficient versus Blade Root Angle
at Maximum Lfficiency Points
16
8 = 25°
T4k & N= 750 rpm
I © N=1070rpm
D~ 12"
= o N=z=1610 rpm
it
> 10 ®m N =2060rpm
" s e N =2800rpm
& 08k
9
v 06
O
Q
o 0.4}
o
T
0.2+
0.0 1 | ] i 1 |
00 0.15 020 0.25 0.30 0.35 040 0.45

Flow Coefficient ¢ = @ /ND?

v

I'ig.7.15 Dimensionless Fan Characteristic

78



T.2. DISCUSSION OF RESULTS

The present fan was designed to give a flowrate of approximately
1 m3/sec at a total pressure pch = 290 Pa., Design calculations showed
that the fan supplies the design flowrate if it is rotated at 2800 TpMm
and the blade root angle is set to 250. Also the static efficiency of
the fan at this design point was found to be approximately 64 %.

The fan was tested at the desigu point i.e. at 2800 rpm and at
the blade root angle of 250. As is shown in figure 7.1, +the fan total
pressure and the flowrate at the operating point were found to be 210 Pa
and o,88m%/sec respectively. The fan total efficiency and ihe static
efficiency at the same point were also found to be 54 % and 48 %
respectively.

When the experimental results are compared with the design values,
1t is seen that the flowrate is 12 ¢ smaller than the design value and
the static efficiency is 16 % smaller than the theoretical calculated
value. The difference between the calculated design values and the
experimental resuits may be explained as follows

In the design of the fan blade only the tﬁordimensional losses called

profile drag were considered. Two other losses known as secondary drag and
annulus drag which are three dimensional losses were not taken into account
because the two dimensional aerofoil data was used in the design.

Another reason for the difference betwecn the design values and
the experimental results, although the effect is small, may be the
dimensional and angular errors made on the fan blade during the manu-
facturing and construction of the model and blade itself.

Furthermore the assumptions made for the blade interference, dcsign
constants and especially the assumption that the viscous drag forces may
be neglected in comparison to the pressure drag forces could have had a
cumulative effect which caused a significant difference between the

experimental and the theoretical results.
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It should be noted that near to the stalling point, drag forces
increase. sharply. This may be the major cause which increases the
hydraulic losses and hence cause a drop in efficiency.

On the other hand, most of the design equations are empricél and
do not consider the effect of viscous drag on the aerofoil. The present
state of art of aerofoil design by using cascade or isolated aerofoil
theory is not totally adequate; therefore the designed experimental fan
rotor must be developed to achieve higher fan efficiencies.

To evaluate the general performance of the fan, it was tested at
different speeds and different blade root angles. Since, at the design
speed of 2800 rpm the auxiliary fan capacity was not sufficient to obtain
the full range of Pip~ Q characteristics at the blade root angles
greater than 250, it was tested at five different blade root angles of
50, lOo, 150, 200; 250. The performance characteristics at these angles
together with the system characteristic are given in figure 7.2 . From
this figure the operating points at the design speed for five different
blade root angles were determined. The flowrates and efficiencies
corresponding to these operating points were plotted against the blade
root angle, and is shown in figure T.3. If this figure is examined, it
will be seen that as the blade angles are set more in axial direction,
this causing an increase in the blade angle, the flowrate through the
system (smoke tunnel) increases and also the efficiencies corresponding
to these operation points increase untill the blade root angle 17.50
then they decrease with increasing blade angle. The flowrates at higher
blade angles can be predicted by extrapolation of the results in figure
Ted o

The flow velocity through the test section of the smoke tunmnel
versus blade root angle is plotted by using the results of figure 7.3
and is given in figure 7.4 .

