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ABSTRACT

Thermal management of high power electronic components have become a challenging
and critical issue for thermal engineers. Forced convection electronic enclosures
comprises of fans to provide fluid flow through the system to remove heat efficiently. In
this study, performance characterization of an axial fan for electronic enclosures has been
performed computationally and experimentally. For this purpose, by using the three-
dimensional CAD model of a fan with Computational Fluid Dynamics (CFD) are
evaluated in comparision with the experimental data. An experimental system was
designed and built for the validation of numerical models. All the measurements were
carrried out in a wind tunnel which was designed and manufactured according to the Air

Movement Control Assosciation (AMCA) standard 210-99, 1999.

In order to make relevant comparisions, a detailed computational model of the wind
tunnel setup along with the fan were modeled. Moving Reference Frame (MRF)
technique is used for the modelling of an axial fan and the simulations were performed by
utilizing realizable k—e turbulence model with enhanced wall function to determine flow
and pressure fields over a range of flow rates. Experimental investigation in the wind
tunnel by measuring the pressure rise and flow rate through the fan by using multiple
nozzles which was also designed and manufactured according to the Air Movement
Control Assosciation (AMCA) standard 210-99, 1999. Understanding of the overall fan
efficiency as a function of the volumetric flow rate and th improvement concerning with

the losses occur across the fan are described.

In the second phase of the study, power losses of an axial fan are investigated to

determine the effect different components on the overall efficiency. Moreover, it deals



with the modeling of mechanical, electrical, thermal and electromagnetic losses which
focus especially on an outer rotor brushless DC motor. Efficiency of a fan depends on its
electrical and mechanical designs as well as the environmental conditions that the fan is
exposed to. Typically, the overall efficiency of an axial fan varies between 15 to 40
percent. Power losses may be due to electrical, aerodynamic or mechanical design
components. Losses occurring in an axial fan motor have become a critical issue in which
high inertial effects, low power, low cost and high efficiency are desired. In order to
design an efficient motor, it is important to accurately predict the power losses which are
usually dissipated in the form of heat. Reduction of these losses leads to a decrease in the
motor temperature and, therefore, has a positive effect on the fan reliability. Expressions
for calculating the inverter losses, motor losses and mechanical losses are derived. The
power losses obtained are then used as heat sources when evaluating the thermal
performance of the motor. By using a two-dimensional model, computational fluid
dynamics (CFD) simulations are performed to analyze the core loss distribution across the

motor. The results are utilized to determine evaluate the overall efficiency of the system.



OZETCE

Yiiksek giiclii elektronik komponentlerin 1s1l yonetimi, termal miihendisler i¢in zorlayict ve kritik
bir problem haline gelmistir. Zorlanmis taginiml elektronik mahfazalar, sistemdeki 1s1y1 verimli
bir sekilde ortadan kaldirmak igin akis yaratan fanlardan olusmaktadir. Bu ¢aligma kapsaminda,
elektronik mahfazalarda kullanilan eksenel bir fanin performans karakterizasyonu {izerine sayisal
ve deneysel calismalar gergeklestirilmistir. Bu amag ile bir fanin ti¢ boyutlu CAD modeli
kullanilarak hesaplamali akiskanlar dinamigi ile deneysel veriler ile karsilastirilmasi yapilmustir.
Sayisal modellerin dogrulamasini yapmak amaciyla bir deneysel diizenek tasarlanmis ve
kurulmustur. Tiim 6lgtimler, Air Movement and Control Association (AMCA- Hava Hareket ve
Kontrol Kurumu) 210-99,1999 standardina uygun olarak tasarlanmig ve tiretilmis bir riizgar tiineli

icerisinde gerceklestirilmistir.

Tutarli karsilagtirmalar yapmak adina, fan ile birlikte riizgar tiineli diizeneginin sayisal modeli
hazirlanmistir. Eksenel bir fanin modellemesi sirasinda Hareketli Referans Cergevesi (Moving
Reference Frame) teknigi kullanilir. Akis hizlari araligi lizerine, akis ve basing alanlarina karar
vermek igin gelistirilmis duvar fonksiyonu ile gerceklestirilebilir k—¢ tiirbiilans modeli
kullanilarak simiilasyonlar yapilmigtir. Riizgar tiinelinde yapilan deneysel aragtirmalar, fandan
kaynaklanan basing artisi ve akis hizi olgiilerek tamamlanmigstir. Bu 6l¢iimler sirasinda AMCA
210-99, 1999 standardina uygun olarak tasarlanmis ve tiretilmis birden fazla ¢ikis agzi (nozzle)
kullanilmigtir. Fanin toplam verimlilik kavrami, hacimsel debiye ve fan boyunca olusan kayiplar

ile ilgili gelismelere bagli bir fonksiyon olarak tanimlanmaktadir.

Calismanin ikinci fazinda, farkli komponentlerin genel verim iizerindeki etkisini gormek amaciyla
eksenel fanin gii¢ kayiplar1 aragtirilmaktadir. Dahasi, gii¢ kayiplar1 6zellikle fir¢asiz dogru akim
motorunun dis rotoruna odakli mekanik, elektriksel, termal ve elektromanyetik kayiplarin
modellemesi ile baglantilidir. Bir fanin verimliligi, elektriksel ve mekanik tasarimina bagh

olmakla birlikte fanin maruz kaldigi ¢evre kosullarina da baghdir. Genellikle, bir eksenel fanin

Vi



toplam verimliligi %15 ila %40 arasinda cesitlilik gdstermektedir. Gii¢ kayiplari; elektriksel,
aerodinamik veya mekanik tasarim pargalarindan kaynaklanabilir. Yiiksek atalet etkisi, diisiik giig,
diisiik maliyet ve yiiksek verim beklendiginde, eksenel fanlar iizerinde olusan kayiplar kritik bir
problem haline gelir. Verimli bir motor tasarlamak i¢in genellikle 1s1 formunda olusan gii¢
kayiplarin1 dogru olarak Ongdérmek oOnemlidir. Bu kayiplarin giderilmesi motor sicakliginin
diismesine yol acar ve bu sayede, fanin giivenilirligini arttirir. Evirici kayiplari, motor kayiplar1 ve
mekanik kayiplari hesaplamak i¢in formiiller tiiretilmistir. Gii¢ kayiplar1 belirlenmis ve sonra
motorun termal performansini degerlendirmek igin gii¢ kaynag: olarak kullanilmistir. iki boyutlu
bir model kullanilarak, motor iizerindeki ¢ekirdek kaybi dagilimini analiz edebilmek amact ile
hesaplamali akiskanlar dinamigi (HAD) simiilasyonlari iizerine c¢alisilmistir. Sonuglar, sistemin

genel verimliligine karar verebilmek icin kullanilmustir.

Vii



ACKNOWLEDGEMENT

Financial support for the research project was provided by an ASELSAN A.S. and

Turkish Undersecretariat for Defense Industries (SSM).

I would like to express my gratitute to my supervisor Associate Professor Dr. Mehmet
Arik for his invaluable guidance and support towards my research. It has been a great
learning experience working with him. | would like to express my deppest gratitude
towards him for offering instructive suggestions at all times. | would also like to thank Dr.
Baris Dogruoz from CISCO and Murat Parlak from ASELSAN being collaborators of this

project.

Last, but not least | offer sincere thank to my family especially my mother for her
precious support throughout my graduate school journey and members of ARTgroup for

their kindness and support during my M.Sc. study at Ozyegin University.

viii



TABLE OF CONTENTS

FAY 2 Y I 2V G PP P PP PP PPPPPPPPPPPPPPPPPPPRE iv
OZETCE ettt ettt e e e et ee et et en e e et en et eeee et s en e eeseen s s eeeeenaees vi
ACKNOWLEDGEMENT ...eeiiiiiitittiiititttittttttteteetteeeeeteeeeeeeeeeeeeeeereeererererarererererererererererererenenenenesenenennns viii
LIST OF FIGURES......eteettettet ettt ettt ettt st sttt sb e bttt s e et e e b e e sae e satesanesabeebeenbeennees Xi
LIST OF TABLES. ...ttt ettt ettt ettt st ettt e bt e s b e sbe e sat e et e et e e sbeesaeesanesanesane xiii
NOMENCLATURE ...ttt ettt ettt ettt s bttt sat e et e bt e be e s beesbeesae e eateenbeesbeesaeesanesaresane Xiv
INTRODUGCTION. ...ttt sesansnan 1
Overview of AXial Fan TEChNOIOZY .....ciiiiiiiei ittt bae e e e 1

F G 1 o= T T Y/ oYU 2
FAN DIAAE ..ttt be e she e ettt e b e sbeesaneea 7
Overview of Out-spin Brushless D.C. Motor TEChNOIOZY ......ccceeviieiiieiiciieeeeee e 9
PN 1 o= [ T =Tel Yo o] [0 4V AT 13
Out-spin Brushless D.C. Motor TEChNOIOZY .......ccciicuiiiiiiiiiiiicieee ettt e e ssree e 27
AXial FaN PerfOrmManCe......cioiuiiiiieeiiee ettt ettt et et sab e s be e e sabeesbeeesateesabeeesanes 28
Methods for Fan Performance Simulations........c..ooueeiiiiieiiiiienieneeeesee e 31
MATHEMATICAL MODELING ....eeiiiiiiiitt ettt e e ettt e e e e e e et et e e e e s e sassneeeaeeeeeeaannneneeeeas 34
GOVEINING EQUATIONS ..t e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeaeeas 34
TUrBUIENCE MOAEIING. .. eiiiiciiiie et e e e st e e e st a e e e s sbae e s esabeeeeennreeas 34
Moving Reference Frame MOAE.......oouiiiiiciiie ettt e e s e e e e 36
DC MOTOE LOSSES ..ouviiiiiiiiiiiiiiiic ittt b e s s aa e s s sabb e e s s aba s 38
1.1.1 ElectromagnetiC IOSSES .....uviiiiciiie ettt et e e e e e e e e e e e eareeas 38
1.1.2 [0 1Y7=Y o =Y g [ T OO PSSP PT PR UPTPOPTON 39
1.13 MECANICAI LOSSES ...ttt sttt ettt st st e 40
1.1.4 Copper losses accounting stray effect.......cccoovecieieiccii e, 40

(DI O \V/ [o} o] gl @] o T=T =) A [0 [ NUN NN 41
NUMERICAL MODELING ...ttt sttt ettt e b e sbe e s e s sanesne e neenee 42
CFD Modeling of an AxXial FIOW FaN ......ccuuiiiiiiie ettt et e e et e e e eate e e eareeaeeanes 42
Mesh SENSILIVIY ANAIYSIS.......uiiiiiiei i e e e e e e e e e e e e sabreeeeeeeeseennnnnns 44
Modeling of an OUt-SPiN BLDC IMOTOT .....cccoiviieieeiiie e ceiiee ettt ettt e e tee e e e etee e e e bae e e e ebeee e eenneeas 46
CFD Models for Energy Loss EStIMation ........ccuieiiiiiiiiiciiee ettt eevee e eetree et e s sarne e 48
EXPERIMENTAL STUDY ..ttt teiteenite ettt ettt sttt ettt sre e s sttt e s b e sme e sanesanesne e neenee 49
Wind Tunnel Setup for an Axial FIOW Fan........cccuiii ittt 49



PrESSUIE M BaSUIEIMENTS ..uuuiiiiieiiiie et e et e e s et e erabteesesaaeereraeerssansersrnneeerenas 53

TOrQUE IMEASUIEIMENTS ...ceiiiiiiiiiiiiiiieiiieiettieteeeee et te ettt teeete et eeteteeeteeeteeeeeteeeeeteeeteaeeeeeeeeeeeeeeeeseresenenes 54
UNCEIAINTY ANGIYSIS coiietieiiieiiiee ettt ettt e e st e e e e s e e e st e e s esabeeeesssbeeesesabeeeesnaseeas 56
RESULTS AND DISCUSSIONS ... ssssssssssssssssenanas 60
Fan Curve Measurements (Model Validation) ........eeeeiiiiiiiiiiiiiiicceecirreeeee e eeesnanes 60
Momentum and Pressure FIElds. ..ottt 61
RV 2= To Yol AV = o PR 63
Lo LT i ol =T o T PP 65
Power Losses and TOrque MeEasUrEMENTS.......cuiiicuieeiiiiieeeiiiieeeeeieeeeesreeeessreeeesssreeesesseesssnssenas 66
Overall Power Loss DistribULiON .........oocuiiiiiiiiiiiiiieeeeece et 69
PROPOSED FAN BLADE DESIGN ...ttt ettt ettt e e e sttt e e e e e s et e e e e e e e mnnneeeeeeas 72
Cambered Plate AIrfOil (CP35) ....ii ittt e e et ee e e e tte e e e e tae e e e ebaeeeeebeeeeessaeeenennes 72
SUMMARY AND CONCLUSIONS ... eiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeseessesaseseeeseseeenenes 77
Lo T TS o 1Y PRSP 77
OUL-SPIN BLDC IMOTOT ...citiiiiiiiiiiteee et e ettt e e e e ettt e e e e e s essatbtaaeeeeessssssbtaeeeeesssssssseaaeeessssansnnes 78
FULUIE RESEAICI ...ttt ettt et e b e sat e st e s b e e e b e nnes 79
REFERENCES ...ttt ettt ettt e e ettt e e e e e e e et e e e e e e s e unn et et e e e e e e s ansneeeeaeeeesannnreneeeens 80
AN o] 01T o 1 USRI 84
Volume FIow Rate CalCUlatioNns ........couieviriiiiieieeeente ettt e 84
PN o] o= oV LD = TSRS 87
Pressure TransduCer CONVEISION .......cocuteiieerieniieneeeee ettt ettt e sree st sne et esreesieesanesresneesneenns 87
AN o] 01T o 1 USSR 88
CP35 Blade Profile CoOOrdiNates.........ccoceeieerieiiiiieeieesiee sttt et st sttt e sae e s 88



