WIND LOADS ON FAN ,BLADES
& BLADE DYNAMICS

Axial fans for the world
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Themain scopeof this documentis to study the loadsactingon the bladeswith and without wind
andthe related bladeresponse Threedifferent conditionshavebeenstudied:

a) Wind SpeedWS)=0

b) WS=25m/s 6 0 mph),constant
c) WS=25m/s, constantwith wind screen

Nomenclature:

WS Wind speed CPSCycleger second

BNF: BladeNatural Frequency RPM Revolutionper minute

BOF: BladeOperativeFrequency RBM,BM: RootBendingMoment
BPFE-BladePassing-requency SH Shear(Verticalload)

LE LoadFrequency RT Revolutionperiod

LP. LoadPeriod Vy. Axialcomponentof the flow speed
CPM Cyclegper Minute Fy: Axialcomponentof the load on blades

AOA Angleof Attack NL: NominalLoad(Fy)
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-Singlecell
-Diameter
-Hubdiameter
-RPM
-Nominalpower:

Low blade count,
wide chord (blade A)

Thestudiedfan hasthe following features

34 ft (10363mm)
F 7 ft (2000mm)
120 (2 cps)

F 160KW (217HP)
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tmco Introduiction)(2): BladBladetFeatures

Uc\_.//
The fan blades A have thHellowing properties: BladeA
Chord at root, mm 890 (2.9ft)
Chord at tip, mm 770 (2.5ft)
BladeMass Kg 112.6 (248bs)
Bladecount 6
BOF model & mode 2z 6.7¢ 39.5

Main features

Heavy stiff, high BOF

770
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Introduictidi)(3): StuStadyrAnsroach
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The study has been conducted by means of CFD(X_FLOW)imulation with the
following approach

Phase I¢ Blade A: load and blade response
Step la'h Load definition and response calculation @ WS =0 & WS =25 m/s
{ 0 SLJ Evaluation of the loads transmitted to the bridge for both WS = 0 & WS = 25 m/s

Phase 2 Mitigation of the loads acting on the bridge
Step 2a'h Blade A + Wind Screen
Load definition and response calculation @ WS = 25 m/s
{0SL) . fII RSQa / K2NR WSRdzOGA2Y YR [/ 2dzy i LYON
Load definition and response calculation @ WS = 25 m/s, no Wind Screen
{0SL) .t RSQa / K2NR WSRdzOGA2Yy > [ 2 dzy-damperyBleNd&R2 4
Load definition and response calculation @ WS = 25 m/s, no Wind Screen
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Loadis((1):
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SecondCaseStudy.

WS=25m/s ¢ nowind screens
Wind direction perpendicularto
the bridge

(25m/s £ 60 mph)
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Loads(£2): FlowrRertlirbations
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The two case studies showed some

interesting differences Amongthem, the
most relevantare:

-LoadDynamiccomponentamplitude
-Numberof pulsesper round

-Width (duration) of the pulses
-Loadspectra

-Loadpattern regularity

Firstcasestudy: WS=0

Secondcasestudy: WS=25m/s
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Loads(E3): AngtecdAttack (AoA)

[
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coAMCO — . .
——— Theratio between the flow axial speedVy and the blade speeddefines the actual

Angleof Attack (AoA).
Wind — 122 \/s
direction [ [ o NOMINALAOA@ WS = 0

AN ;] / /
) \ g AVARE I
|A —! [ //
|

111

N
W

ALTERATEEOA@ WS >%
(Upwind)

O‘_
o -
f ,

—b/ P

§ \ \ The higher the WS, the higher the
A AoA fluctuation with the blade
/ / position around the fan and the load

HighAoA (upwind) Low AoA (downwind) variation
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o Loatis((4): Blade/A@ IL20-RPM
COLINIC
\—.//p Revolutiontime @ 120 RPM =05 s