The fan was also tested at rotor speeds of 750, 1070, 1610 and
2060 rpm. At each speed, the fan was tested at fouwr different blade

: 0 0
root angles, namely 250, 32.57; 40 and 47.50. The performance
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characteristics of the fan at the tested speeds are given in figures 7.5,
Te6y To7 and T.8. As will be seen from these figures that at the blade
root angles of 250; 32.50, 40o and 47.50 as the flowraie is reduced by
throttling the inlet of the auxiliary fan, the pressure rise across the
fan increases untill the fan "stalls" . At this point, the pressure rise
suddenly decreases. This stalling occurs when the incidence of the flow
onto the blade exceeds a certain critical value and the flow seperates
from the blade. The effect of speed on stalling is clearly illustrated
in figures 7.9 to 7.12 « As is shown in figures 7.9 for the blade
angle of 250, stalling does not seem to ococur at 750 rpm. As the fan
rotational speed is increased, tendency for stalling increases for blade
angles greater than 250. The 1lifting ability of the blade decreases just
at the left of this stalling point . As is shown in figure 7.2, the
stalling does not seem to occur at blade root angles less than 250.

It is not proper to run axial flow machines in the stalled region
because of poor efficiency and unstable operating conditions. An axial
tlow machine is always run to the right of stalled region where a

dropping - @ characteristic occurs. This region is called

Py
"stable working region". Another important point to be noted from these
figures is that the efficiency has a maximum value at a flowrate corre-
sponding to nearly the end of the stall region. When the stable working
regions arc examined in these figures, it is seen that as the blade root
angle at constant speed increases, the fan total pressure increase untill
the blade root angle of 40o is reached. DBeyond this angle total fan
pressures secem to decrease, As was explained previously, flowrates at
the design speed but at blade angles greater than 250 can be predicted
" extrapolating the results plotted in figure 7.3 . However under the
light of above explanation, this assumption will give correct results
upto the blade angle of 40°.

To see the effect of speed on the fan performance paramaters, the
fan performance characteristics at constant blade root angle but at
different fan rotational speeds were plotted and are given in figures

Te9, 7.10, T7.11 and 7.12 . From these figures it is seen that at
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constant blade angle, the flowrate and fan total pressure increase with
increasing speed but maximum efficiencies remain approximately constant.
As was also explained in previous paragraphcs, the tendency for stalling
increases with increasing speed.

Using figures 7.5, T.6, 7.7 and 7.8 the blade root angle against
fan total pressure and efficiency corresponding to the maximum efficien-
¢y points was plotted and is given in figures 7.13. As will be seen
from this figure that as the blade angle increases, the fan total
pressure at maximwn efficiency points increases untill the blade root
angle of 40O past this angle the fan total pressure decreases. In the

case of efficiency, the efficiency increases with the blade angle upto

)
22.5 after which it decreases.

It is usually necessary to plot the pcrformance characteristics
in a non-dimensicnal form, Such a plot will show the performance char—
acteristics of the similar machines. Using the data of figure T.13,
the pressure coefficient y/ was plotted against blade root angle ;3

» in radians, and is given in figure 7.14. As will be seen from
this figure, the points obtained at three different speeds all fall
within an narrow band. Using this band, at any blade angle setting
for the speed range of 1070 to 2060 rpm, the fan total pressure at
maximum efficiency points can be approximately determined.,

In figﬁre 7.15, +the head coefficicntﬁ{ is plotted against the
flow coefficient ¢ at different speeds. The points obtained at five
different speeds also fall on a narrow band, From this band it is also
possible to predict the performance not only of this fan but also the
performance of any geometrically similar fans. This is in general irue

as long as there are no large changes of blade Reynolds number,
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Te3. CONCLUSIONS

The purpose of this study was to design an axial flow fan which
could supply valume flowrate changing from zero to maximum flowrate of
1 m3/sec through the smoke tunnel by only changing the blade angle of
the fan. If figure 7.3 is examined, it is seen that the purpose is
attained. When the blade root angle is changed from 40 to 300, the
flowrate through the smoke tunnel could be made to vary continuously
from zero to 1 ma/sec . Any flowrate between zero flowrate and maximum
flowrate at the design speed can be obtained through the smoke tunnel
by just adjusting the blade root angle to the corresponding value in
figure 7.3 .

The conclusions reached on the general performance of the designed

fan may be summarized as follows :

a) In order to have acceptable efficiencies at all speeds, the fan
should be operated at the blade root angles between 10O and 400.

b) The maximum efficiency at a given blade angle remains approxi-
mately constant with the change of speed.