LIST OF FIGURES

Figure 1: Axial fans for electronic enNClOSUIES [1]. .....ccveovrireririenieieieeee e 1
Figure 2: A belt type propeller fan [3].......coo i 4
Figure 3: A direct type propeller fan [3]...ccc e 4
Figure 4: A tube axial fan [3] .cc.coveoveieieeeeeee e 5
Figure 5: Vane axial fan [3].....coooeeiieesee et 6
Figure 6: Two-stage aXial fan [3] ...coceeveiiieeeeeee et 7
Figure 7: Fan performance CharaCteriStiCS.........coevveirieirirenicrieeeeeeeee e 8
Figure 8: lllustrates the physical configuration of outer rotor BDLC MOtOr. ........cccccecveerenereenne. 11
Figure 9: Block diagram of BLDC CONEIOL. .......cceeieiiieieieceeeecteeeee ettt 12
Figure 10: Block diagram of the power CONVErter [9]. .......coceverererieieineneseseeeeeeeeeee e 13
Figure 11: Typical performance curve of an axial fan [2]. ......cccceeveeviiieceiicec e, 29
Figure 12: Axial fan performance at different flow conditions [35]. ......cccceoeevevineeveiicienecenen, 30
Figure 13: TYPICal B-H CUIVE. ....c..c.eiiiiriiiieeeee ettt sttt 39
Figure 14: CFD model of the Wind tUNNEL..........cooviiiieeeeececeeee e 42
Figure 15. Meshed model with upstream and downstream of the duct. ...........cccceevveveeiieeevecnnnen. 43
Figure 16. FEA model of outer spin brushless DC MOtOT. ........cccoeoieirieenenenereeieeeeeeee e 46
Figure 17: Core loss distribution at different SPEedS. .......c.ccvevvevirieviiiececeeeee e 47
Figure 18: CFD model energy 10SS eStIMAtiON. .........cccceeviiiiieiiiiiciesiececeese et 48
Figure 19: Schematic diagram of wind tunnel SEtUP [43]....ccceverieeiereieeereeeee e 49
Figure 20: Cross sectional representation of wind tunnel Setup ........ccoeeeeieveeeecececcece e, 50
Figure 21: WInd tUNNEIE SELUP ....ocveetieteceeceeeee ettt ettt ettt steeaa e besae b e baeanas 51
Figure 22: Inlet and outlet of the plenum Chamber..........ccooeeiriecereeee e 51
Figure 23: Manufactured deSigned NOZZIES ..........eoveeeeeeeieieeeeee e 52
Figure 24: (a) Inclined Manometer (Dwyer, Model 202.5), (b) Capacitance type electronic sensor
(PXB53-2.5BD5V)...cuiiiiiiieieieieiieitete sttt sttt ettt sttt ettt a et et a et et ettt neesenaeenees 53
Figure 25: (a) Diahragm type dial gage (Dwyer, Model 2003C), (b) Capacitance type electronic
SENSOI (PXB53-10BDSEV)...c.uiiieiiitecieeteceestee ettt ettt e a et s ta e te s be e besteeasenbesteensesaeensesteennans 54
Figure 26: (a) LED (SST-50), (b) Photodiode (PDA3BA-EC). ......cveeevieeeeeeeeeeeeeeee, 55
Figure 27: Experimental setup for speed MeasUremMENtS. .......ccevveeerereesiereeieseseeeeseeeeseeseeeneas 56
Figure 28: Model validation: Computed P-Q curve (line) against present experimental data (blank
symbols) and fan manufactures data (Solid POINTS). .....cccvevuieierierieereeee e 61
Figure 29: Centrifugal flow distribution for different values of loss coefficient, K....................... 62
Figure 30: Velocity vectors around the fan for different values of loss coefficient, K. ................. 63
Figure 31: Swirl at the 2.5 outer-fan diameters downstream of the fan for different values of loss
(010 1=] 1 1 To1 =] 11 PR < RPN 64
Figure 32: Variation of fan efficiency with the volumetric flow rate for the axial fan .................. 66
Figure 33: Effect of speed on the inverter, core and frictional 10SSES..........cceevveererieeceerieeerieseeenen. 67
Figure 34: Effect of rotor speed on the total tOrqUE. .........coveeieriecerereeese e 68
Figure 35: Power 105SeS diStribULION........ccuiciiiiieeeee e 70
Figure 36: Cambered plate @irfoil..........cccvecieiiiieececee et 73

Xi



Figure 37 : CP35 CAD MOUEL. .....ooiiieeiiteeeee sttt ettt et sttt steesa e besreeaesbaennas 75
Figure 38. CP35 performance Curve COMPAIISON. ......cceeeruerrerrerierieeeeeeeiessessessesseseeeeseesessesseseennes 76
Figure 39: Pressure tranSduCEr CONVEISION ........cceecverieereeiesreeeesteeeesaesreesestesreesesseessessesssessessesses 87

xii



Table 1:

Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:

LIST OF TABLES

Mesh characteristic and boundary CONditions. .........cccoevveiririneninereeeeeeeeee e 43
MESh SENSITIVILY TESUILS. .....eveeieetcieieeee e 45
Nozzle selection as a function Of FIOWFALe. .........cccererierieieirrreeeee e 52
EXperimental UNCEITaINTY ........cc.coveiiirieireseesee et 57
FIOWIAte UNCEITAINTY ...c.eivieiieieiete ettt neen 58
TOrQUE UNCEILAINILY ...cuviveeeeeiiceieiesteee ettt ettt e st e e ra et e sreesaesbeenaesteereenseereenes 58
Total POWET 10SS UNCEITAINITY .....eveveieiieiieiirieeterte et 59
Specification of inverter driven BLDC MOOT. .......cccoerierieieinenenesiesieneeeeeeeeeiesie e 67
SPECITICALION OF CP35.. ..ottt et s a e aeas 74

xiii



NOMENCLATURE

Pressure
Frequency
Fan diameter
Orifice/nozzle diameter
Applied voltage
Loss coefficient
Mass
time
Temperature
Ambient temperature
Velocity in x-direction
Velocity in y-direction
Power
Volume flow rate
Reynolds number
Current
Weight
Speed
Resistance
Torque
Chord

Camber location

Xiv

(N/m?)
(H2)
(m)
(m)

(Volts)

(kg)
(s)
(K)
(K)
(m/s)
(m/s)
(Watt)

(m3/s)

(A)
(N)
(rpm)
(ohm)
(N-m)
(m)
(m)



t Thickness

AR Aspect ratio

\Y velocity

B span

K pressure rise coefficient
C Coefficient

A Area

d Nozzle diameter

e Per unit uncertainty
Greek Symbols

U Kinematic viscosity
p Density

1) Angular Speed

n Fan Efficiency

0 Blade twist angle

B Flow angle

a Angle of attack

€ Swirl coefficient

A Flow coefficient

B Contraction ratio

Y Expansion factor
Subscript

f Fan

(m)

(m/s)

(m)

(m?fs)
(kg/m?®)
(rad/s)
(%)
(degree)
(degree)

(degree)

Xv



st

SW

ph

rot

fr

cond.

rms

int.

Hub
Rotational
Stagnation
Switch
Phase

Input

Rotor
Friction
Conduction
Eddy
Hysteresis
Throat
Discharge
Nozzle

Root mean square
Armature
Inverter

Fan pressure

Maximum
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CHAPTER |

INTRODUCTION

Overview of Axial Fan Technology

Axial fan technology is heavily utilized for electronics cooling in military and
commercial applications which drives the air through the fan rotor in estimation of an
axial direction with lower pressure rise and the large mass flow rate characteristics.
Forced convection-cooling fans which can be axial or radial, small or large in many

different configurations which provide fluid flow efficiently in order to remove heat

through the cooling systems.

Figure 1: Axial fans for electronic enclosures [1].

The actual characteristics of an axial fan mainly depend on its aerodynamic design and
number of blades, also the angle at which blades are installed to approach airstream. The
aerodynamic losses largely occur due to the integral pressure difference between the
pressure and suction side of blade, which also contributes towards the noise generation
and it’s considered to be a major energy loss mechanism in axial fan systems. Efficiency

of a fan depends on electrical and mechanical designs as well as environmental conditions



where it may vary between 15 to 40 percent. An axial fan’s working principle is to
transfer energy between the working fluid and the rotor. The rotor is comprising of blades
with a definite profile so the fluid flow between blades in order to execute a particular
force on the fan blades. Stators are also used in fans to drive the fluid smoothly. Owing to

its multifunctional nature, the axial fans have been widely adopted in many applications.

Design of an axial fan for achieving the highest possible efficiency, high performance and
reduction in power losses have turn into a mainstream in the advancement of axial fan
technology. Axial fans are usually characterized by the fan performance curve which
represents the relation between the static pressure and the fan volume flow rate, generally
dictates the overall efficiency of the fan system. So there should be a moderate velocity
and pressure profile as all these parameters are co-related. Power losses in an axial fan
mainly consist of aerodynamic and motor losses where the former is usually acquainted
with fan blades and casing of the fan and the latter is related to core losses, inverter losses
and frictional losses. As all these mechanical and electrical power losses occur across the
fan need to be characterized and optimize which ultimately affect the overall efficiency of
the complete fan system. In this study, performance characterization of an axial fan has
been carried out both mechanically and electrically in order to identify the factors which

lead to the reduction in overall efficiency of the system.

Axial Fan Types

Axial fans can be classified into four types [2],

1. Propeller fans

2. Tubeaxial fans



3. Vaneaxial fans

4. Dual stage axial fans

Propeller fans: These are the most commonly used fans which can be utilized in in any
kind of application or environment. These fans are generally used for ventilation
applications where high flow rate with a minimal pressure rise are required. The
efficiency of propeller fans is considered to be low compared to typical axial fans.
Additionally, these fans are considered to be noisy. The drive system of propeller fans
consists of either direct drive in which the motor is directly coupled to rotor or belt drive
in which the belt is used to transmit the mechanical motion to the hub. Propeller fans are
considered to be the lightest, less expensive and most commonly used fans for ventilation
purposes. Propeller fans are designed in a way that they can transport considerable air

volumes at low static pressures.

Propeller fans can be assembled into belt type configuration and direct type configuration.
In belt configuration, belt and pulley are used to transfer the electrical energy into
rotational energy to fan. Whereas, in direct type configuration, an electric motor installed
directly to fan rotor. Belt type configuration shows more performance, since various
rotational speeds can be achieved by selecting the suitable pulley ratio for the fan. Belt
type configuration is usually prefer for larger size fans since it will maintain the speed of
the fan while maintaining the motor speed high, from the cost perspective low speed
motors with the same horse power are considered to be expensive than the high-speed
motors [2]. Direct type configuration propeller fans are more efficient than the belt type

configuration as it contains less number of components; require no maintenance and



results in lower cost, whereas in belt type propeller fans some power is consumed in the

belt and pulley which results in high maintenance cost.

Figure 3: A direct type propeller fan [3]

Tubeaxial fans: These fans are high speed fans and consist of a cylindrical housing.
These fans can produce higher pressure rise and operate at improved efficiencies as
compared to propeller fans. These kinds of fans are commonly used in the gas exhaustion

systems. The hub diameter of tube axial fans is about 30% to 50% of the impeller



diameter. The main disadvantage of tubeaxial fans are the high noise level and frictional
losses occur due to air spin in the fan outlet, which can be minimized about 10 % by using
the venturi inlet instead of a duct. The vane axial fans have relatively higher cost
compared to the propeller fans. The energy efficiency is about 65% [3]. These fans can be
placed both at the inlet and outlet of the duct but usually due to the presence of air spin at

the fan outlet tube axial fans are used at the inlet of the duct for the exhaust application.

Figure 4: A tube axial fan [3]

Vaneaxial fans: These fans comprise of casing like tubeaxial fans and guided vanes
which reduces the effect of spinning air by eliminating the swirl component of the
velocity in order to attain additional pressure rise. The casing of a vane axial fan consists
of a converging tailpiece, set of guide vanes, an inner ring and an expanding diffuser in
order to regain static pressure. The guide vanes present at the fan downstream are used to
reduce the angular component of the air by deceleration and by transforming some of the
glut velocity pressure into additional static pressure [4]. Vane axial fans can be used for
blowing and exhausting purposes. The hub diameter of vane axial fans is usually 50% to
80% percent of the rotor diameter. Vane axial fans can generate high volumetric flow

rates and relatively high-pressure rise as compared to other fans. Vane axial fans are used



where high static pressure is required. The overall efficiency of vane axial fan can be

exceed to 85%.

Figure 5: Vane axial fan [3]

Dual stage axial fans: Dual stage axial fans are usually used where a high static pressure
is required. Two-stage axial fan consist of dual fans which are coupled in series, so that
the pressure rise occurs across each fan add up. These fans might also comprise of guide
vanes in between the two rotors rotating in the direction of fans in order to smoothen the
flow. There are two types of design exits in dual stage axial fan; first in which two
counter rotating fans with no guide vanes and second with guide vanes in between the two
fans rotating in the direction of fans. Both methods cause an increase in the static
pressure. In the first type, the two counter rotating fans are operating by individual
motors. The air spin occur at the first fan outlet is more or less defused by the deflection
produced by the second fan. Due to this reason, guide vanes are not required in this
method, which ultimately decreases the manufacturing cost and an additional benefit of
this using this method is that if one motor fails, the system can still able to deliver some

air by one stage running. In the second type, the guide vanes can obtain the swirl flow



occur due to the rotation of the first fan blades and converse the rotational component of
the flow in the reverse direction for the intake of the second fan. The advantage of using
two stage axial fans is that both fan stages can operate by utilizing the same rotor shaft

with an adjustment on blades angles for the second fan.

Figure 6: Two-stage axial fan [3]

Fan blade

Fans, comprising of multiple rotating blades energized by an electric motor, are utilize to
move air in a range of various residential and commercial applications. There are two
main types of fans lies under are centrifugal fans and axial fans. Centrifugal fans have
three further types, forward inclined blades, backward inclined blades and straight radial
blades. The selection of the preferable fan type based on application requirements for air
flow, pressure rise, size and space limitations and overall cost. Usually, fan selection is

carried out by the application or cost, while energy efficiency is a secondary driver.
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Figure 7: Fan performance characteristics

Figure shows the illustration of the overall performance in terms of different parameters
with respect to percent of free delivery, this condition exists when there is are no active
resistance to air flow (no static pressure) at the inlet or outlet of the fan. The designers
objective for the system to operate at or nearly to the the best efficiency point (BEP), at
which fan operates most effectively in terms of total efficiency (delivered pressure and
airflow divided by power consumption) and maintenance considerations. Whereas, the
fan operating at higher or lower free delivery percent will lead to low efficiency, increases

equipment wear and fan noise.