1000
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500 I
0

33 35 317 319 / 1 43 a7 49 5
-500 IM‘\
-1000 i ~

-1500 M \,‘
2000 A | | -

DesignLoad -2550 N

-2500

-3000 f
-3500 W%ﬂq ' | A

“
4000 A

Vertical load, N _4500 | V " A
time history @ ' W\ bv 47 / \

-5000
W= -5500 MA’ |
2{ [ 71 ®dpmpika MIT V

24 T wmp mpk a°% 0o

20 T Hp YkaSF cnYLIK
-7000

Loadsare shifted in time for a better view




coAmco Loads((5): Blade’/A @ WS=D
— Fy(N)¢ Blade A- WS=0
At the deSIgnSpeed(lzoRPM- -20002 21 22 23 24 25 26 27 28 29 3 311 32 33 34 35 36 37
2 CPS)we have 2200 11 || O kS 51,10 5
RevolutionPeriod(RT)=0.5s e
LoadPeriod(LP)=0.255 / 2600 \ \
-2800 \ | | |
StaticLoad 2550 N -3000
-3200 ’{

LP:0.25s 3400
LF: 4 HZ 240 CPM (2X) %

-3800 N — -
-4000
Fy(N)- W.S. =0 Vertical load, time history, WS =0
:zggg 2 202 204 206 208 2.1 212 214 216 218 22 222 224 .
2400 1\ N Bladeunder the Bridge O
N—

-2600 - s 2\
-2800 ™\ \
-3000 \"\ //
e \ | A Verticalload - Pulsedetail:
-3600 [ Pulseduration; 0.09 s
g < S Pulseintensity: 1250 N
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Blade/A@WS=25

o Loads((6):
COfIMCOo
= Fy(N) Blade A-W.S. = 25 m/s
At the designspeed(120 RPM- 2000 —O-—O 4%0703_0_0_070_;0 0
2 CPS)We have 1000 @ ‘ (©) @ @ b
RevolutionPeriod(RT)=0.5s 0 z
LoadPeriOd(LP):O_Ss _100022 24 26 28 32 34 6 38 42 4 16 4.8 52 54
-2000 I
-3000 !
-4000 | A
LP:0.5s -5000 v y
LF: 2 Hz 120cpm- (1X) S0 N~
-7000 S
-8000 —

Fy(N)- W.S. =25 m/s
2000

Vertical load, time history, WS = 25

1000

0

M/’-ﬂ

-1000 3 3.6 3.65 3.7 3.75 3.8
-2000
3000

i N //
-4000

-5000 \"’\.‘_ /
-6000

-7000 <€ >

-8000

Bladeunder the Bridge O

Blade Upwind
BladeDownwind

Verticalload ¢ Pulsedetail:
Pulseduration: 0.38 s
Pulseintensity: 3450 N
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tmco Loads((7): Blaile/A - Loadisacompésison

Vertical load, comparison WS=0 m/s vs WS=25 m/s

2000
Wind Speed=25m/s J\/ Fanspeed
1000 P / ind Speeo=0 120 RPM, 2 CPS, RT=0.5s
; / : : /
3233343 3%73839 1424344m4447484;/ 51152 53 54[5/505,6
-1000 : ! /
Y | Al
-2000 : :
| |
| |

3000 *.\ N

it

V \\,N / e \W‘l

i/
m—

vl
-6000 W / o \
Ve L~
000 /////// l \\
A | \
-8000 i i \\
One prevailing load peak 1< \\l Twodistinct load peaksper revolution, nearly equivalent
REleeluien LapDuration(RT) 0.5 s
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o Loads((8):  Blade/A - Loadsspedtra

As aconsequencethe load spectrahavedifferent shapesand significant
components

(only the dynamiccomponentsare shown)

