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Purpose of the document

Themain scopeof this document is to study the loadsactingon the bladeswith and without wind
andthe related bladeresponse. Threedifferent conditionshavebeenstudied:

a) Wind Speed(WS)= 0
b) WS= 25m/s όҒ60mph),constant
c) WS= 25m/s, constantwith wind screen

Nomenclature:

WS: Wind speed
BNF: BladeNaturalFrequency
BOF: BladeOperativeFrequency
BPF: BladePassingFrequency
LF: LoadFrequency
LP: LoadPeriod
CPM: Cyclesper Minute
AoA: Angleof Attack

CPS: Cyclesper second
RPM: Revolutionper minute
RBM,BM: RootBendingMoment
SH: Shear(Verticalload)
RT: Revolutionperiod
Vy: Axialcomponentof the flow speed
Fy: Axialcomponentof the load on blades
NL: NominalLoad(Fy)
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Introduction (1):     Fan & blades features

Thestudiedfan hasthe following features:

Low bladecount,
wide chord(bladeA)

-Singlecell
-Diameter 34 ft (10363mm)
-Hubdiameter Ғ7 ft (2000mm)
-RPM 120 (2 cps)
-Nominalpower: Ғ160KW(217HP)
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Introduction (2):      Blade Features

The  fan blades  A have the following properties: BladeA

Chord at   root, mm   890 (2.9 ft )
Chord at   tip, mm 770 (2.5 ft )
BladeMass, Kg 112.6 (248 lbs)
Bladecount 6
BOF mode1 & mode 2, Hz 6.7ς39.5
Main features Heavy, stiff,  high BOF
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Introduction (3):      Study Approach

The study has been conducted by means of CFD(X_FLOW)simulation with the
following approach:

Phase 2 - Mitigation of the loads acting on the bridge

Step 2a Ҧ Blade A + Wind Screen 

Load definition and response  calculation  @ WS = 25 m/s

{ǘŜǇ нō Ҧ .ƭŀŘŜΩǎ /ƘƻǊŘ wŜŘǳŎǘƛƻƴ ŀƴŘ /ƻǳƴǘ LƴŎǊŜŀǎŜΥ .ƭŀŘŜ .м

Load definition and response calculation  @ WS = 25 m/s, no Wind Screen

{ǘŜǇ нŎ Ҧ.ƭŀŘŜΩǎ /ƘƻǊŘ wŜŘǳŎǘƛƻƴΣ /ƻǳƴǘ LƴŎǊŜŀǎŜΣ .hC wŜŘǳŎǘƛƻƴ ŀƴŘ ŦǊƛŎǘƛƻƴ-damper: Blade B2

Load definition and response calculation @ WS = 25 m/s, no Wind Screen

Phase 1 ςBlade A: load and blade  response 

Step 1a Ҧ Load definition and response  calculation  @ WS = 0 & WS = 25 m/s

{ǘŜǇ мō Ҧ Evaluation of the loads transmitted to the bridge for both WS = 0 & WS = 25 m/s 
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Loads (1): Blade A case studies 

SecondCaseStudy:
WS= 25m/s ςno wind screens
Wind direction perpendicular to
the bridge
(25m/s Ғ60mph)

First Case Study:
WS=0

Two cases have been
considered:
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Loads (2): Flow Perturbations

WS=0

WS=25m/s

The two case studies showed some
interesting differences. Among them, 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 (3): Angle of Attack ( AoA)

The ratio between the flow axial speedVy and the blade speeddefines the actual
Angleof Attack (AoA).

The higher the WS, the higher the
AoA fluctuation with the blade
position around the fan and the load
variation

NOMINAL AoA@ WS = 0

ALTERATED AoA@ WS >> 0
(Upwind)-4
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Loads (4): Blade A @ 120 RPM

Vertical   load, N
time history @ 
WS = 0, 
²{ Ґ тΦр Ƴκǎ Ғ мт mph
²{ Ґ мр Ƴκǎ Ғ оо mph
²{ Ґ нр Ƴκǎ Ғ слƳǇƘ

Design Load: -2550 N
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Loadsare shifted in time for a better view

Revolutiontime @ 120 RPM = 0.5 s
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Loads (5): Blade A @ WS = 0