Fans can have a instability region as shown in figure. Fan can results in dramatic increase
in noise and vibration operating in instability region. continued operation in this region
can cause unstable, pulsating airflow which lead to structural fatigue damage to the fan
due to continuous loading and unloading of components and can cause damage to
ductwork and other system components. A fan system may not be able to perform
properly due to unsteady flow or transmitted vibration. In instability region, stall occurs

when the fan is delivering flow which is too small for its predetermined design.



When the airflow passes through the fan blades, it deflects the air by means of angle of
attack which can be increase or decrease by changing the orientation of the object relative
to the flow direction which allows the fan to generate pressure . the stalling in the fan
occur when the in-uniformity occur and the air is not able to follow the blade surface due
to the severeness of attack angle. In a fan system, the blades are usually rotating with a
constant velocity. Higher flow rates possess increased the attack angle and lower flow

rates possess decreased angle of attack through the inlet.

In some of the fans, the angle of attack is not uniform across the width of the blade. These
kinds of fan are not normally considered to be a most efficient fans, although the severity
of the stall is often too small since only part of the blade is stalling at any one flow rate.
Where research showed that radial bladed centrifugal fans are usually in stall due to the
indigent match between the directional velocity of the blade and the approaching air.
However, these fans may have varying flows at low flow rates since the internal losses
are dictated by stall and the pressure drops at this point. The appropiate fan blade profile
should be selected on the basis of highest acheivable efficiency which is with high lift and
low drag on fan blade so that the fan blades can generate an aerodynamic lift that

pressurizes the air.

Overview of Out-spin Brushless D.C. Motor Technology

Brushless DC motors have attained a greater attention in the global market because of
their low cost and low power applications that require constant speed such as fans motors,
motors used in printers and copiers etc. In general, brushless DC motors are advantageous
in such applications where high inertia effects are beneficial to the system performance.

Brushless DC motors are nowadays become as an interesting solution for variable speed



drives which are compatible with all ranges of inverters because of their feasibility for
cooling applications. Since the brushless DC motor has the feature of reliability, quiet
operation, small size, low maintenance and high efficiency. The crucial advantages of
outer rotor motor in comparison with the inner rotor motor are the lower losses and higher

torque density.

In a typical DC motor, the brushes are pledged for creating the mechanical interaction
with a set of electrical interactions on the rotor with respect to the commutator which
forms an electric circuit between the armature coil windings and the DC electrical source.
As the armature rotates, the stationary brushes come in contact with the three different
commutator segments and form a set of electrical switches, which operate in a sequence
to allow electric current to flow through the armature coils nearest to the permanent
magnet or electromagnet field [5]. On the other side, BLDC motors operate by means of
stationary current carrying coils and rotating permanent magnets, therefore the armature
remains static which avoids the problem of transferring the current to a rotating armature
[5]. In a BLDC, the commutator assembly is replaced by an electronic controller; it uses
electronic signal compensation through switching electronics in order to alter the current
direction [6]. It undertakes the commutation electronically using rotor position response
to determine when to switch the current. Whereas the stator winding works in
combination with the rotor permanent magnets in order to produce nearly constant flux
density in the air gap which permits the stator coils to be driven by a constant DC voltage
which simply switches from one stator coil to another in order to produce AC voltage
waveform with a trapezoidal shape. Because of the absence of brushes, it also reduces the

maintenance cost.
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Outer rotor brushless D.C. motors are especially suitable for applications which require
thin motors (short length and big external diameter). Outer rotor brushless D.C. motors
have a greater magnet surface, which allows larger air gap and leads to a reduction in

mechanical tolerances as compared to inner rotor D.C. motor.

Rotor Magnet
(ferrite)

Stator

Figure 8: Illustrates the physical configuration of outer rotor BDLC motor.

In outer-rotor BLDC motor the coil windings are confined by an exterior casing
comprises of permanent magnets [7]. However, the rotor magnets act as an insulator,
which reduce the rate of heat dissipation from the motor. Due to the location of the stator
windings, out-spin motor designs typically operate at a lower rated current. The primary
advantage of an out-spin rotor BLDC motor is lower cogging torque [8]. The outer rotor
configuration is sometimes preferred over the inner rotor configuration and has several
advantages in terms of reduced copper losses, reduced production and maintenance cost

and required lower energy magnets [7]. When designing an electric motor for an efficient
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cooling system, it is important to identify the sources of power losses and to find ways of
improving motor efficiency. Motor losses consist of electromagnetic and mechanical
losses. However, in order to predict the overall efficiency and total heat dissipated in a
motor, the mechanical losses that include bearing losses in outer rotor brushless D.C.

motors have to be considered.

Power
converter

controller < Sensors

Figure 9: Block diagram of BLDC control.

The main components of a BLDC system power convertor, controller, sensors and motor
as shown in block diagram in Figure 9. The power converter is a three phase power
semiconductor bridge shown in Figure 10, which convert D.C. power into A.C power so
that the motor can transform electrical energy to mechanical energy. The reason for using
a sensor in BLDC motor is to determine the position of the rotor, and send it to the
controller. The controller requires feedback data about the rotor position so it can

generate a pulse width modulation (PWM) duty cycle to power the phases of the
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semiconductor bridge. The controller uses a PWM modulator to generate signals that

drive the power converter.

o~

vde( ") - —\

i = —_—
e ol —

Motor Driver

Figure 10: Block diagram of the power converter [9].

Axial Fan Technology

Many investigations have been carried out regarding the axial flow fans and published in
the literature during past few decades [10 -11]. An actuator disk model for a low hub-
to tip ratio axial fan was established by Thiart and von backstrom (1993). Navier stokes
equations were solved by utilizing the k-epsilon turbulence model and the simple
algorithm. The fan blades exerted thrust force and torque on the air flow was determined
by blade element theory and the effect of partial flow conditions was examined [11]. The
empirical correlation developed by Pericleous and Patel (1987) was followed to determine
the lift and drag coefficients of blade elements. The method proposed in which the lift and
drag forces exerted by the specific element on the flow were further incorporated in the

Navier stokes equation as body forces. The increased power associated with the partial
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flow conditions was under estimated but good agreement was found with the experiments

[12].

The actuator disk model developed by Thiart and von backstrom (1993) was further
utilized by Meyer (2000) and Bredell (2005) for the numerical investigation of an air-
cooled heat exchanger. At lower flow rates the fan performance was under prediction for
the proposed model of Thiart and von backstrom (1993). This can be attributed to the
model by taking only the axial and tangential components into consideration in order to
determine the relative inflow vector by ignoring the radial component. The radial
component of the velocity and the Coriolis effects related with the rotation, become
prominent at lower flow rates and induce a delay in boundary layer separation that results

in retarded stall.

Van Staden M. (1996) performed a performance characterization of an air cooled
condenser by in co-operating the fan performance model into the CFD model.
Experimental fan performance curve was utilized to obtain the momentum source term in
the axial direction of the fan, which was further added to the Navier Stokes equations as a
source term in the CFD model. At an ideal condition, a reasonable agreement was found
with the experimental fan performance data, but at non-ideal condition the model required

the fan performance curves [13].

Kelecy (2000) performed the performance characterization of a four bladed axial flow
propeller over a range of flow rates and comparison made between the data obtained from
wind tunnel setup. The blade with the diameter of 0.11 m and has the rotational speed of
2000 rpm was used. The rotating reference frame method of FLUENT was utilized to

predict the fan performance by considering a %" axisymmetric fan model. The flow
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equations were solved in the rotating reference frame. The zero velocity was imposed on
the blade surfaces and shaft whereas; the outer walls of the model were rotating with the
constant speed in the reverse direction with respect to stationary reference frame. The
results show the significant pressure gradient were observed at the inlet of the blades at
lower flow rates, as the flow rates decreases the radial outflow components from the fan

were also observed [14].

Oh, and Kang [15] presented the study regarding the performance characterization of a
propeller fan both in axial type characterization at high flow rates as well as radial type
characterization at low flow rates. The authors investigated the acute variation in the fans
performances at lower flow rates. Around the fan FEA (finite volume method) was
utilized to solve the continuity and Navier-Stokes equations in the flow domain. The
governing equations used in this study were the continuity and the Reynolds-averaged
Navier-Stokes equations for turbulent, viscous and incompressible flow. The fan was
placed at the intake of the circular chamber. Reynolds stresses for swirling flow were
modeled by using the modified k-g turbulence model in order to capture the tangential
velocity components occurred because of the rotation of the fan. Numerous conclusions
were drawn out from the analysis results, where averaged circumferential fluid velocities
were used to determine the flow pattern around the fan in radial and axial directions, it
was observed that at lower flow rates, the radial velocity components are dominant as
compared to axial velocity components around the fan and the fluid around the fan travels
in the radial direction. A change in angular momentum occurs between the inlet and outlet
of the fan because of the inflow at the hub and outflow at the tip. This change in angular

momentum causes rapid rise in static pressure and fan power. At higher flow rates, axial
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streamlines flow occurs around the fan region instead of radial streamlines which can be

predictable in a normally fan operating condition.

A comparative study of the two fan models MRF (Moving Reference Frame) and lumped
fan model has been performed on a specific commercial fan used for electronics cooling
by analyzing the flow vectors across the fan axis and by comparing the results with the
vendor’s data, Shankaran and Dogruoz (2010). Meyer and Kroger [16] simulated the
velocity field and overall performance of an axial flow fan by developing an “actuator
disk model”. The computational results showed a dramatic improvement in predicting the
fan performance of an axial fan. However, the model produces errors due to neglecting
the radial and tangential forces from the fluid stream and blade tips in the model.
Shankaran and Dogruoz (2011) examined the thermal field across the centrifugal blower
and axial fan in air-cooled systems by using MRF (Moving Reference Frame) model and
lumped fan model techniques. Bleier [2] specified the fan categories according to its
application, explained in detail the testing method mentioned in AMCA (Air
Movement Control Association) standard and evaluated the relevant applications of
fans. Mc Kenzie presented a study related to the design, overall performance prediction,
blade loading parameters, flow coefficient diagrams and vortex flow occur across a fan
[17]. A similar study has been performed by Liu, Huang and Chen [18], which includes
the comparison of the iterative DFR (Downstream Flow Resistance) method with the
conventional methods in order to improve the performance prediction accuracy. The
inter blade flow field has been investigated and claimed that the dramatic improvement

has been observed over the conventional methods.

Corsini and Rispoli [19] simulated the flow physics and predict the overall performance

of a non-linear turbulence closure interrelated with high pressure axial ventilation fan. In
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this study cubic k-g turbulence model was employed. A validation test first has been
performed on a flat plate with a double circular arc compressor cascade and semi-circular
leading edge. The results showed that the improvement in the simulating competences by
using a cubic turbulence closure in highly complex flows associated with turbo machinery
is obtained. A comparative numerical study performed on the axial ventilation fan, which
concluded that the non-linear model shown; provide improved baseline methodology for
simulating non-equilibrium effects as compared to the standard model. Whereas the flow
visualization at the fan outlet on the tested points, the non-linear solution enhanced the
swirl flow prediction and shows reasonable agreement with the LDA data. The refinement
of the cubic stress depends on vorticity and strain that reflected to be an acute parameter
in modeling 3D flow structure precisely, which is not attainable by using linear eddy

diffusivity method.

Linand Huang [20] performed the CFD analysis of a forward curved centrifugal fan and
made a comparison in between numerical and experimental results. A CFD analysis was
performed by using a commercial CFD Code. The computational domain was splitted into
three different regions, inlet region, fan region and outlet region. Different mesh densities
assigned to all three regions, according to the intensity and acuteness of the flow
conditions. The results used as a tool for adjusting the blade angles and for the diffuser
section for low noise levels. Good agreement was found between experimental and

numerical results and the error was less than 5.4% for all cases.

Danczyk [21] performed the flow field analysis of an axial fan and compared the results
with the tested data. Flow field across the axial fan was analyzed by using the commercial
CFD (computational fluid dynamics) code, CFXTASC flow. The CFD model of the fan

was generated by using the two rotor blades and three stator blades. The three
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dimensional flow fields were investigated around the fan and comparison was made
between mid-span values and Laser Doppler Anemometer measurements values obtained
experimentally. The boundary conditions were assigned as, at the inlet of the fan total
pressure was kept equal to atmospheric pressure and the experimental pressure values
were employed at the outlet of the fan. The flow was considered as incompressible and
the tip speed of the blades was kept low enough. The computational grid was created in
such a way to attain high grid density between the stator blades trailing edge and rotor
blades leading edge. The combination of two turbulence models k-g and k- models were
utilized for the solution. The reason for using the combination was that k-¢ turbulence
model under predicts the separation occurs near the walls therefore, k-o model was
utilized close to wall as k-o model strongly dependent on the free stream flow conditions,
the results were excessively sensitive to the inlet specification of w; therefore, k- model
was applied at the outer region. The absolute mean velocities showed a reasonable
agreement with the flow field values measured values in the free stream areas but the
velocity in the wake region was under-predicted. The results for the flow between the
rotor blades also showed good understanding but the turbulence level was under-

predicted.

Yan and Smith [22] presented numerical study of an axial turbine which comprises of one
rotor and two stator rows, and the CFD results were compared with the experimental
results. The commercial tool (GAMBIT) was used for constructing a three-dimensional
computational unstructured grid and the analysis was done by using a commercial
software (FLUENT). The boundary conditions total pressure and static pressure at inlet
and outlet were set up according to the experimental results obtained. The periodic sliding

interfaces were assigned between rotor and stator boundaries. The turbine blades were
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modeled as the rotating blades and the fluid around the blades as rotating fluid. Reynolds
stress model was implemented in this study and the flow was considered to be
compressible due to high velocities. The results showed exceptional agreement in terms
of mass flow rate at the specified conditions, the difference between experimental and
numerical results was around 1%. The plane was created at a distance of 8.8 mm of stator
blade downstream, Mach number distribution is examined along the plane in the radial
direction and it was found 2% higher than experimental results. Mach number distribution
showed reasonable results near the mid-span and hub but near the casing Mach number
calculated from CFD simulation was slightly higher than the test data. All the results
obtained from the CFD analysis were very well predicted with the experimental results. In
this numerical study tip clearance of the rotor blades was not considered. However,
secondary flows were analyzed by using the unsteady flow calculations whereas, the

complex flow details still have not been fully captured.