2500

WS =0 m/s

1X Vertical load spectrum
2000 The 2peakgrevolution are
evidencedby the 2Xload

1500

2X
m WS=0
mWS=25
1000
WS =25 m/s
o0 X 5X Vertical load spectrum
N X Thepresenceof the 1Xisan
1 3X l J evidenceof the single
0 | | B mll prevailing peak revolution
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o Loads (09): Loadispattermns
cosimco
Loadssinp'e In order to avoid carandom perturbations¢ A load pattern has
iggg been selected from each load time history, then replicated
0 \ periodically with the sameperiod as the original one. Thiswas
-10003:63.85(¥41 43 4.8 "\5\1 535 36 necessaryto investigate the behavior of the blade clearing it
2000 from the influenceof randomload pulses
-3000
4000
-5000 Mv\v / Fanspeed120RPM,
o000 \,/ T\\ Lapduration, 0.5s
-7000 S~ P L _
| |\A < > | Nominalload (NL),N -255(
0
M 2.25 2.75 m 3.25 3.75 4.25 4.75 ﬁ
-1000 Min @ WS=0, N -382:
max @WS=0, N -226%
2000 Dynamic+, N 28k
-3000 - DynamiC-, N -1272
R AVARLYAR'LY ALY
-5000 min @ WS=25, N -553¢
v J v v V/ v v max@ WS=25, N -78
-6000 /’ / Dynamic+, N 2472
WS=25: Total Dynamic 5458 N WS=: Total Dynamic 1557 N Dynamic-, N 298¢

(214%of NL) (61%o0of NL)
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o Loads((00): RBM origin
CofIMCOo
— Asan elasticstructure, a blade respondsto a time-dependingload according
Bending Moment to severalparameters
and Vertical Load a) LoadcharacteristicgPulsesshape Pulsesduration, Pulse$irequency)

transmitted to the

b) BOFBladeMass,BladeStiffness DampingFactor

The bladeQ &esponseis characterizedby a time-depending displacement
shapethat generates a time-dependingvertical load Fyand a Root Bending
Moment (RBM) This gets transmitted to the bridge causing vibration,
particularly of the dRocking type

-5000 -200

-6000 -250
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Dyranies (1): Maodtalcanalysis
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EachbladeQ@sponsehasbeendetermined by modal analysis The first and thesecondmodes only
havebeenconsideredfor the calculation

Mode shapel
1.2
1 7
o //
0.6 //
oy L Mode shape2
' / 15
0.2 ~
/
. _1/ 1 7
) 0l5 1 1,5 2 2,5 3 35 4 45 /
0.2 0.5
//
0
)\Qs 1 1|5 2 2|5 3 35 4
il et
-1 \_g/

-1.5
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Dyramies{2):

Blade/A@\WS=<0

< _2 Fy (N) - Tip displacement (mm)
-1800 -16
) 211 2 3 2 25 26 27 28 29 31 32 33 34 35 36 37 38 39 4 41 42 43 44 45
-2000 -20
-2200 24
-2400 A I I I I -28
-2600 I 1 -32
-2800 - \ -36
-3000 \ ¥ -40
-3200 -44
-3400 { -48
-3600 -52
-3800 1 -56
-4000 -60
Mass EN1 = 6.68 RBM SH Y des RBM _n W. Ia W. @ “59% SH ﬁ { I Y t|p
BLADEA | L& o aae | 84372 -32246 364 -11572.5 4965.8 n {1 |2255% | -4333.1 1778.8 -51.2
= -6606.7 ny % 64% | -2554.4 -27.9
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W -1,000
> 21 22 23 24 25 26 27 28 29 3 31 32 33 34 35 36 37 38 39 4 41 42 43 44 45
-3,000 -1,500
-4.000 -2,000
-5.000 -2.500

- TATWAT T "\w h A
VANRVAMY Ak VANV vV A W)
M| \“ﬂ\ V\ \““\ \“‘M\ \J\ \ V\

NIV VLY /A VLV

—
_’—/

-12,000 -6,000
-13,000 -6,500
-14,000 -7,000

Mass EN1 = 6.68 RBM SH Y des RBM n W . Ia W. @ ‘59% SH ﬁ { I Y t|p

BLADEA 1, ¢ e cponal caa Il YSUZE 4965.8 | { 1 ]27255% | -4333.1 1778.8 -51.2

FN2= 395 -6606.7 ny % 64% | -2554.4 -27.9
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Dmmnmedz()zl) BlBlade@ @IWS=25 ms

Fy (N) Tip displacement (mm)