Vertical   load, time history, WS = 0
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Fy(N) ςBlade A - WS=0
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2 2.02 2.04 2.06 2.08 2.1 2.12 2.14 2.16 2.18 2.2 2.22 2.24

Fy(N) - W.S. = 0

Vertical load - Pulsedetail:
Pulseduration: 0.09 s
Pulseintensity: 1250 N

LP: 0.25 s
LF: 4 Hz ς240 CPM - (2X)

At the designspeed(120RPM-
2 CPS),we have:
RevolutionPeriod(RT)= 0.5 s
LoadPeriod(LP)= 0.25s

StaticLoad: 2550 N

Bladeunder the Bridge
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Loads (6): Blade A @ WS=25

Vertical   load, time history, WS = 25
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Fy(N) - W.S. = 25 m/s

Vertical loadςPulsedetail:
Pulseduration: 0.38 s
Pulseintensity: 3450 N

LP: 0.5 s
LF: 2 Hz ς120 cpm- (1X)

At the designspeed(120RPM-
2 CPS),we have:
RevolutionPeriod(RT)= 0.5 s
LoadPeriod(LP)= 0.5 s

Bladeunder the Bridge
Blade Upwind
BladeDownwind
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Loads (7): Blade A - Loads comparison

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

Fan speed:
120 RPM, 2 CPS, RT=0.5 s

LapDuration (RT) 0.5 s

Twodistinct load peaksper revolution, nearlyequivalentOne prevailing load peak
per revolution
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Loads (8): Blade A - Loads spectra 

WS = 25 m/s
Vertical   load spectrum
The presenceof the 1X is an
evidenceof the single 
prevailing peak/ revolution

WS = 0 m/s
Vertical   load spectrum
The 2 peaks/ revolution are 
evidencedby the 2X load

2X

4X
NX

As a consequence, the load spectrahavedifferent shapesand significant
components

(only the dynamiccomponentsare shown)
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Loads  (9): Loads patterns

In order to avoid άrandom perturbationsέΣa load pattern has
been selected from each load time history, then replicated
periodically with the sameperiod as the original one. Thiswas
necessaryto investigate the behavior of the blade clearing it
from the influenceof randomload pulses
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Nominalload (NL),N -2550

Min @ WS=0, N -3822

max @WS=0, N -2265

Dynamic+, N 285

Dynamic-, N -1272

min @ WS=25, N -5536

max@ WS=25, N -78

Dynamic+, N 2472

Dynamic-, N -2986WS=25: Total Dynamic 5458 N
(214%of NL)

WS=0: Total Dynamic 1557 N
(61%of NL)

Fanspeed120RPM,
Lapduration, 0.5 s

Loadssample
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Loads (10): RBM origin

DISPLACEMENTS

Asan elasticstructure, a blade respondsto a time-dependingload according
to severalparameters:
a) Loadcharacteristics(PulsesΩshape, PulsesΩduration, PulsesΩfrequency)
b) BOF,BladeMass,BladeStiffness, DampingFactor.
The bladeΩǎresponse is 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,
particularlyof theάRockingέtype

RBM
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Dynamics
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Dynamics (1): Modal analysis

EachbladeΩǎ responsehasbeendeterminedby modalanalysis. The first and the secondmodes only
havebeenconsideredfor the calculation.
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Dynamics (2): Blade A @ WS=0
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Fy (N) - Tip displacement (mm)

Mass RBM SH Y des

-8437.2 -3224.6 -36.4
BLADE A

FN1 = 6.68

112.6
FN2 = 39.5

RBM ɲ w.aɲ w.a ҈-59% SH ɲ {IY tip

-11572.5 ɲ {I ҈-55% -4333.1 -51.2

-6606.7 ɲ Y % 64% -2554.4 -27.9
4965.8 1778.8
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Dynamics (3): Blade A @ WS=0
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-6606.7 ɲ Y % 64% -2554.4 -27.9
4965.8 1778.8
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Dynamics (4):      Blade A @ WS=25 m/s
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Fy (N) - Tip displacement (mm)