Ramasubramanian et al. (2008) analyze the fiber diffusion process in the manufacturing
of wet-laid nonwovens by incorporating the complete three-dimensional CFD model. The
Multiple Reference frame (MRF) was used, the three bladed impeller and baffles were
modeled in fluent by using the MIXSIM user interface. Multiple reference frames were
used for the impeller which has a diameter of 0.2 m and rotates at 350 rpm, whereas
stationary reference frame was used for the baffles and tank. Standard k — € turbulence
model was utilized for the flow solution. The results were then compared with the
experimental work on a mixing tank with baffles and an impeller situated in the center of
the tank. The rectangular and triangular effects on dispersion quality were analyzed by the
CFD model. The large central vortices produced by the impeller break down effectively

by the baffles by reducing the recirculating flow. The model was found beneficial to
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predict the source, location and mechanism behind the formation rope and log defects

[23].
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Paper title Author Year Published | Journal/conference Conclusion
- Proposed actuator disk model
Numerical simulation of the flow ] -
\ _ _ Thiart and Journal Torque and thrust forces exerted by
field near an axial flow fan operating 1993 fan blades were determined
. . . backstrom
under distorted inflow conditions
- Effects of partial flow were examined
- Perform characterization of air cooled
condenser
Intearated h ot CED - Obtain fan momentum source term in
ntegrate approac 0 Van staden 1996 Conference o1 directi
modelling of air cooled condenser axial direction
- Model was unpredictable at non-ideal
conditions
- Perform characterization of four
bladed axial propeller
CFD Simulation of an axial flow N .
opeller Kelecy 2000 Journal - Significant pressure gradients and
prop radial outflow components  were
observed at lower flow rates
A numerical investigation of dual - Perform characterization of propeller
performance characteristic of small | O & Kang 1999 Journal prop

propeller fan using viscous flow

fan both in axial at high flow rates and
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calculations

in radial at lower flow rates

- Radial velocity components were
dominant than the axial velocity
component at lower flow rates

- Angular momentum change occur
between fan inlet and outlet due to
inflow at hub and outflow at the tip of
fan blades

Rapid increase in static pressure and fan
power due to angular momentum
change

- Compared MRF (Multiple Reference
Frame) & Lumped fam model

Validation of an advanced fan model | Shankaran
with  multiple  reference  frame | pogruoz 2010 Conference
9 - Flow vectors were analyzed across the
approach .
fan axis
- Overall performance of an axial fan by
developing actuator disk model
Numerical simulation of the flow - Simulated velocity field across the fan
field in the vicinity of an axial flow | Meyer & Kroger 2001 Journal

fan

- Results showed dramatic improvement
in predicting fan performance

- Model produces error due to
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neglecting radial & tangential forces

Advances in fan modeling: issues and

- Examined thermal field across the
centrifugal blower & axial fan in air
cooled system

effects on thermal design of prankarzg
2011 f .
electronics Dogruoz . Conference - MRF (MUItlpIe Reference Fl’ame) &
Lumped fam model techniques were
utilized
_ o - Explained in detail testing method of
Fan har_mdbook: selection, application | Bleier 1998 Me. Graw Hill fan mentioned in AMCA (Air
and design Movement Control Association)
- Explained in detail about to design,
Axial flow fans and compressors: . overall performance prediction, blade
: o P McKenzie 1997 Ashgate loading parameter, flow coefficient
aeradynamic design and performance diagrams & vortex f’low across the fan
- Made comparison in between DFR
(Downstream Flow Resistance) method
Performance and inter blade flow of and conventional method
axial flow fans with different blade | Liu, Hang & Chen 2011 Journal Dramatic performance prediction
les of attack
angfes ot attac accuracy was found
Inter blade flow field were investigated
Flow analysis in a high pressure axial | Corsini & Rispoli 2004 Journal - Predict performance of non-linear

ventilation fan with a non-linear eddy

turbulence closure inter-related with
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viscosity closure

high pressure axial ventilation fan
- Cubic k-¢ turbulence model was used

- Non-linear model provide improved
baseline methodology for simulating
non-equilibrium effects

- Non-linear model enhanced the swirl
flow prediction

An integrated experimental

and

- Performed CFD analysis of forward
curve centrifugal fan

numerical study of forward curved | Lin & Huang 2002 Journal _ Results were utilized for adjusting
centrifugal fan blade angles & for diffuser section for
low noise levels
- Presented numerical study of axial
turbine
- Mach number distribution were
) ) i examined
CFD simulation of 3-D flow in | van & smith 2000 Article

turbomachinery

- Tip clearance of rotor blade neglected
in this study

- Secondary flow were analyzed by
using unsteady flow calculations

24




- Complex flow still have not been fully
captured

A CFD modelling and experimental
study of the mixing process for the

Ramasubramanian,
shiffler,

- Analyze fiber diffusion process in the
wet-laid non-woven manufacturing

- Rectangular & triangular effect on
dispersion quality were analyzed

- Large central vortices produced by the

. . . : 2008 Journal impeller break down effectively by
dispersion of the synthetic fibers in | jayachandran baffles by reducing the recirculating
wet-lay forming flow

- Model was found useful to predict the
source, location & mechanism behind
the formation rope and log defects
- Proposed method to determine lift and
) ) ) drag coefficients of blade element
The modelling of tangential and axial | pericleous & Patel 1087 Journal
agitators in chemical reactors - Increased partial flow power was
under estimated in this study
Experimental and  computational ]:a,:\nalyze flow field inside of an axial
investigation of the flow field inside | Danczyk 2002 Thesis

an axial fan

- Results comparison was made between
laser Doppler anemometer
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measurements and mid-span values

- Multiple turbulence models were
utilized for the numerical solution

- Velocities in the wake region of an
axial fan was under predicted

Numerical investigation into
aerodynamic blade loading in large
axial fans operation under distorted
inflow condition

Bredell

2006

Journal

- Utilize actuator disk model proposed
by Thiart and Backstorm

- Fan performance was under predicted
at lower flow rates for the proposed
model

- Radial velocity components and
Coriolis effects were dominant at lower
flow rates

- Delay in boundary layer separation
observed which results in retarted stall
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Out-spin Brushless D.C. Motor Technology

Due to the advent of high energy permanent magnets and sophisticated electronic
controllers, BLDC motors becomes more popular in a wide range of applications, which
include cooling enclosures, machine tools, robotics, aerospace generators, actuators,
industrial drives and electric vehicles. Most of the work has been done based on the
analytical design approach based on the equivalent circuits model, state space model and
lump parameter model [24-25]. Kuria and Hwang present methods for estimating the
bearing frictional and electromagnetical losses analytically and numerically for an electric
vehicle BLDC motor. The results showed that electromagnetic losses are higher of all
losses and also that bearing losses increase assertively with the speed [26]. P. Andrada,
M.Torrent, J.I.Perat, B. Blanqué, proposed procedure for computing the power losses in
outside spin brushless D.C. motors. Expressions were derived for computing copper
losses, power interrupter losses, and stray load losses, stator iron losses in the tooth and in
the yoke, mechanical losses, and friction and windage losses. The results were evaluated
with the experimental data [27]. Ki-Chan Kim, developed the method for predicting the
core losses of the inverter driven BLDC motor by considering pulse width modulation
(PWM) of an inverter to regulate the torque or speed of the motor [28]. A study has been
performed by S. O. Kwon, J.J.Lee, B. H. Lee , J. H. Kim, ,K.H.Ha and J. P. Hong, related
to the power loss distribution in a three-phase induction motor (IM) and a BLDC motor
by considering the core material operating point based on the FEA and experimental
results. The results showed that in order to improve motor efficiency operating point
along with the core materials should be considered [29]. D. L. Gabriel, J. Meyer and F. d.
Plessis, presented a method for evaluating and selection of a brushless DC motors

(BLDC) used for Unmanned Aerial Vehicles (UAVSs) wing [30]. Jinyun Gan presented a
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BLDC machine with an exclusive feature of flux regulation and analyze the performance
of the motor by using time stepping FEM method [31]. Seung-Chan Park at el performed
the analysis of the outer spin rotor BLDC motor takes by considering the effect of eddy
current in solid rotor steel shell by using time stepping FEM method [32]. G. H. Jang
proposed nonlinear transient finite element analysis of the magnetic field by taking the
switching action of pulse width modulation (PWM) into account, which controls the
average voltage applied to the motor [33]. Yong Wang performed the transient analysis of
an outer-rotor BLDC motor at both normal and flux-weakening operations by using
circuit-field-torque coupled transient finite element method. From the above analysis it
can be found that by utilizing time stepping FEM technique in machines modeling, the
stator current, the load angle, torque and force can be directly computed. Many
assumptions such as neglecting material non-linearities, eddy current effect, rotor motion
and high order harmonics which are necessary when equivalent circuit model is used,
frequency domain FEM model, are no longer necessary. In the BLDC motor, the torque is
directly proportional to the winding currents and motor speed which can be controlled by

measuring the stator phase voltage applied to the motor [34].

Axial Fan Performance
Axial fans are usually characterized by their performance curves. The curve between the
volumetric flow rate and pressure rise dictates the performance of an axial fans. The

typical fan performance curve shown below,
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Figure 11: Typical performance curve of an axial fan [2].

The curve starts from the free delivery i.e. the zero resistance at this point the pressure
rise value increases to a peak value. As the resistance increases, volume flow rate value
decreases, the axial velocity of air also decreases, which responsible for the increase in a
lift coefficient and angle of attack and results in the increase of pressure rise. In a typical
operating range, axial fan can operate smoothly. In the stalling region, the fan is not
capable to operate smoothly; any fluctuation in the static pressure will have an influence
on the fan blades as a fluctuating load. At this point, the increase in the flow rate relative
to the fan blades causes the static pressure rise and increases the lift force on the blades,
the flow is not able to follow the upper contour of the fan blades and therefore, the flow
separation occurs on the blade suction side. Flow separation results decrease in lift
coefficient and leads to decrease in pressure rise. In the stall region, a small amount of

energy coming out from the fan blades is utilize to increase the radial component of the
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velocity which increases the static pressure until there is no flow. After this region, the

axial flow fan acts in an inefficient and noisy mixed flow fan [2].

PLLE

Figure 12: Axial fan performance at different flow conditions [35].

The flow illustration of different points on fan performance curve described in Figure 12.
At point “a” almost all of the energy exerted by the fan blades in the form of centrifugal
force is utilize to increase the static pressure therefore there is no axial flow at this point.
In the region, between points “b” and “c” flow instability occurs at a given static pressure,
which results in a rapid change in the volumetric flow rate. At point “d” and so on, the
operating range of an axial fan is attained. A good practice for the axial fans is to retain
the peak pressure between 30 to 50% greater than the pressure required for the application

in order to avoid the fan to operate in noisy and inefficient stalling range. This safety
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margin for the pressure will tolerate the inaccuracies which may have been made in the

system resistance determination and eliminate fluctuations [2].

Methods for Fan Performance Simulations
It has become a critical to evaluate the fan performance in order to predict the flow
distribution and airflow rate for cooling accurately. For the fan performance

characterization, the following methods are exists in computational fluid dynamics.

Body force model (BEM):

In this model the fan characteristic is represented as the lumped parameters applied on a
fan surface instead of fan blade geometry. The pressure jump and the swirl components
are applied as the lumped parameters in terms of flow rate. In most of the cases, only the
pressure jump is defined as the fan characteristic. This pressure jump is typically obtained
from fan blade curves generated experimentally. Fan characteristic included in this
method does not provide an accurate prediction of the flow field but can provide adequate
results when computing the flow rate through the fan. The accuracy of body force model

is highly dependent on the fan blade curve obtained experimentally [36-37].

Sliding Mesh Model (SMM):

Mostly, rotor stator interactions are time-periodic where the flow cannot be computed
exactly using steady state approximation. In order to solve unsteady cases a transient
method with sliding meshes can be used. In this method the grid can be divided into
different domains connected at the interface that can rotate separately. This method is
considered to be the most accurate numerical representation of a rotor stator interaction
but it considered to be a time consuming and computationally demanding which makes it

impractical for industrial applications [36].
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Mixing Plane Model (MPM):

This method averages the properties of the flow circumferentially, which avoids the non-
uniformities in the flow field that arises since the fan blades modeled stationary. In this
method, the work distance between the rotor (fan blades) and stator cannot be too short.
Whereas the errors in the mixing plane increases as the distance between the rotor and
stator decreases. Additionally, if the large amount of reverse flow occurs at the interfaces

the model will suffer with convergence problem [36].

Multiple Reference Frame (MRF):

The MRF (Multiple Reference Frame) approach also known as the “Frozen Rotor”
approach is a steady-state technique and it has recently gained popularity in fan
characterization [38-39]. The model simply has two distinct regions, a “fan region”
rotating at the same speed as the fan and the fixed region surrounding the fan region.
MRF approach does not account for the relative motion of a moving zone with respect to
adjacent zones (which may be moving or stationary); i.e. the mesh remains fixed for the
computations. The fan zone comprises the actual fan blade, hub and/or finger guard
geometry. MRF model does not require any kind of experimental data as an input, as it
computes the flow field on the actual fan geometry and its surroundings. While the model
IS approximate (as it ignores the actual transient features), it can still provide accurate
results for many applications [38-39]. While the MRF (multiple reference frame) is an
approximate approach, which can provide a realistic model of the time-averaged flow for
numerous industrial applications. The MRF model can be utilized for turbo machinery
application in which rotor stator interface is comparatively weak. For example, in mixing
tanks, where the impeller baffle interfaces are comparatively weak and time stepping

effects are not present on large scale, therefore MRF technique can be used. In general,
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MRF model can be utilized where transient effects are due to small rotor and stator
contact. The MRF model can also be used to analyze the flow fields which can be utilize

as an initial condition for a time stepping sliding mesh calculation, which excludes start

up calculation requirements [36].
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CHAPTER Il

MATHEMATICAL MODELING

Governing Equations

For solving the fluid flow motion, the governing equations are continuity, momentum and
energy. For incompressible flow, the governing equations for continuity, momentum and
energy in tensor notation can be written as follows,

Continuity:

aui

aXi - O (1)

Momentum:

at 0x; dx; ax]'

(2)

3Pui+ dpuiuj 9P |, 9 ( dpu
ax]'

Where, p is the density of the fluid, p is the dynamic viscosity, u is the velocity and P is

the pressure.