500 14
_50(; 211 212 23 4 2 7 28 29 W31 32 3 34 36 37 38 39 41 42 43 44 RlSi
I If If If 1
I I Il Il I .
-2500 -34
I I I I I |,
Nl Nl Nl | N
% \ A \ * \ * \
-4500 h \ \ A -66
-5000 \A \J \A \A \J 74
-5500 V/’ V/ V/ Jj V/ -82
-6000 -90

Mass | _\;- gpg LRBMdeg SHdes| Ydes RBM | p w.[ja w. g§=2193% SH n {1 Ytp

BLADEA 11,6 T me | 872 2206 364 172745 1eogsln {1 [2188% | -6417.2) .| -77.9

- ' -980.0 ny % 202% | -340.5 -4.5
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Dymanies{5): BlBlade@ @IWSE=25 mis

2,000 0
| 1M‘ A. M‘ A. M‘ -
2 21 22 23 4 26 27 28 29 31 312 33 34 36 3.7 8 39 41 42 43 44 5

M i I Al I [
- -1,800

-4,000
- -2,400

-6,000
- -3,000

-8,000
- -3,600

-10,000
- -4,200

-12,000
| | | | N
-14,000 h h h 5400
-16,000 ‘ - -6,000
-18,000 - 6,600
-20,000 -7,200

Mass | _\;- gpg LRBMdeg SHdes| Ydes RBM | n w.|m w. g=193% SH n {1 Ytp
BLADE A - 2 0 - -
1126 [ - | 84372 -32246| -36.4 17274.5 1629457 { | |2=188% | -6417.2 6076.7 77.9
-980.0 ny % 202% | -340.5 -4.5

25




cosimco

Dynrannies {)6)t obda o/ Responsesurnmmary

N——
WS =0 WS = 25

Minimum, N -3822 -5536

Maximum, N -2265 -78
6 Dynamic +, N 285 2472
:(U> Dynamic-, N -1272 -2986

Pulse duration, s Fonondg F ndoy
Spectrum 2X; 4X; NX 1X; 2X; 4X
Min Max n Min Max n

oy Tip Displacement, mm -51.2 -27.9 23.3 -77.9 -4.5 73.4
B-I) RBM, N*mm -11572.5 -6606.7 4965.8 -17274.5 -980.0 16294.5
-ng n RBM / RBMO, % 59% 193%
(n/_)l SH, N -4333.1 -2554.4 1778.8 -6417.2 -340.5 6076.7

N SH/SHO % 55% 188%

Designconditions Load=-2550 N TD =36.4 mm VL0 =3224 N RBMO =8437Nm
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Load Mitjigation




. Load Mitigation (15 laBiade A -Wind<Sceeen

Clg!gﬁli | |
ScreenlTunnel Test CFBmulation

Thescreenis defined by the so

Downwind pressuref - 1000 Pa
called

PRESSURE DROP COEFFICIENT:

K=2"P /(1 *V?

Forthis simulation, avalue of

K=6.2

was selectedfrom the severalsizes
availableon the market.

Thereforg at 25 m/s, theexpected
PressureDropis

UpwindpressureF Mo /in t |

NP =2363 Pa TotalpPfrom CFDsimulationf Honn t |
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o Load MitigatioR )( 2} laBiade A -Wind<Sceeen

oo FPEELR L

LI : B %
s 777277 -//K\\\\\\&M\\
Nurn elements 3973628 2 /,;(A\f ‘f},. r, _'\\\\\\ e
Qx: 1.301 oy »: Y7 \\\\\l g \\\
Cy-=01196 ANALSER
Cz: -0.013 3

4

Grid scale;‘ { Ty = m“j/?71—-~ = L

More regular distribution of the
flow vertical component(Vy)

//('//./ A A A
—

Wind Screen
2.5 mbelow the faninlet

s SRR S

2%

.