¢) As the blade angle increases from 5° to 400, the fan total
pressures at maximum efficiency points increase.

d) At constant blade angle, the flowrate and the fan total pressure
increase with increasing speed.

e) For blade angles greater than 250, the tendency for stalling

increases with increasing speed.
Te4 . RECOMENDATIONS FOR FURTHER WORK

During the testing of the experimental fan, pitch angles were
adjusted by hand. When the fan is mounted onto the smoke tunnel, pitch

angles must be adjusted by a suitable remote control manual mechanism

while fan is in operation. Such a remote control mechanism should be
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designed and manufactured. This mechanism should adjust the blade root
angles between 50 and 400. As 1s shown in this work, within this

interval, the fan supplies the desired flowrates througn the smoke

tunnel.
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APPENDIX 1
DERIVATION OF IESIGN FORMULAS

a) Drivation of an expression for g

o0
L
B,
Fa P
- %
FT /D W, 7%
@ W Y,
A‘ V‘ = Vp
4 A
Vu,/1 | . Vu,
Vu, - -
2 y

Fig.Al.1 1Inlet and Outlet Velocity Triangles Relative

10 a Rotor Blade

The volume flowrate coefficient # and the static pressure coef-
ficient V are defined as follows :
st

v

a
= A.l ol
p=- (a1.1)
g H
st
= o2
Yor™ 2 (41.2)
u
Since U, V
Yo
1 = Al,
B, - — (41.3)
Where Hi is the ideal head developed by the fan.
Then, equation Al.3 may be written as
g H,
i u
= . = . Al,
vu. u u Vi v ( 4)
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From figure Al.l, the following equalities may be written.

u 1
C o e e
otfy= ¥ (A1.5)
u-v
u, )
Cot,B2= - (A1.6)
a
Substituting the equality of Vu from equation Al.4 into Al.6
2
n s / I
u -y u(l ~¥) l-y/.
i i i
a a
from figure Al.l,/@ may be expressed as
® v+ CosB,.v v
u2 2 a u2
C = = + ; .
0sf v ( va)*("”ﬁz) (41.8)

Substituting the equations Al.4 and Al.7 into equation Al.8

. 1 -
1{;1, =, ;6% (A1.9)

Cot =
a

Equation Al.9 may be re-written in the following form.

Cotf3 = ¥2+ ; - Wéi = ; - ng (41.10)
then
2 =
Cot b = ——2-5-5- (A1.11)

tan/éf '2“_2_{;71'

b) Derivation of an expression for solidity G~

If tangential force F’I‘ due to the 1ift and drag forces shown in

figure Al.l is equated to the rate of change of momentum

F’IF? V. vu2.2'n rodr = LeSing + D,Cos@ (A1.12)
Substituting the expressions 3.15 and 3.16 for drag and 1ift forces

into equation Al.l2 and cancelling the same terms on both sides, the
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following equality is obtained.
v o 2T = zec— o (¢, .81 C_.Cosp)
ao .u L] - L] L] I.OQ, Lo mﬁw'f‘ Do Ooﬁ

2 2 e

Substituting the equation va= W Sinﬁ ‘“from figure Al.l and the e~
oD
quation for s = 2Wr/z from Chapter 3 (Equation 3.13) into the above

equality and simplifying

. 1 C .
VuQ.S:m%3 =5 e 'w""(CL'Sm/@o+ CD.Cos[o%o)
or
vu 1 . Cos
ly [e’=]
= . C C o =i
W 2 s ( L™ 7D Sin g3 )
Since @= c/s
1
and let ¢ = (CL + CD.Cot@o)
‘then
Vu
2 1 !
= ==, C
W 2 0 L
or
2 Vu }
0 = 2 .1 (A1.13)
L
IW L
The expression for CL may be written as
L CD
C = CL(l + T Cot@o)
L
or
'
C = CL(l +Y Cot B ) (A1.14)
C
D
Vhere ¥ = '
L

Substituting equation Al.1l4 into equation Al.13, egquation Al.l5 can be

obtained.
2 Vu
T = i e | (A1.15)
W CL(l +}«uot/§o)
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Substituting equation Al.4 for v, and the equation, we = v&/Sin B from

2
figure Al.l1 into equation Al.l15, following relation can be obtain

2'],}/1. SinE:o u

0= . (A1.16)
CL(l +/Cot R ) v,
1
Since —--‘: 'y
a
Equation Al.16 may oalso be written as
2 y - i
0= e Sk (A1.17)
CL.¢ (1 +3JCot/féso )
¢c) Derivation of an expression for hydraulic efficiency, )Zh
Hydraulic efficiency /?h is defined as
1
7}1 oy (A1.18)

Where Hi is the ideal head produced by the impeller and H is the useful
nead in fluid at the final discharge of the impeller.