Turbulence Modeling

For industrial applications, the turbulent flow is widely solved numerically by using the
Reynolds decomposition instead of DNS (Direct Numerical Simulation) where the
governing equations are solved directly. Whereas in the Reynolds decomposition, the

variables are decomposed into a time averaged and a fluctuating component [40].
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u; = Ui + u; (3)

p=P+p (4)
After substituting the decomposed term into the continuity and momentum equations for

incompressible flow gives the Reynolds averaged Navier-Stokes equations (RANS),

above equations can be rearranged and written as,

aU;

=0 5

o7, ()
O, o Wi, 9P 0 (o T

Pac T PU o T oy T oy (“axj uiuj) — (6)

Where, the additional term uju; after decomposing the variables in Navier Stokes
equation is termed as Reynold stress tensor. The Boussinesq hypothesis relates the

Reynold stress tensor to the mean flow gradients and it can be written as,

/ i
ou; du;

St 2
—pUU; = [t <—+ —) — 3 pd;jk (7)

ax]' axi

Where, &;; represents the Kronecker delta and k is the turbulent kinetic energy which can

be defined as,

1757

In this particular study, the results are generated by utilizing the realizable k —¢
turbulence model with enhanced wall function instead of standard k — € turbulence
model. The standard k-¢ model may produce non-physical results on or around the solid
boundaries; therefore, a modified k-¢ model with realizibility constants and low Reynolds

corrections was utilized in this study. The term “realizable” indicates that the model
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satisfies certain mathematical constraints on the Reynolds stresses, consistent with the
physics of turbulent flows. A realizable k-epsilon model varies from the standard k-
epsilon model in a way that it can satisfies certain mathematical constraints on the
Reynolds stresses, shows consistency with the turbulent flow physics. Furthermore, it can
predict the spreading rate of both planar and rounded jets, as well as counter problems
concerning boundary layers under strong adverse pressure gradients, flow separation and
recirculation more accurately. In the model, the turbulent viscosity (u.) was attained by
resolving the two transport equations, separated for the turbulent kinetic energy (k) and

the turbulent dissipation rate (g),

2

k
He = C,up? 9)

The two transport equations can be defined as,

ok _ 3 [( 4 te) 26 ou; | 9U;\au; _
+ U] oxj B oxj [(‘u + Ok ax]] o (ax] + 6xi)6xj € (10)
oe de _ 0 _ ¢ ou; , 0Uj\au; &
T Ui ox;  Ox; [(”-I_ ]+ Cglk'“t (ax] T 6xi) ox; ey (1D

Where, o, oy, Cs1, Cs, are the empirical constants.

Moving Reference Frame Model

MRF (Moving Reference Frame) is a steady state estimation in which cell zones can
rotate/translate individually at different speeds. This approach is suitable for the condition
when the flow between the boundary and the zones is nearly uniform which can be

achieved by dividing the domain into distinct zones in which flow can be solved in
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rotating or stationary coordinate systems. The equations of motion can be written in a

rotating reference frame as,

V- =0 (12)

5T AV (oW T) 4 p (20X W + @ XD XT) = ~Vp+ T
T, +F (13)

Where, the former and the latter of the last parenthesis on the LHS show the Coriolis and
centrifugal acceleration terms respectively. The apparent accelerations in the above
equation are the centrifugal acceleration (w” X @ X v;) which is directed radially outward
and the coriolis acceleration (2w’ x v;) which is directed to the right of the velocity
vector. While above two equations are only applicable to the MRF zone, the relationship
between the MRF zone and the rest of the computational domain has to be defined. The
velocity inside the MRF zone and the velocity in the stationary zone (outside the MRF

zone) are written as:

— - —

Uy =V XU, (14)
Where, v is the fluid velocity outisde the MRF zone and u; is the velocity of the rotating
reference frame, which can be written in terms of the rotational speed of the fan zone, @

as follows:

— —

U, =wXT (15)

Where, & is the angular velocity and ¥ is the position vector to the rotating frame.
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DC Motor Losses

1.1.1 Electromagnetic losses

Electromagnetic losses in electrical motors are composed of the eddy current loss and the
hysteresis loss. Total core loss, which consists eddy-current loss and hysteresis loss in

electrical machine, is given in form,

Peore = KeszZ"|'thB2 W) (16)

Where, K, and K}, are the eddy-current loss and hysteresis loss coefficient, respectively.

Hysteresis loss is revealed when the alternating magnetic field affects the core due to a
intermolecular friction. Typical B-H curve of steel core is given below. Area inside the
closed curve represents the loss severity whereas eddy-current loss is subdivided into two
classes; classical eddy-current loss and excess eddy-current loss. The eddy-current loss
occurs because of the conductivity of steel sheets and magnets. The Maxwell equations
assumes that when the time and space varying magnetic field intersect with conductive
material, the electric field will reveal. Thus, this electric field causes current flowing
through the related conductive material either can be steel sheet or magnet. This current

causes power loss.
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Figure 13: Typical B-H curve.

1.1.2 Inverter loss

The inverter losses are sub-divided into two parts, switch loss P, and conduction loss
Peona.:
P = Py + Peona. (W) (17)

In switch loss there are two states Py, o, and Psyy ¢ LOSSes across the inverter can be

calculated as:

1
Psw,on = EVin Iph Ton f:sw (W) (18)
1
Psw,off = EVm Iph Toff fow (W) (19)
Poy = Ngy (Psw,on + Psw,off) W) (20)

Where, Vin is the input voltage (v), lpn is the phase current (A), Ton and Tos are switching

time (us), fswis the operating frequency (Hz) and nsw is the number of switches.

Conduction losses across the inverter can be evaluated by using the following expression:
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_1 2
Pcond. -5 Nsw Iph Rcond. (W) (21)
Where, R cond. represents conductive resistance across the inverter.

1.1.3 Mechanical Losses

In order to accurately predict the overall efficiency and heat generated in a BLDC motor,
the mechanical losses, which include friction losses occur between the rotor shaft and
bearing, have to be considered [41]. Friction losses occur in bearings can be computed by

using the following formula [42]:

3 —
Prr = = Ny Grog N X 1072 (W) (22)

Where, n represents the number of bearings, Grot is the rotor weight (N) and N is the

speed of the motor (rpm).

1.1.4 Copper losses accounting stray effect

Stray load losses can be defined as the losses that occur due to the non-uniform
distribution of a current in copper field. Stray losses result in additional core losses
produced in iron due to the distortion of magnetic flux by a load current. Stray load losses

can be estimated by using the following empirical expression [43]:

P, =2 <A —\E) Rygol* (W) (23)
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Where, Rx° is the phase resistance (ohm), A = IRTMS and usually between 0.86 to 0.84,

while exponent x can be evaluated and ranging in between 2.8 to 3.6.

D.C. Motor Operation

The function of brushless DC motor is to transforms the electrical input power to a torque
on output shaft at a certain angular velocity. Then the fan blades convert the torque and

rotational speed into an aerodynamic thrust. Torque of BLDC motor varies due to the

back EMF and phase current through the motor winding.

E 1
Tean = 3 “2irms Phms (N ) (24)

Where, Ephrms 1S the root mean square value of phase back EMF (v), Iphrms iS the root mean

square value of phase current (A) and w is the angular velocity of the rotor (radian/sec.).

Kinetic energies of the fluid particles coming out from the fan exit can be estimated by

utilizing the following formula [12]:

k=2 (tang 1) Go) (25)

==
Il
|

- mu? () (26)

Where, u is the velocity is the fluid at fan exit and I is the turbulence intensity.

The formulation mentioned was utilized to characterize the overall performance of an
axial fan and to evaluate the critical components which affect the overall efficiency of the

system.
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CHAPTER 11

NUMERICAL MODELING

CFD Modeling of an Axial Flow Fan

Momentum and pressure fields produced by an axial fan are investigated in this paper.
The axial fan of interest is placed in an 82 x 82 x 39 (mm) housing and has two blades
with hub and tip radii of 14 and 35 mm, respectively. The nominal voltage and the
maximum rotational speed for the fan are 28 V and 19500 RPM, respectively, where the

nominal power dissipation is approximately 36 W.

A 3-D CAD model of the fan geometry as shown in Figure 14 is utilized to generate the
computational grid. The constructed mesh is illustrated in Figure 15. There are three
distinct regions in the computational mesh: through-fan zone, upstream and downstream
of the through-fan zone. The former is meshed with hexahedral cells and the latter are

meshed with tetrahedral cells.

Figure 14: CFD model of the wind tunnel
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Figure 15. Meshed model with upstream and downstream of the duct.

The mesh characteristic and boundary conditions used for the CFD simulation are

summarized in Table 1

Mesh Conditions Boundary Conditons
Hex dominant and prism type mesh Steady
Number of prism layer : 10 Constant density
First layer thickness (y*) : 0.213mm k- epsilon turbulence model
Number of elements : 1.87 million Pressure Inlet
Number of nodes : 0.9 million Inlet vent (pressure outlet)
Skewness : 0.93 Three dimensional

Table 1 : Mesh characteristic and boundary conditions.

Hydraulic resistance is varied so that the volumetric flow rate and impedance through the
system change. A loss coefficient, K, can be defined to correlate the pressure drop to the

exhaust vent to the volumetric flow rate as follows:
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2
AP,y = K% (27)

Where, U is the mean velocity right at the upstream of the vent.

A fixed rotational speed of 19500 RPM is applied to the fan (MRF) zone, where the rest
of the computational domain is stationary. No-slip boundary conditions are utilized in the
wind-tunnel walls.

The results are generated utilizing a realizable k-¢ turbulence model. The original k-¢
model may produce non-physical results on or around solid boundaries; therefore, a
modified k-¢ model with realizibility constants and low Reynolds corrections was utilized
in this study. The core turbulence model is integrated to the solid boundaries (i.e. the fan
hub and the blades) via wall functions where the first cell center is placed in the range of
30 < y+ < 50. It is hard to satisfy this particular condition for every single cell in the
vicinity of the solid boundaries, however an effort is made to keep the first cell center
height in this range for the majority of the near-wall cells.

An upwind scheme is used to solve the momentum and turbulence closure equations,
where the SIMPLE algorithm is used for pressure-velocity coupling. Convergence is
assumed to be reached, when the reduction in total residuals is more than at least three
orders of magnitude and the monitor point variables do not vary more than 0.5% for
consecutive iterations. All of the simulations are performed with a general purpose CFD

tool - ANSYS Fluent 14.5 [42].

Mesh Sensitivity Analysis
A mesh sensitivity analysis is also performed in order to esnure the grid independence. In

resolving the flow motion accurately, mesh sensitivity is considered to be a crucial factor
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in numerical modelling which depends on the mesh size significantly. Nowadays, the
challenge for engineers are dealing with the development of such a model that can satisfy
the engineering solutions without considering the fine grid size which will ultimatelty
reduce the computational cost. As the grid size gets finer, it imposes a higher
computational cost due to the models used as Direct Numerical Simulation (DNS). In
contradiction, if the grid size gets coarser, it leads to utilization of the models developed
by approximations such as the Reynolds Average Navier- Stokes (RANS), which causes
improper depiction of the flow, mainly in case of turbulent flow simulation. Therefore,
using the appropriate grid size is always critical. Table 1 summarizes the results showing
the pressure rise due to the axial fan as a function of the computational grid size. The
pressure rise values are determined to vary less than 1% with the mesh sizes over 1.87
million and therefore the results shown in the next section are generated using this mesh

configuration.

Computational Grid Size Pressure (in.w.g)
6.26E+05 0.498
1.04E+06 0.493
1.55E+06 0.478
1.77E+06 0.466
1.87E+06 0.457
2.06E+06 0.453
2.24E+06 0.454

Table 2: Mesh sensitivity results.
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Modeling of an Out-spin BLDC Motor

The power distribution of an inverter driven BLDC motor of an axial fan presented in this
study used for electronics cooling enclosures. Figure 16 shows the 2D FEA (Finite
Element Analysis) model of BLDC motor. It comprises with the combination of 2 poles
and 6 slots. The motor wounded with concentrated winding in order to acheive compact
design for the system. The permanent magnet material is ferrite. The inverter creates
controllable voltage for speed reference of the rotor by using duty ratio factor.

The core loss distribution of BLDC fan motor is calculated using electromagnetic finite
element software ANSYS Maxwell. As it is well known that the flux is not homogenously
distributed in core. It is directly related with the magnet positions. The core analysis is
performed at no-load condition. Findings are given in the following with response to

different mechanical speeds.

Figure 16. FEA model of outer spin brushless DC motor.
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Figure 17: Core loss distribution at different speeds.
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The results indicate that core loss value is a function of mechanical speed because the
electrical frequency of BLDC motor varies with the mechanical speed. The results verify
the electrical frequency core loss relation. Also it can be said that the core loss mainly
occurred in stator core. In outer rotor BLDC motor configuration, it is disadvantage
because the losses may not be interacted with coolant air flow because of the inlet
configuration. Thus the hot spot temperature point of the BLDC will be the stator bore.
Figure 17 shows the core loss distribution at different speed at no load condition. As it
can be seen that the region of the core loss generation increases with respect to motor

speed. Moreover, higher core loss density region are the rotor surface and stator teeth.
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CFD Models for Energy Loss Estimation

For estimating the kinetic energy of the fluid particles coming out at the fan exist, CFD
(computational fluid dynamics) analysis has been performed. However, energy losses of
an axial fan are interrelated to the geometrical losses of an axial fan consisting of casing
geometry and blade geometry. A 3D CAD model of the fan geometry is utilized to

generate the computational grid as shown in Figure 18.

Upstrzam

Figure 18: CFD model energy loss estimation.

Figure 18 shows the computational domain of an axial fan test setup consisting of three
distinct regions: through-fan zone, upstream and downstream of the through-fan zone.
Simulations are performed with a general purpose CFD tool (ANSYS Fluent 14.5). The
computational model comprises zero-pressure boundary conditions (P=0) both at the inlet
and the outlet of the duct. The analysis is carried out by utilizing the MRF (Moving
Reference Frame) technique by running the fan at the nominal speed of 19500 rpm. The
plane was created at the fan exit to capture the energy of the fluid particles coming out
from the fan rotor. The total energy of the fluid at the fan outlet is comprises of kinetic

energy and turbulent Kinetic energy which occur due to rotation of the fan rotor.
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CHAPTER IV

EXPERIMENTAL STUDY

Wind Tunnel Setup for an Axial Flow Fan

Owing to its multifunctional nature, the axial fans have been widely adopted in various
industrial and residential applications. Traditionally, selection of an axial fan is usually
concerned with its performance characteristic curve which simply shows the pressure rise
against volumetric flow rate. The selection of a particular axial fan design also depends
on its application environment as well, i.e. the fan(s) can operate at the intake, exhaust
mode or internal to the system.