~F—7r

N
NN

.
—

\./'
o s

==l
N P
B

;.\\\';\:i\:w.f:‘f:*::*:;_:?a/'/////'//'/' /v/v/

Reducedoerturbated areas

 Vy (mes)

'721.111

-17.222
- 13.333
- 9444

! 5556

- 1.667

-2.222
' 6.111
-10.000
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Load Mitigatior)(3):

Bladie/A - Wind<Sceeen

Fy (N) -

Tip displacement (mm)

29

1 312 33 34 35

36 37

00000

00000

00000

00000

s

00000

/7M\\
J

\

—” 4
_/———:::::""’

|

//J\
[

l

/

00000

i

—— —

\é
D

e

'8

n
/J\
[

l
/

Q\l‘;

f -
~
L
ey
15
& A A o o ro — < <
> o ~ & ® = ~

-y Yy
Mass | c\Ny= geg |LRBM | SH | Ydes RBM [ p w.[fa w. g=121% SH n {| Ytp
BLADEA 1156 o~ 9o | 8437.2| -32246| -36.4 -14760.7 10219.4|" { I [22118% | -5638.7 3817.8 -63.7
- ' -4541.3 ny % 123% | -1820.8 -18.9
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000000

fQ‘.’E/" prtl \Mitigatior )(4): Blade/A - Wind<Sceeen

Wy

=

Wy

Al

A

™

/47

000000 I \\ n -4,000
AR AR\ VAE AL WV VAN
0000000 \‘\'V‘/’ \J / V‘. WV \ V \‘\,V‘/’l \ 5,000
000000 \ l \ M / \ S \ N / \ -
’ \ / w ’\Mrw\,v/ \/ W W \/ \/ \/ \ / w '
0000000 \-V‘/ 4 \'V\/ 70
Mass | -\q- @68 LRBM | SH | Ydes RBM [ w.jla w. g2121% SH n {| Ytp
BLADEA 1156 . aoc |-B4372|-32246] 364 -14760.7 10219.4" { | |22118% | -5638.7 3817.8 -63.7
3 ' -4541.3 ny % 123% | -1820.8 -18.9
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Time: 5.65s

Num elements: 3320052
Cx: 1138

Cy:-0-850"

Cz:-0.012

Time: 5.35s 1
Num elements; 3677380
Cx: 0.273 |
Cy. -0.122

Cz: 0.029 | y
l y
|

Load WMitigatiop)(5): BladesB@\WS=25

Grii’:l'stale: { Tm)

v
[] =
3 24
>
T, -
,,,,,, Vy (mes™)
} 25000
.7 !21_111
-17.222
- 13333
- 9444
- 5556
- 1667
g 222
I 6111
-10.000
des

TN Higherblade countwith reducedchord.
- A 1 o
.:;.;: With 6 blades 50% of the bladescanbe
53333 simultaneouslyin the high AoA region,
- 27.778 o .
i P while with 10 blades only 40% of the
= blades at the most, can be in that
.5-535,0 condition
Grid scale: ([ 1m)
Time; 5.58s 2
Num elements: 3318082 _ - - — - l 200
Cx: 1.142 f 21111
% 004 e
- 13.333
- 9444
- 5.556
- 1.667
- -2.222
-6.111
-10.000
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. Load WMitigatioln )(6):BlaBladesBiFeatures
w\./‘/lllp _ _
TwWo b_lades from.blfflde family B with the BladeB1 BladeB2 @G58
following properties:
Chord at root, mm 500 (1.64ft)
Chord at tip, mm 448 (1.4°7t)
BladeMass Kg 89 (1961bs) 41.5 (92bs)
Bladecount 10
BOF model & mode 2z 4.1¢15.7 2.2¢14.2
Malin features Lighter, stiff, medium BOF Verynght,\{eronw -
dampingeffect (*)

(*) DoubleFRPshaft with
iInner friction-baseddamper

890
—

770

40 Shapeand sizecomparison
- BladeA
- BladesB1 & B2

/

448 \

500
I
|
!
I
|
|
|
|
|
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o Load Mitigation )(7)Bla@ldteB2(Features

g BladeB2:double FRPshaftwith inner
//// ~ friction-baseddamper

= ol
]

o

—

~ i

- o -

ol S
e e

StainlessSteel friction
dampingsleeve

Inner FRPshaft (glassfibers)

\  Outer FRPshaft (glasst+ Carbonfibers)

BladeB2
35Ftype
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