Bquation A1.18 may be written in the following form.

H - H H
i L L

?h = H, =l-T (82.19)
1 1

Where HL is the loss through impeller.

HL may also be written as

g . -Ae (A1.20)

L f-g
Where Ap is the pressure loss through the impeller.
The pressurce loss Ap is calculated as follows :
If in figure Al.1l the thrust force, FA’ which is due to the static
pressure rise ps less any pressure loss Ap, is equated to the axial force

due to the 1ift and drag, equation Al.21 is obtained.

FA= (ps- Ap) 2T r.dr = L.Cos 3 + D.Sin (A1.21)
Where pSis the static pressure difference across the impeller.
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pS in equation Al.21 may be determined as follows :
(A1.22)

Where p is the total head produced by the impeller and p_ and p_  are

T T
1 2
the total pressure at the inlet and outlet of the impeler respectively.
p. and p. may be written as
T T
1 2
1 2
Pp = Pyt f . v (A1.23)
1
1 2
pT2= Pyt o f. v, (A1.24)
Where pl and p2 are the static pressures at the inlet and outlet of the

impeller respectively. vl and v2are the absolute velocities at imlet
and outlet of the impeller respectivelye.

Substituting equations Al.23 and Al.24 into equation Al.22

gev, ou = (p2+ ";"' ?.Vi) - (pl+ "'"12"" ?vi) (A1.25)
5 2 :

If equation Al.25 is written as a function of pressure difference

P_= Py~ DPy» equation Al.26 is obtained.

1 2 2
=D =D = 0. - e - “(A1.26
P_= Py= Py= vu2 > P v, =) ( )
. 2
and since v, -V, =V
s 1L u
2
then
P = P~ Py = f.v~ (u - ‘%T'v ) (A1.27)
s 1 u, u, A

Substituting equation Al.27 and expressions for 1ift and drag

forces into equation Al.21
(pov (u - ==y ) - Ap) 2T r.dr =
F u2‘ 2 u2

1 . 2 .
p — 15 - . S 1028
Z.Cldr 5 P.w‘x, _(CL. Co Iéa : CD oJ.n/?,o ) V(A )
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4 si Ao o
and since u -~ 5 vu2~w°°. osle

Thus, equation Al.28 may be written as

1 C 2 .
Ap =9 'VuZ'W"O - Cos B = == = .vf.w(x,(CL—ColeBb—CD.Slnéo) (A1.29)

Equation Al.13 may also be written as

Y

W

o

1 ! 1 ’

[ }O

Multiplying both sides of equation Al1.30 by we , equation Al.31 is

obtained.
1 ! c 2
V W= T Ope T e Woo (A1.31)
t
d si = .
and since CL CL + CD COt:E’x,
1 C 2 ! :
VMo = T e T '“”(CL+ Cye c,ot@o) (A1.32)

Substituting equation A1.32 into Al.29 and simplifing it, equation
Al.33 is obtained.

1 c 2

Ap = ”5')0."': W .CD. Cosec,@o (A1.33)

Since H = -é‘R"

L ?.g

Thus
A 1 2
I{L az f).g = 2g Weo .Tn CD. COQGC&O (A1034)
c
Where = -

Substituting equation Al.17 for ™ into equation Al.34, equation
Al.35 is obtained.

12 2, Sinfg

HL= Eg-w"" .CD. Cosec@o( CL°¢ ‘1 y-Cot g ) (A1.35)

and since w,, = va'/S:Ln/@‘J



Then, equation Al.35 may be written as

2 .
H - Va. . Vi CD Sm& c
L~ g.sSing © f ° ¢, " (L+yCotp ) osec B
CD v 1
and since . V= < P = ” and Cosecp = Sin o
L 45
The above equation may be written as
2
. va.u. Wi Y- Cosec (A1.36)
L g N G }J.Cotﬁs)o)
. u2
and since Hi = jﬂ;——

Substituting equation Al.36 and the expression for Hi into equation

Al1.19 and simplifing it, equation Al.37 is obtained.