The apparatus and procedures are prescribed in test codes published by the Air Movement
and Control Association (AMCA 210-99) [43]. AMCA provides the methodology for
laboratory testing of fans and other air moving devices to determine aerodynamic
performance for rating or assurance purposes in terms of airflow rate, pressure, power, air

density, speed of rotation, and efficiency. Standard AMCA wind tunnel setup is depicted

in Figure 19.
PL..1 PL.2 PL.7 PL.S PL.6
5 D.SM | g
05 1 - "7 MIN T: e 18 sumw 26 mm
o SO0 [ " --I.IL‘— — 1.8 in 025 in
43 210 -
oy SETTLING ME
- r il lh b M
‘! A‘-'I ! 2.1 8 ! '
Sy R, _l [ : | r
x ; / f
-
. l.-Ll VARIASBLE
g 1 H
" \ BRI EXHAUST
Ta SYSTEM
| 87 b[
e See note D P.. AP
|
SETTLING
MEANS

Figure 19: Schematic diagram of wind tunnel setup [43].
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The fan testing setup was designed and constructed according to the AMCA standard

“AMCA 210-99, 1999” [43]. As shown in Figure 19, a pressure tap attached to an

inclined manometer is used to measure the static pressure at the station marked as PL-7.

A diaphragm type differential pressure gage is utilized to measure the pressure rise due to

the axial fan (i.e. between PL-1 and PL-2) as well as the pressure drop across each nozzle

(i.e. between PL-5 and PL-6). As can be seen, the test setup simply consists of a flow

straightener (for flow settling), pressure measuring devices and nozzles. However, the

pressure drop induced by the flow settling screen is much smaller than that caused by the

nozzle; therefore, the screen resistance is actually ignored. The schematics of

experimental setup and detailed cross-sectional view of the experimental setup are

depicted in Figure 19 and Figure 20, respectively.

Setttling Screen

Plenum Chamber

Setttling Screen

Outlet

\

Nozzles

Figure 20: Cross sectional representation of wind tunnel setup
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Figure 21: Wind tunnel setup

Figure 21 represents the wind tunnel setup for the axial flow fan. The test facility consists
of a circular chamber, which comprises mesh screens (for flow settling), pressure
measuring devices, nozzles, and exhaust valve as well as a measurement system. Wind
tunnel setup is about 1 m in length with a plenum chamber diameter of 350mm. The inlet
and outlet opening of the chamber are of 70 mm in diameter and ~200 mm in length. The
primary components of the wind tunnel setup are the nozzle wall, plenums and a blast

gate used for adjusting the flow rate.

Figure 22: Inlet and outlet of the plenum chamber
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The nozzles in the test setup are utilized to measure the volumetric flow rate and are
manufactured to the specifications shown by AMCA standard “AMCA 210-99, 1999~
[43]. Additionally, each nozzle is only suitable for measurements over a limited range of
flow rates shown in Table 3 and several different nozzle sizes may be required to make

measurements.

Volume flow rate (CFM) Nozzle diameter (in.)
24 - 40 0.75-1
48 -71 0.75-16
63 — 150 0.75-1-16

Table 3: Nozzle selection as a function of flowrate.

Figure 23: Manufactured designed nozzles

A DC power supply is used to operate the fan at its maximum speed by applying the
maximum specified voltage without a fan controller. During the testing, the variation in

the fan speed is less than 5%. The volumetric flow rate through the system, and therefore
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the axial fan, is indirectly determined from the pressure difference due to the nozzles by

using the correlations provided by the nozzle manufacturer.

Pressure Measurements

The static pressure in the upstream section of the wind tunnel setup at the station PL-7 is
required for the fan curve measurement. For the fan curve measurement pressure at
station PL-7 as shown in Figure 19 should be greater than atmospheric pressure. A ring of
four pressure taps at the walls of the wind tunnel linked by a mutual tube which is further
connected to the inclined manometer (Dwyer, Model 202.5) and with a pressure
transducer (Omega, Model PX653-2.5BD5V) are used to measure the average pressure at
PL-7. These redundant pressure sensors allow for manual reading and automated data

acquisition of the pressure values.

(a) (b)

Figure 24: (a) Inclined Manometer (Dwyer, Model 202.5), (b) Capacitance type electronic

sensor (PX653-2.5BD5V).

53



For the pressure drop across the nozzles in order to calculate the flow rate through the
nozzle at stations PL-5 and PL-6 as shown in Figure 19, two sets of pressure tap rings
(four taps per ring) are used. One set of four taps is situated just upstream of the nozzle
wall in the upstream section of the wind tunnel and another set of four taps is located
downstream of the nozzle wall in the downstream section of the wind tunnel. The
pressure drop across each nozzle is measured by using diaphragm type dial gage (Dwyer
Magnehelic, Model 2003C) and with a pressure transducer (Omega, Model PX653-
10D5V). From the pressure drop across the flow rate was computed by using the
correlation and procedure provided by the AMCA (Air Movement Control Association)

standard “AMCA 210-99, 1999”.

(a) (b)

Figure 25: (a) Diahragm type dial gage (Dwyer, Model 2003C), (b) Capacitance type

electronic sensor (PX653-10BD5V).

Torgque Measurements
An attempt for calculating the output torque of BLDC motor through the rotor has been

made to study the overall efficiency distribution of the system. A Pulse Width Modulation
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(PWM) technique used for the speed measurement in which LED (Light Emitting Diode)

and photodiode are used as shown in Figure 26.

351-50

LED(Light Emitting Diode) Photodetector
@ (b)

Figure 26: (3) LED (SST-50), (b) Photodiode (PDA36A-EC).

The LED (SST-50) from Luminous with a maximum power up to 20W and provides an
extremely high output of 1150 lumens from a single chip is used. At the receiver side,
photodiode (PDA36A-EC) from Thorlabs is used which is a reverse-biased Positive
Intrinsic Negative (PIN) diode coupled with manual switchable trans impedance amplifier
(TIA) gain circuit, ranging from 0 dB to 70 dB. The photodiode has an active area of 3.6
mm x 3.6 mm (13 mm2) and a responsivity of 0.1 A/W to 0.5 A/W in the visible light

range. The experimental setup shown in Figure 27.
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DC Power Supply Oscilloscope

LED (Light Enitting Diode)

Figure 27: Experimental setup for speed measurements.

Uncertainty Analysis
Uncertainty analysis has been performed to obtain reliable experimental data. It
represents the measurable understanding of the errors in well-replicated experimental

results.

ey = {(0.01)2 + |0.01 (PT’")]Z + |01 (%)]2} & (28)

Where, eq represents per unit uncertainty in fan pressure, Pm IS maximum pressure

and Py is the velocity pressure. Reliability of an experimental study depends on the lower

uncertainty. During the early 1950s uncertainty analysis became apparent that various
engineering experiments were not repeated enough times in order to deliver statistical
data, due to the reason of pressure of time or economy. Therefore, from the last few
decades researchers has started given significant attention on uncertainty to get more
reliable results. Moffat (1988) mentioned that the experimental data will not be acceptable

without the uncertainty analysis involved in the experiments [44]. The usage of the
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similar apparatuses over the series of performance at continuous speed usually results in
apparently large uncertainties nearly at free delivery and shut off conditions, which are
acceptable because performance of the fan is not rated close to these points. Uncertainty
analysis is not only crucial in getting reliable experimental data but also essential to figure
out the possible cradles of residual error at the first stage of an experiment build-up.

Although, every measurement contains certain amount of error due to that actual value
cannot be determined because the error magnitude cannot be known exactly. However, by
performing an uncertainty analysis one can identify a range of values within which the
actual value lies. A probability of 95% has been chosen as acceptable according to the
AMCA standard. The standard deviation of arbitrary inaccuracies can be obtained by
statistical analysis of repetitive measurements. An uncertainty analysis is performed and
the uncertainty in static pressure (also in volumetric flow rate) measurements is
determined to be less than 10%, where it is approximately 2% for the fan power. The

uncertainty results are summarized in Table 4.

Pressure (in.w.g.)

Nozzle-1 Nozzle-2 Nozzle-3
Minimum value 2.04 1.55 0.70
Maximum value 2.51 1.81 1.30
Relative uncertainty 7.9% 5.7% 9.7%

Table 4: Experimental uncertainty
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Flowrate (CFM)

Nozzle-1 Nozzle-2 Nozzle-3
Minimum value 16.7 25.97 44.77
Maximum value 18.6 28.02 61.29
Relative uncertainty 4.42% 3.16% 10.06%

Table 5: Flowrate uncertainty

Torque (mMNm) Relative uncertainty
Minimum value Maximum value
2.69 3.14 10.76%
291 3.47 12.48%
5.02 4.44 8.65%
5.76 5.89 1.59%
6.97 6.89 0.82%
8.60 7.78 7.14%
9.99 9.73 1.93%
12.58 11.38 7.05%
14.77 15.22 2.11%
17.46 18.38 3.66%

Table 6: Torque uncertainity
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Total power loss (W)

Relative uncertainty

Minimum value

Maximum value

9.59 10.24 4.66%
10.02 10.89 5.87%
10.51 11.40 5.771%
11.22 12.51 7.67%
12.01 13.41 7.74%
12.56 14.44 9.85%
13.71 1551 8.69%
1451 17.15 11.80%
16.50 18.79 9.19%
17.70 20.29 9.66%

Table 7: Total power loss uncertainity
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CHAPTER V

RESULTS AND DISCUSSIONS

Fan Curve Measurements (Model Validation)

Fan characteristics can be described in form of fan curve. The fan curve is basically a
performance curve under a specific set of conditions. In addition, the fan curve depicting
the fan performance data of a number of inter-related parameters graphically. Typically, a
fan curve can be developed for a given set of conditions, which includes fan volume,
static pressure of the system, fan speed, and brake horsepower required to drive the fan
under the certain conditions. Fan performance depends on the certain flow characteristics
as the air passes over the fan blades that varies for each generic fan type [45].

Prior to investigating the momentum and pressure fields generated by the axial fan,
computational results are validated against the relevant experimental data. The
experimental data is obtained from wind tunnel testing as described in the previous
section. The simulations are carried out as explained previously by applying different
values of loss coefficient at the exhaust side of the computational domain. Figure 28
shows the fan curve obtained by the computational models along with the present
experimental data as well as the testing data from the fan manufacturer. As it can be seen,
a good agreement is obtained between the computed results and the experimental data for
the entire span of volumetric flow rate that can be supplied through the fan, i.e. the
maximum discrepancy between the experimental and computational results are within 7-

12%, which is within the experimental uncertainty and the numerical error.
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Figure 28: Model validation: Computed P-Q curve (line) against present experimental
data (blank symbols) and fan manufactures data (solid points).

Momentum and Pressure Fields

Radial and tangential velocity components produced by an axial fan are comparable with
the axial velocity component and lead to some swirl and centrifugal flow spreading. The
magnitude of swirl and spreading is dependent on the operating point, i.e. flow rate and
the backpressure on the fan. Figure 29 and Figure 30 shows the computed flow field
around the axial fan of interest by using the MRF technique. For various loss coefficient
values of the vent, K, placed at the exit of the downstream duct, the flow field both to the

upstream and downstream of the fan changes significantly. As it can be seen, for the fully
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open case (K=0), the recirculation zone behind the fan hub is relatively small and it only
extends up to nearly a fan diameter at the downstream of the fan with nearly no
disturbance at the upstream. For small values of K, i.e. up to K < 1000, the height of the
recirculation zone is smaller than the fan hub and extends to less than two fan diameters
on the fan exhaust side. Nevertheless, if K > 5000, both the upstream and the downstream
flow fields to the fan show significantly larger recirculation regions. For example, while
no upstream. Recirculation zone is obtained at K = 1000, at K = 6250, an upstream

recirculation zone is obtained with a height of approximately (Ds — Dn).

Q=107 cfin, P=0.68 in.

0% Q=48 cfin, P=1.46 in. L Q=29 cfim, P=1.65 in.
ims) [msr1)

Figure 29: Centrifugal flow distribution for different values of loss coefficient, K.
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Figure 30: Velocity vectors around the fan for different values of loss coefficient, K.

It is worth noting that the size of the downstream recirculation zone is also significantly
larger, i.e. up to three fan diameters at the fan exhaust side. By further increasing the loss
coefficient to K = 3x10% the height of the upstream recirculation zone reaches its
asymptote of fan diameter, where the downstream recirculation zone extends up to more
than four fan diameters downstream of the fan exhaust. It bears noting that for such high
impedance systems (large K), the flow field features can no longer be approximated and
computed as steady state. As it can be seen, there is a significant asymmetric behavior and
the time dependent flow field needs to be computed as transient features dominate. For
such cases, transient techniques such as Sliding Mesh (SM) Model can be utilized in

computations.

Velocity Field

The velocity field is also examined at a distance of 2.5 fan diameters downstream of the
fan exhaust. Figure 31 shows the swirl generated by the axial fan of interest for various
loss coefficients on the exhaust vent of the wind tunnel. As it can be seen, at low
impedance (low K values), the swirl is more uniform and the flow redistributes more
evenly in the cross-section as there is no noticeable recirculation at this axial distance

from the fan exhaust (Figure 31). However, with increasing K values, the swirl starts
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varying considerably in the radial direction and further increase of K leads to a steep
increase of swirl in the radial direction up to distances that are in the near-wall area and
vanishes on the wall. While not shown here, at a given K value, the flow field was

visualized and it was observed that the swirl became more uniform at further downstream.
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Figure 31: Swirl at the 2.5 outer-fan diameters downstream of the fan for different values

of loss coefficient, K.
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While not shown here, the flow distribution was also examined by replacing the actual fan
model with a hydraulic jump boundary condition which incorporated the experimentally
determined fan curve. There was no upstream recirculation zone, and the recirculation
region and the maximum velocity at the exhaust side of the fan were significantly smaller

than those for its counterpart determined by MRF technique.