Mass RBM des SH des Y des

BLADE A
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RBM ɲ w.aɲ w.a҈-193% SH ɲ {IY tip
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-980.0 ɲ Y % 202% -340.5 -4.5
16294.5 6076.7
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Dynamics (5):     Blade A @ WS=25 m/s

Mass RBM des SH des Y des

BLADE A

FN2 = 39.5

FN1 = 6.68
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RBM ɲ w.aɲ w.a҈-193% SH ɲ {IY tip
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-980.0 ɲ Y % 202% -340.5 -4.5
16294.5 6076.7
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Dynamics (6):  Load /Response summary

Design conditions: Load= -2550 N TD = -36.4 mm VL0 = -3224 N RBM0 = -8437 Nm
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WS = 0 WS = 25

L
O

A
D

Minimum, N -3822 -5536

Maximum, N -2265 -78

Dynamic +, N 285 2472

Dynamic -, N -1272 -2986

Pulse duration, s Ғ лΦлф Ғ лΦоу

Spectrum 2X; 4X; NX 1X; 2X; 4X

R
E

S
P

O
N

S
E

Min Max ɲ Min Max ɲ

Tip Displacement, mm -51.2 -27.9 23.3 -77.9 -4.5 73.4

RBM, N*mm -11572.5 -6606.7 4965.8 -17274.5 -980.0 16294.5

ɲ RBM / RBM0, % 59% 193%

SH, N -4333.1 -2554.4 1778.8 -6417.2 -340.5 6076.7

ɲ SH / SH0 % 55% 188%



Load Mitigation
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Load Mitigation (1):  Blade A -Wind Screen

ScreenTunnel Test CFD simulation

The screenis definedby the so 
called

PRESSURE DROP COEFFICIENT:

DownwindpressureҒ - 1000 Pa

K = 2 * ɲP / ( ɻ * V2)

Forthis simulation, a valueof

K = 6.2 

wasselectedfrom the severalsizes
availableon the market.

Therefore, at 25 m/s, the expected
PressureDrop is

ɲP = 2363 Pa
Total ɲP from CFD simulationҒ нолл tŀ

UpwindpressureҒ молл tŀ
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Load Mitigation (2):  Blade A -Wind Screen

Wind Screen: 
2.5 m below the fan inlet

More regular  distribution of the 
flow vertical component(Vy)

Reducedperturbated areas
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Load Mitigation (3): Blade A - Wind Screen

Mass RBM SH Y des

-8437.2 -3224.6 -36.4
BLADE A

FN1 = 6.68

112.6
FN2 = 39.5

RBM ɲ w.aɲ w.a҈-121% SH ɲ {IY tip

-14760.7 ɲ {I ҈-118% -5638.7 -63.7

-4541.3 ɲ Y % 123% -1820.8 -18.9
10219.4 3817.8
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Fy (N) - Tip displacement (mm)
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Load Mitigation (4): Blade A - Wind Screen
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10219.4 3817.8
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Load Mitigation (5): Blades B @ WS=25

Higherbladecountwith reducedchord.
With 6 blades, 50%of the bladescanbe
simultaneously in the high AoA region,
while with 10 blades only 40% of the
blades, at the most, can be in that
condition

6 blades
10 blades

32



Load Mitigation (6):     Blades B Features

Two blades from blade family B with the 
following properties: 

BladeB1 BladeB2 (35F)

Chord at   root, mm   500 (1.64 ft )
Chord at   tip, mm 448 (1.47 ft )
BladeMass, Kg 89(196 lbs) 41.5 (92 lbs)
Bladecount 10
BOF mode1 & mode 2, Hz 4.1 ς15.7 2.2 ς14.2

Main features Lighter, stiff, medium BOF
VeryLight, very low BOF, high 

dampingeffect (*)

(*) DoubleFRP shaft with
inner friction-baseddamper

Shapeand sizecomparison:
- BladeA
- BladesB1 & B2
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Load Mitigation (7):    Blade B2 Features

BladeB2: double FRP shaft with inner
friction-baseddamper

OuterFRP shaft (glass+ Carbonfibers) 

InnerFRP shaft (glassfibers) 

StainlessSteel  friction
dampingsleeve
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BladeB2
35F type



Load Mitigation (8):  Blade B1 @ WS=25
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