2
Cosec 16°°
=1-gy (41.37)
Oh 1+ Cot 3 )
d) Derivation of an expression for static efficiency, 7st
Static efficiency )7 o 18 defined as
Hst
= TR » 8
/Zst H, (41.38)
i
and the static pressure head Hst is also defined as
H,=H- v2/2g (A1.39)
st a
Where H = Hi - HL and Va is the discharge wvelocity at fan outlet.
Then equation Al.39 may be written as
H - v§/2g
7 st H, ( 40)
i
or
2
v /2g
_ H a
7st‘ H " H, (a1.41)
i i



_eu
and since /? N o and H. = 'y‘l"‘—

Equation Al.41 may be written as

2
v /2

7 _ 7 S (A1.42)
= by -
st YU /e
Simplifing equation Al.42, the following eguation is obtainecd.
2
=h - @ /2
751: 7}1 P/ Yi (A1.43)

94



APPENDIX 2

SECTION CO-ORDINATES OF NASCELIE % (1)

Distance From Nose Diameter at a Point
Total Length = Maximum Diemeter
0 0
1.25 24..8
2.5. 34.8
5.0 48.4
10 66.2
20 86.6
30 96.8
40 100
50 97.7
60 90.5
70 78.2
80 60.0
90 34.7
95 18.7
100 0
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APPENDIX 3

SPECIFICATIONS OF THE TORQUE TRANSDUCER AND STRAIN INDICATOR USED IN
TEST SET UP

a, Torque Transducer

Trade Mark : BLP Electronics, INC. Torque Sensor
Type ¢t A -1
Capacity : 100 in = 1b rpm (11,3 N - m)

Maximum Speed : 7000 rpm
Weight : 5.5 1b (2.5 ke)

Flexural Natural Frequency 3 46600 rpm
Output at Rated Torque (R,T) : 1.5 mV/V
Calibration Accuracy s 0.25% R,T, clockwise or counter clockwise
Nonlinearity : 0,05% R.T
Repeatability s 0,054 R,T
Hysteresis : 0,054 R,T
Safe Temperature Range : - 50 to 140 F
Temperature Effect on Rated Output Torque : 0,005% reading per Fc
Temperature Effect of Zero Balance 3 0,0025% R,T per p°
Excitation : Recommended 12 V, AC or IC
Maxinmum 25V, AC or IC
Zero Balance at 77 + 3F : 2,55 R,T,

Terminal Resistance : Input, 350 + 1.5 ohn
Output,350 + 3 ohm

Termination : MNS3102A - 18 - 85 - 4105 connector with mating 15 ft

assembly
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Insulation Resistance s Bridge to Cround. 2000 megohma
Shield to Ground, 1000 megohms
Overload Ratings : Safe, 120%
Electrical failure, 300%

Allowable Axial Load Press Fit s 1000 1bs (454 kg)

b. Strain Indicator

Trade Mark : BLP Electronics, INC, Strain Indicator
Model s 120C

Total Reading Range : 60000 micro in/in

Readability : 1 micro in/iﬂ ‘

Gage Factor Range : 1,5 1o 4.5

Accuracy 3 + 0.1% if gage factor is set to 2

Operating Temperature Range t 30 P to 130 F

Zero Drift : Not greater than + 5 micro in per hour,
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APPENDIX 4

COMPUTER PROGRAM WHICH WAS USED 70 EVALUATE THE EXPERIMENTAL DATA AND
A SAMPLE OUTPUT

a, Conputer Program
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b, Sample Outgut

N = 2800 rpm
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APFENDIX &
SHAFT DESIGN

The diamcter of the fan shaft was calculated by using the
Westinghouse code formula (13) which is given below.