Fan Efficiency

Fan efficiency is also determined computationally and compared with the relevant
experimental data. The (overall) fan efficiency is defined as the ratio of fan power output
to fan power input, where the former is the product of the flow rate and the static pressure
rise across the fan and the latter is the product of the voltage drop on the fan and the
electric current going through the motor. Therefore, the fan efficiency basically yields
null at the two extreme i.e. zero and free delivery points and, in the case of an axial fan
the peak efficiency is obtained typically at a volumetric flow rate where 1/3™ of the
maximum pressure is reached [46]. Therefore, from the fan curve validation results, the
peak fan efficiency is expected to occur at 75 < Q < 100 CFM (where P < (Pst/ 3), or P <
1.0 in.w.g.). The fan efficiency curve obtained from the computations is shown along
with the experimental data in Figure 32. The computational results show that the peak
efficiency yields to 27% at a volumetric flow rate of approximately 90 CFM. This is
within the range of expectations mentioned above and in good agreement with the
experimental data in which the peak efficiency is obtained at a volumetric flow rate range

of 65 < Q <95 CFM.
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Figure 32: Variation of fan efficiency with the volumetric flow rate for the axial fan

Power Losses and Torque Measurements

Efficiency of the motor is inversely related to the total power loss occur in the motor.
When the motor is to operate at high speeds, then the bearing frictional losses cannot be
ignored [47]. The core loss depends on the rotor and stator material properties. Whereas
the inverter losses comprise of conduction losses and switching losses. There are six
switches which can be turned on and off by the PWM (Pulse Width Modulation) sub-

controller. Switching losses are related to the operating frequency of the inverter.
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Parameter Specification Unit

Nominal power 36 w
Motor Torque 17.6 mNm
Nominal speed 19500 rpm
Phase resistance 0.35 Ohm
Inverter Switching frequency 50 KHz
Duty ratio 0.0375 base

Table 8: Specification of inverter driven BLDC motor.
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Figure 33: Effect of speed on the inverter, core and frictional losses.
The proposed procedures for evaluating the power losses applied to an existing two-pole
out-spin BLDC motor. The computed power losses are compared to the data tested. At
different speeds, the electromagnetic, inverter and friction losses are obtained. Figure 33

shows variation of power loss with respect to speed. As the speed of the motor increases

power losses increases rapidly. A good agreement found between the analytical and
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experimental results with an error of +8%. Discrepancy between analytical and
experimental results at high speed region can be attributed to model inaccuracies of core
losses given in equation and harmonics occurring non-sinusoidal nature of the driver
current. In fact, model inaccuracy influence core losses whereas harmonics plays more
important role in the copper losses.

The torque comparison study has been performed both analytically and experimentally.
The losses that depend on the torque and speed of the motor are considered. These losses
generally associated with the magnetic non-linearities which results in the rapid increase
in the hysteresis, harmonics and eddy current losses than the predicted operating
conditions. Figure 34 shows the comparison between the experimental and analytical
torque results obtained as a function of motor speed. The results are closely correlated

with an error of 5 %.
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Figure 34: Effect of rotor speed on the total torque.
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Overall Power Loss Distribution

As shown earlier, an effort was made to understand the overall fan efficiency as a
function of the volumetric flow rate by using the MRF technique. The maximum overall
fan efficiency of an axial fan was determined to be less than 27% correlating well with
the computational results as depicted in Figure 32. However, the overall efficiency can
still be improved; therefore, further investigation into aerodynamic characteristics of the
fan blade including leakage and drag losses is required in the optimization of an axial fan
system. Fan aerodynamic losses can be subdivided into four major components: tip
leakage, profile drag, secondary drag and annulus drag. Tip leakage occurs due to the
inherent pressure variation between the pressure and suction side of the fan blade.
Reduced tip clearance related flow interactions are necessary in order to improve the
energy efficiency of an axial fan and tip leakage is responsible for the significant portion
of the energy loss in the axial fan systems. Profile drag is associated with the Reynold
number and roughness of the blade; profile drag is considered to be a two-dimensional
loss. Reynold number of blade is a function of blade profile and stream turbulence,
usually blade Reynold number lies between 2x10° to 10° and is directly related to the
efficiency where roughness effect can increase the skin friction with a subsequent loss in
efficiency. Secondary drag occurs due to the air passage between the blades which
depends on the solidity and turning angle of the blade, dissipated in the form of
turbulence and heat whereas high skin friction on the boss and wall swept by the blades
tips causes annulus drag. The absolute drag acting on the blade varies as the mean relative
velocity between the fan blades and the fluid. These losses are a function of velocity
pressure which increases with the higher air flows an analysis has been performed in

estimating the kinetic energy of the fluid particles at fan exit show that the energy of the
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fluid consumed within the system from the power provided by the shaft to the fan blades
with respect to input power is about 21%. Energy losses are associated with the tangential

component of the velocity imparted by the fan rotor.

100%

Efficiency, n %

36-18.7034 18.7034 - 11.924 11.924 - 10.541 10.541 -0
Power loss distribution (W)

Figure 35: Power losses distribution.

Figure 35 shows the overall power losses distribution of the complete fan system. As can
be seen that the major power losses occur in the inverter based BLDC motor of an axial
fan which comprises of inverter losses, core losses, and frictional losses and increased
heat dissipation also contributes some part of the power loss where motor winding
resistance is the main cause of heat generation within the motor. Energy losses occur due
to the aerodynamic characteristics (tip leakage, profile drag, secondary drag and annulus
drag) of an axial fan which needs to be considered in optimizing the overall fan system.
Apart from the above mentioned power losses distribution there are some other losses that

are not taken into consideration. For instance, losses in electrical connections, DC power
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supply and millimeter. Although this equipment is pretty efficient but it cannot be said

that these losses are zero.
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CHAPTER VI

PROPOSED FAN BLADE DESIGN

In axial fan design fundamental length of the blade at any given radii constitute as a blade
element whose function is to produce detailed flow deflections. Axial fans can be
designed extensively by considering the isolated airfoil technique. However, the general
isolated airfoil method was initially derived in relation to aircraft propellers and continued

with the low pressure rise axial fans.

The function of an axial fan is to generate a pressure rise. The axial velocity component
along the blade radii unchanged if the pressure rise remains stable, then the flow at the fan
outlet will follow the free vortex flow. Axial fan blade efficiency is usually characterized
by their lift to drag ratios. Fan rotor design is a function of swirl coefficient and flow
coefficient respectively, where stator design is a function of the swirl coefficient only.
The axial velocity and dynamic pressure based on axial pressure is utilized to non-

dimensionalize static pressures and total pressures across the fan.

When manufacturing cost is also critical along with obtaining highest efficiency,
cambered plate blade profile of constant thickness twisted from root to tip is generally

utilized.

Cambered Plate Airfoil (CP35)

After various trial cambered plate airfoil is considered Because of its versatility, low
manufacturing cost and high possible efficiency, cambered fans blades are preferred
options when it comes to axial fans. Cambered plate blade airfoil is a constant thickness

airfoil and is widely used in axial fans. The computational resources available now which
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allow the designer to rapidly design and optimize an airfoil according to a particular
application rather than making a selection from an existing families. Java airfoil software
was used in designing the airfoil. As the fan transmits power by transforming angular
motion into thrust, a pressure variation occur between the forward and the rear surfaces of
the airfoil and a fluid flow behind the blade is accelerated. The design parameters for a
cambered fan blade are camber angle, camber location, stagger angle, flow angle and
various angles of attack. Twisted from root to tip are commonly used for high pressure
rise fans. The design criteria of achieving the desirable performance is based on the
following factors:

e Volume flow rate required

e Fan diameter, number of blades

e Speed of the fan

e Pressure head rise

e Solidity of blade

Figure 36: Cambered plate airfoil.

The fan blade was modeled by varying the angle of attack. The calculation for the blade
design was done by using commercial EES (Engineering Equation Solver) software. The
base parameters that were considered in designing the blade airfoil were volume flowrate,
number of blades and rotational speed Characteristic of proposed fan blade (CP35) as

shown Table 9.

73



Parameters Symbols Results
Thickness t/c 4-8%
Camber location x flc 45%
Camber flc 4-10%
Blade twist angle 0 18 -35 degree
Aspect ratio AR 1.673
Span b 20.5 mm
Axial velocity Va 9.315 m/s
Pressure rise coefficient Kin 4574
Flow coefficient Ams 0.3476
Swirl coefficient EMS 0.795
Relative inlet flow angle B1 70.1 degree
Relative outlet angle B2 62.48 degree

Table 9: Specification of CP35.

The CAD modeling was done by commercial CAD software at different angle of attack

(a) shown in Figure 37.
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Figure 37 : CP35 CAD model.

In the current design approach the general isolated airfoil method of blade design was
adopted, whereas the impeller dynamics can be modeled by using Bernoulli’s principle
and Newton’s third law. Fan efficiency is usually concerned with its characteristic curve.
For incompressible flow due to the lower pressure rise, the fan curve of a small axial fan,
for standard atmospheric conditions, can be expressed as a pressure difference against
volume flow rare at a particular rotational speed. Fan curve for the CP35 fan was obtained
numerically by utilizing the DFR (Downstream Flow Resistance) method. The advantage
of DFR method is that the back pressure can be adjusted iteratively in order to attain more
realistic value during the computational process. Thus, by using the MRF method,
primary meshing requirement of the blade airfoil shape can be captured with reasonable
accuracy. The simulations were run by applying different values of loss coefficient at the
inlet vent boundary condition which is acting as a flow resistance at the exit of the

downstream duct. The boundary conditions used in this analysis were pressure inlet and
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pressure outlet, as both inlet and outlet pressure were kept at 0 Pa, open to atmosphere.
The inlet vent boundary condition was used at the outlet to introduce resistance to the
flow. The constant rotational speed of 19500 RPM was applied as an input to the MRF

zone, with respect to the stationary reference frame.
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Figure 38. CP35 performance curve comparison.
Figure 38 shows the comparison between the vendors data and CP35 has been made by
fan curves. The results show that a further detailed study and an optimization of the blade
is required in order to achieve required flowrate and dramatic change in efficiency in the

proposed fan blade CP35.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

Fan study

Flow field due to an axial fan is investigated numerically and experimentally. CFD

computations are performed using the MRF technique. Experiments are carried out

following the relevant AMCA test setup and procedures. Fan efficiency is also

determined and compared with the corresponding experimental data.

The following conclusions were drawn for the current study:

Fan operating points computed by the MRF technique correlate well with the
present wind tunnel experiments and the vendor’s testing data.

Computations using the MRF model determine that an axial fan with sufficiently
far away downstream resistances creates a relatively large size recirculation in the
immediate downstream of the fan exhaust and an upstream recirculation region
whose size is as large as the fan radius. Higher the system impedance (loss
coefficient) is, larger the recirculation zones become.

Low impedance systems create smaller recirculation zones with more uniform
swirl compared to the high impedance systems. Very high system
impedance/resistance creates some transient behavior that needs to be resolved
using techniques other than MRF.

For the particular axial fan of interest, the fan efficiency curve determined by
computations correlate well with the experimental data, where the peak overall fan

efficiency is estimated to be n = 27%.
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Out-spin BLDC Motor

Power losses in inverter driven BLDC motor are investigated by using the procedure
proposed and compared with the corresponding tested data. CFD simulation is performed
to analyze the core loss distribution as a function of motor speed.

Torque of the motor also determined and compared with the experimental data. The
proposed technique is suitable for design studies which require rapid estimation of power
losses prior to using finite element analysis. The following conclusions were drawn for
the present study:

e The power loss analysis of BLDC motor show that electromagnetic losses are
dominant and contribute over 59% of all motor losses, inverter losses contribute
around 24%, while frictional losses contribute about 16% of the total power loss.

e In order to attain high motor efficiency, attention must be paid to all sources of
power loss in a BLDC motor. However, it is difficult to measure core loss as well
as copper loss due to harmonics of voltage and current.

e Characteristics of the motor are affected by inverter parameters such as carrier
frequency, duty ratio and frequency of voltage, etc. Moreover, inverter and
frictional losses should be included when quantifying motor losses to estimate
motor efficiency.

e For the improved overall efficiency of an axial fan geometrical losses should be
considered along with the BLDC motor in order to reduce the energy losses across

the fan blades and casing.
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Future Research
To build a high efficiency axial flow fan for electronic enclosures there are several
parameters that need to be optimized in terms of blade design and motor design in order
to reduce the energy losses. Based on the conclusion made future research work can be
descried as follows.

e In future some mathematical model will be developed for carrying out the
performance evaluation of the axial flow fan and the result will be validated form
the present experimental results. The optimization of axial air flow fan parameter
will be done for the industrial use.

e Blade design optimization and detail study of proposed fan blade (CP35) in order
to improve the efficiency and to reduce the energy losses occur across the tip and
rotor.

e Performance characterization of inverter driven BLDC motor individually,
material properties of winding and magnet for the power loss reduction and with
the improved efficiency.

e Cost evaluation will be done for the blade and motor materials in order to reduce
overall manufacturing cost, along with the highest possible efficiency.

e Acoustic and noise control study will be performed.

e Assessment of energy consumption with respect to fan performance.
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Appendix A

Volume Flow Rate Calculations
The flow rate through the wind tunnel is measured by the throat radius of flow nozzles
which was built according to the specifications described in AMCA standard 210-99. The

volumetric flow rate (Q) through the nozzle can be calculated as

2Ap
Q=Cy YA, |———= (CFM)

p(1=B*)

Where, C, is the nozzle discharge coefficient, Y is the expansion factor, A,, is the nozzle
throat area (m2), Ap is the pressure drop measured across the nozzle (Pa), p is the fluid

density (Kg/m®) and 3 is the contraction ratio.

The expansion factor can be calculated as [47],

y oo, 1= | 1= e
Y: —]//y >
y—1 1—a | |1 pgra’lr

Where, y is the specific heat ratio (for air y= 1.4) and « is the ratio of the nozzle exit

pressure to upstream nozzle pressure is represented as,

_p—Ap
P

a

Where, p is the upstream pressure (Pa).
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Whereas, nozzle throat area (4,,) and contraction ratio () can be calculated as,

wd?

A=
d;
=2

Where, d; and D are the throat diameter (m), upstream diameter (m) respectively.

For the nozzle discharge coefficient (C;), the equation relating C; and Re; represented as

follows [47],

7.006 134.6

+
\JRe; Re,

C, = 0.9986 —

Where, Re; is nozzle throat Reynold number,

4Q

Re., =
. predp

Where, Q is the volumetric flow rate (m3/s) and u is the fluid viscosity.

For the calculation of Reynold number, value of Q is required. Therefore, it involves the

following iterative procedure,

For measured pressure drop value across the nozzle compute,
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2Ap

o= M =59

Assume the value of nozzle discharge coefficient (C;= 0.9) and calculate the volume flow

rate by using the following relation
Q - Cd KQ

After that compute throat Reynold number (Re;) then nozzle discharge coefficient (Cy)

and compare the value with the assumed value if its close enough then calculate the

required volumetric flow rate.
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Appendix B

Pressure Transducer Conversion

—— PX653-10BD5V
—— PX653-2.5BD5V

T T T
< mld <
0 o~ o

7.5 1

T
o
N

10.0 -
-5.0

(6=mun o

Figure 39: Pressure transducer conversion
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Appendix C

CP35 Blade Profile Coordinates

CP 35 FAN BLADE COORDINATES
R =20.88 mm R =21.67107 mm R =23.374 mm
0 = 35.3 degree 0=33.5 0 = 28.6 degree

X Y X Y z X Y VA
9.480238 3.016417 9.935567 2.990266 |14 | 10.97399 2.797236 | 20
9.418286 2.983489 9.87032 2.958063 | 14 | 10.90135 2.776088 | 20
9.237666 2.883176 9.679941 2.859701 | 14 | 10.68841 2.709596 | 20
8.953071 2.71117 9.379487 2.690263 | 14 | 10.34925 2.58921 20
8.58577 2.461286 8.990746 2.44268 14 | 9.904322 2.402614 | 20
8.159278 2.127006 8.537822 2.109473 14 | 9.376464 2.136516 | 20
7.69427 1.703731 8.041947 1.685243 14 | 8.786273 1.780322 | 20
7.203572 1.191723 7.516395 1.169881 | 14 | 8.147603 1.330401 | 20
6.688115 0.599602 6.962412 0.572308 | 14 | 7.464023 0.794554 | 20
6.134698 -0.05192 6.367031 -0.08559 |14 | 6.726933 0.19613 20
5.525656 -0.7353 5.712889 -0.77472 | 14 | 5.92414 -0.43369 | 20
4.861059 -1.43563 5.000557 -1.47961 | 14 | 5.059266 -1.08036 | 20
4.145278 -2.14109 4.234954 -2.18818 | 14 | 4.139797 -1.73314 | 20
3.383722 -2.8406 3.422055 -2.88906 |14 | 3.17415 -2.38187 | 20
2.582885 -3.52398 2.568927 -3.57195 |14 | 2.171648 -3.01721 | 20
1.750353 -4.18226 1.683734 -4.22775 | 14 1.14248 -3.63084 | 20
0.895884 -4.8069 0.776874 -4.84794 | 14 | 0.098548 -4.21499 | 20
0.032611 -5.37674 -0.13737 -5.41102 | 14 | -0.94475 -4.7521 20
-0.84354 -5.88972 -1.06312 -5.91468 | 14| -1.98676 -5.23796 | 20
-1.72065 -6.34399 -1.98795 -6.3574 14 | -3.01439 -5.67056 | 20
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-2.58584 -6.73955 -2.89849 -6.73958 | 14 | -4.01409 -6.04953 | 20
-3.4255 -7.07797 -3.78069 -7.06332 | 14 | -4.97207 -6.37601 | 20
-4.22565 -7.3622 -4.62012 -7.33212 | 14| -5.87457 -6.65237 | 20
-4.97194 -7.59741 -5.40207 -7.55177 | 14| -6.70802 -6.88252 | 20
-5.64865 -7.79676 -6.1107 -7.73634 | 14 | -7.45779 -7.07837 | 20
-6.24112 -7.97644 -6.7313 -7.90314 | 14| -8.10982 -7.25708 | 20
-6.73673 -8.15198 -7.25127 -8.06871 | 14| -8.65211 -7.43512 | 20
-7.12473 -8.33724 -7.65991 -8.24783 | 14| -9.07462 -7.62721 | 20
-7.39611 -8.54365 -7.94824 -8.45264 | 14| -9.36904 -7.84547 | 20
-7.54343 -8.77946 -8.10883 -8.69197 | 14| -9.52861 -8.09866 | 20
-7.56071 -9.04925 -8.13563 -8.9708 14 | -9.54798 -8.39171 | 20
-7.45315 -9.29743 -8.03221 -9.23128 | 14 -9.4337 -8.66238 | 20
-7.22843 -9.46704 -7.80469 -9.41407 | 14 | -9.19458 -8.8473 20
-6.88801 -9.55863 -7.45462 -9.51971 | 14| -8.83188 -8.94796 | 20
-6.43661 -9.57401 -6.98695 -9.54996 | 14 | -8.34973 -8.9677 20
-5.88171 -9.51616 -6.40954 -9.50767 | 14 | -7.75465 -8.91149 | 20
-5.2329 -9.38906 -5.73246 -9.39669 | 14| -7.05498 -8.78573 | 20
-4.5011 -9.19753 -4.96719 -9.22169 | 14| -6.26025 -8.59793 | 20
-3.69774 -8.94699 -4.12576 -8.98795 | 14 -5.3805 -8.35627 | 20

-2.835 -8.64052 -3.22089 -8.69819 | 14 | -4.42722 -8.06436 | 20
-1.9274 -8.2747 -2.26755 -8.34833 | 14| -3.41435 -7.71917 | 20
-0.99005 -7.84615 -1.28132 -7.93437 | 14| -2.35644 -7.31813 | 20
-0.03792 -7.35301 -0.27766 -7.4539 14 | -1.26818 -6.86001 | 20
0.91455 -6.79534 0.728458 -6.90651 | 14 -0.1641 -6.3452 20
1.853778 -6.17536 1.722871 -6.29406 | 14 | 0.941685 -5.77592 | 20
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2.761503 -5.51185 2.686061 -5.63541 | 14 | 2.030034 -5.16695 | 20
3.643402 -4.81454 3.623568 -4.94085 | 14 3.10097 -4.52842 | 20
4.491335 -4.09097 4.526699 -4.21794 | 14 4.14398 -3.86741 | 20
5.29713 -3.35083 5.386663 -3.47648 | 14 | 5.148396 -3.19263 | 20
6.053841 -2.60503 6.195898 -2.72754 | 14 | 6.104473 -2.51386 | 20
6.755741 -1.8654 6.948079 -1.98321 | 14 | 7.003443 -1.8417 20
7.398268 -1.14445 7.638065 -1.25633 | 14| 7.837536 -1.18732 | 20
7.974601 -0.45228 8.258462 -0.55715 | 14| 8.597037 -0.55868 | 20
8.461997 0.213607 8.785827 0.117614 | 14 | 9.258273 0.052935 | 20
8.843737 0.849601 9.202744 0.764718 | 14 | 9.802942 0.649083 | 20
9.118493 1.441431 9.507376 1.369416 | 14 | 10.22657 1.217078 | 20
9.297807 1.968604 9.710984 1.910108 | 14 | 10.53649 1.734735 | 20
9.401757 2.408553 9.833595 2.362777 | 14 | 10.74819 2.17541 20
9.453691 2.740147 9.898664 2704789 | 14 10.8807 2.512767 | 20
9.474921 2.946409 9.927675 2917881 | 14| 10.95179 2.72486 20
9.480238 3.016417 9.935567 2.990266 | 14 | 10.97399 2797236 | 20
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CP 35 FAN BLADE COORDINATES

R =24.766 mm R =27.6089 mm R =32.34289 mm
0 = 23.1 degree 0 = 20.9 degree 0 = 18.5 degree

X Y z X Y z X Y Z
11.88657 2.429155 | 26 | 14.63993 2.954743 | 29| 20.35433 410502 | 34
11.8118 2.41547 | 26 | 14.55801 2.942636 |29 | 20.26117 4.089853 | 34
11.5913 2.370978 | 26 | 14.31582 2.902605 |29 | 19.98498 4.040801 | 34
11.23592 2.28606 |26 | 13.9235 2.824266 |29 | 19.53519 3.947936 | 34
10.76154 2.146898 | 26 | 13.39604 2.692721 | 29| 18.92584 3.797084 | 34
10.18623 1.938592 | 26 | 12.75068 2.491903 |29 | 18.17334 3.573107 | 34
9.52691 1.649104 | 26 | 12.00398 2.208778 |29 | 17.29393 3.263997 | 34
8.796162 1.273621 |26 | 11.16894 1.837917 |29 | 16.30123 2.865312 | 34
7.999698 0.818842 | 26 | 10.25278 1.385906 |29 | 15.20425 2.384393 | 34
7.135029 0.306616 | 26 | 9.25564 0.874974 | 29| 14.00641 1.843789 | 34
6.197482 -0.23403 | 26 | 8.17594 0.33462 | 29 12.71 1.273043 | 34
5.193842 -0.79043 | 26 | 7.02247 -0.22259 | 29| 11.32651 0.685256 | 34
4.13385 -1.35355 | 26 | 5.806814 -0.7878 29 | 9.870083 0.089911 | 34
3.028078 -1.91479 | 26 | 4.541416 -1.35253 | 29 | 8.355824 -0.50395 | 34
1.887855 -2.46619 | 26 | 3.239483 -1.90889 | 29 | 6.799692 -1.08795 | 34
0.725182 -3.0006 26 | 1.914868 -2.44972 | 29| 5.218341 -1.65452 | 34
-0.44677 -3.51146 | 26 | 0.58245 -2.96852 | 29 | 3.629409 -2.19686 | 34
-1.61246 -3.98533 | 26 | -0.74094 -3.4526 29 | 2.052121 -2.70184 | 34
-2.76613 -4.41689 | 26 | -2.04664 -3.89605 | 29| 0.498496 -3.16262 | 34
-3.89404 -4.80406 | 26| -3.31944 -4.2965 29| -1.01355 -3.57689 | 34
-4.98237 -5.14613 | 26 | -4.54412 -4.65287 | 29 | -2.46623 -3.94379 | 34
-6.01737 -5.44362 | 26 | -5.70576 -4.96528 | 29 | -3.84215 -4.26371 | 34
-6.98566 -5.6981 26 | -6.78989 -5.23484 | 29 | -5.12457 -4.53817 | 34
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-7.8744 -5.91193 | 26 | -7.78276 -5.46345 | 29| -6.29764 -4.7695 34
-8.67116 -6.09 26 | -8.67151 -5.65398 | 29| -7.34665 -4.96064 | 34
-9.36264 -6.24786 | 26 | -9.44266 -5.81885 | 29| -8.25791 -5.11726 | 34
-9.93692 -6.40375 | 26 | -10.0831 -5.9788 29 -9.017 -5.26109 | 34
-10.3842 -6.57402 | 26 | -10.5819 -6.15278 | 29| -9.61118 -5.41822 | 34
-10.6966 -6.77218 | 26 | -10.9305 -6.35648 | 29| -10.0305 -5.61037 | 34
-10.868 -7.0081 26 | -11.1222 -6.60146 | 29 | -10.2676 -5.85363 | 34
-10.8937 -7.28747 | 26 | -11.1524 -6.8944 29| -10.3172 -6.15753 | 34
-10.7814 -7.54466 | 26 | -11.0302 -7.16245 | 29 | -10.1881 -6.43717 | 34
-10.5407 -7.71319 | 26 | -10.7669 -7.33196 | 29| -9.89134 -6.60676 | 34
-10.1728 -7.79614 | 26 | -10.3639 -7.40736 | 29 | -9.42879 -6.67323 | 34
-9.68139 -7.79929 | 26 | -9.82465 -7.39656 | 29| -8.80449 -6.64851 | 34
-9.07191 -7.73079 | 26 | -9.15459 -7.31056 | 29 | -8.02434 -6.54891 | 34
-8.35125 -7.60074 | 26| -8.36031 -7.16286 | 29| -7.09547 -6.39424 | 34
-7.52715 -7.42073 | 26 -7.4493 -6.96845 | 29| -6.02699 -6.19954 | 34
-6.60855 -7.19972 | 26 | -6.43158 -6.73412 | 29| -4.83203 -5.96389 | 34
-5.6074 -6.9366 26 | -5.32014 -6.45777 | 29 | -3.52553 -5.68429 | 34
-4.53694 -6.62892 | 26 | -4.12905 -6.13744 | 29 | -2.12362 -5.35832 | 34
-3.41102 -6.27503 | 26 | -2.87313 -5.77198 | 29 | -0.64337 -4.98446 | 34
-2.24388 -5.8744 26 | -1.56773 -5.36127 | 29 | 0.897477 -4.56229 | 34
-1.04989 -5.42775 | 26 | -0.22846 -4.90642 | 29 | 2.480785 -4.09271 | 34
0.156657 -4.93727 | 26 | 1.129012 -4.40987 | 29 | 4.088254 -3.57807 | 34
1.357875 -4.41367 | 26 2.48591 -3.88156 | 29 | 5.698896 -3.02832 | 34
2.548286 -3.86651 | 26 | 3.833787 -3.33122 | 29| 7.300903 -2.45435 | 34
3.71565 -3.30199 | 26 | 5.158548 -2.76511 | 29| 8.877336 -1.86274 | 34
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4.847658 -2.72743 | 26 | 6.446084 -2.1905 29 | 10.41131 -1.26114 | 34
5.93269 -2.15101 | 26 | 7.682945 -1.61543 | 29 | 11.88666 -0.65807 | 34
6.959918 -1.58153 | 26 | 8.856465 -1.04853 | 29 | 13.28806 -0.06267 | 34
7.919374 -1.02825 | 26 | 9.954861 -0.49882 | 29| 14.60119 0.515443 | 34
8.799925 -0.49722 | 26 | 10.96546 0.028025 |29 | 15.81127 1.069863 | 34
9.580849 0.02196 26 | 11.86726 0.543401 | 29| 16.89669 1.610725 | 34
10.24551 0.53311 26 | 12.64312 1.052049 | 29| 17.83948 2.14181 34
10.78742 1.026013 | 26 | 13.28516 1.544181 | 29| 18.62994 2.652862 | 34
11.20884 1.48056 26 | 13.79359 1.999582 | 29 19.2657 3.123533 | 34
11.51834 1.871495 | 26 | 14.17446 2.392456 | 29| 19.74984 3.528075 | 34
11.72747 2.173184 | 26 14.4368 2.696384 | 29 20.0885 3.840198 | 34
11.84753 2.363895 | 26 | 14.58975 2.888832 | 29 | 20.28834 4.037502 | 34
11.88657 2.429155 | 26 | 14.63993 2.954743 | 29| 20.35433 4.10502 34
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