T T M i
32.n a m a m
a= (B ((FED r

o]
e y e v

)2)1/2)1/3

(45.1)

Where d minimum allowable shaft diameter

n : factor of safety

3

amplitude of torque variation, in-1b

=

mean value of torque variation, in-1b

=
(==
e

amplitude of repeated bending moment

 : mean value of repeated bending moment, in-1b

wm
.

endurence limit of shaft material, psi

yield strength of shaft material, psi

Endurence limit is equal to (13)

!
= 5 e . k . . . ]. . A. -2
Se 1a k% c kd ke ¢ Se ( 2 )

i

Where endurence limit of mechanical element, psi

n
.0

[

endurence limit of rotating beam specimen, psi

surface factor

size factor

o o

kc : reliability factor

kd : temperature factor

ke : modifying factor for stress concentration
k. : miscellaneous-effects factor

b

In the design, (1020 steel which has ultimate tensile strength of

u
was selected as shaft material.

2 .
84" 42 kg/mm2 (59740 psi) and yield strength of Syz 27 kg/mm~ (38942 psi)
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According to reference 13, endurence limit for test specimen can

be calculated by equation 5.3 .
1

S =0.58 if 200000 i .
. 5 ot i Sui < psi (A5.3)

Therefore

s; = 21 kg/mm2 (29870 psi)

The values of Ta’ Tm, Ma and Mn are calculated as follows :
Maximum design torque can be calculated from the following e~

quation (13)

60000 P
T = & (25.4)
2N
Where Psh:: shaft power, KW
N : rotational speed, rpm
T : torque, N-m
Shaft power, Psh’ may be calculated by using hydraulic power, phyd’
at the design point of the fan. Hydraulic power is given as
P = . A .
hyd Pip 9 (A5.5)
Where ptf s total fan pressure at the design point, Pa
Q : flowrate at the -design point, m3/sec
At the design point p = 250 Pa , Q = 1 m3/sec
Since
= A5.6
Pen phyd/7 (45.6)
Where 7 is the overall efficiency.
Shaft power at the design point is calculated by assuning = 0.5

and is found as
= 0.5 KW
Psh 5
But, considering the losses in the coupling, torque transducer, V-helt

pulley and bearings, the shaft power is increased by 20 %
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then

= 0.6 ey
Psh iy

Using the equation A5.4, the maximum torque transmittcd by the
shaft is calculated and is equal to

T = 2.046 N=m (18.11 in-1b)

max ;

To find the values of Ta and ’I'm, a torque variation shown in figure
A5.1 is assumed. DBecause,the fan works under varing torque conditions
and at the smallest speed, the torque on the fan shaft is very small,

the minimum torque is assumed to be equal to zero.
Torque

max

Time

\{

Fig.A5.1 Assumed Torque variation

According to this figure, the alternating and the mean components of torque
become

P =] === - 1,0238-m (9,055 in-1b)

Free body diagram of the rotor shaft is shown in figure A5.2 . In
this figure, WR indicates the weight of the rotor connected to the shaft.
Since it is an overhung rotor, bending moment must be maximum near support
B and is equal to

Mma.x= 7.842 §-m (69.41 in-1b)

90 o 90 123 |
' W= 63.76 N

Coupling 1 A @ B

T =

FPig.A5.2 Free Body Diagram of Rotor Shaft

The above calculated moment is the amplitude of an alternating moment as

shown in figure Ab.3
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} Moment (N-m)
7.842
A ///'\\\
=0 = RO R w. Time
: NN
7.842 =

Fig.A5.3 Repeated Bending MNoment
Therefore
M= 7.842 N-m  (69.41 in-1b)

M=0
m

In calculating the endurence limit of the shaft material, factors
in equation A5.2 are specified as follows :

k = 0.84 (Machined)

kba 0.85 (0.3 inch £ & < 2 inch)

k = 0.814 (for 99 % reliability)

k= 1.0 (+ < 70°)
1 \
k==, K=14+aq(k~-1) TWherek is the stress concentration
e Kf f 1 14

factor and q is the notch sensitivity.

From reference (13) for D/d = 1.08 and r/d = 0.012, k, = 2.6 and
for r = 0.3 mm , ¢ = 0.482, Hence Ko=1+ 0.48 (2.6 = 1) = 1,768 and
0.565

il

k
e
k

1.0

i

b
Substituting the above factors in equation A5.2,the endurence limit
of the shaft material is calculated as

Se = 9808.6 psi

Factor of safety, n, is taken to be as 3 and the minimum allowable

shaft diameter is calculated as

d = 0.602 in = 15.4 mm
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