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Motivation

OBJECTIVE

Ongoing effort within the U.S.
Department of Energy Atmosphere
to Electrons (A2e) program to
validate computational models

Sandia
I'll National
Laboratories

wt

N :
23 ¥ = d
| -
- ‘ .
=" ) ATMOSPHERE
S [0 TO ELECTRONS
. J'S. DEPARTMENT OF ENERGY




Motivation

OBJECTIVE

Ongoing effort within the U.S.
Department of Energy Atmosphere
to Electrons (A2e) program to
validate computational models

APPROACH 3

Experiments will be performed at

the DOE/SNL Scaled Wind Farm

Technologies (SWIFT) facility and
compared to simulations
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OBJECTIVE

Ongoing effort within the U.S.
Department of Energy Atmosphere —

to Electrons (A2e) program to sempe
Valldate com pUtatlonaI mOdeIS SWIFT Site Experimental Uncertainty
Quantification
APPR O A CH ; David C. Maniaci, Brandon L. Ennis, Thomas Herges, and Christopher L. Kelley
Experiments will be performed at S e e
the DOE/SNL Scaled Wind Farm s

Technologies (SWIFT) facility and
compared to simulations
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Work at Sandia is being completed
this year to quantify uncertainty in
the measurements at SWIFT




Experimental Setup ) S

= SWIFT facility, 13m long blades

= Fiber optic strain gages in blade
root the V27 OEM blades, 2 pairs 9 /

= The National Rotor Testbed
(NRT) blades have distributed
strain measurements at 4
spanwise stations including 4
pairs in the blade root

= Strain gages are mounted purely | |
axially with thermal '
compensation from fiber optic
temperature sensors




Uncertainty Quantification Methods @

= Using the classic propagation of uncertainty equation
for quantity of interest X, as a function of variables {x.}:

N 2
i dX
0oX = J E (5:?31 :5331)

i=1

= Assumptions:

= Variables are uncorrelated with each other

= Variables have Gaussian distributions for repeated
observations

= The variable uncertainties are at the same level (e.g., 95%
confidence)



Blade Load Measurement ) e,

Determination of blade loads:
= Measurement is axial blade strain
= Blade moment is calibrated to strain
= Blade transverse shear force can only be inferred
* The load set is then used to determine quantities of interest

Uncertainty in axial strain measurement

= Two fundamental sources of uncertainty in the axially
mounted strain gages, due to:
= The effects of gage misalignment and the presence of shear strain
= Uncertainty in the strain measurement itself

de, = \/553‘_7((9]2 + de2

8, Meas 7




Sandia

Blade Load Measurement h) s

: : , deg = ([0€g ()2 Oe2
= Desired measurement is axial : ll s,meas

strain

€. = € cos’H — ve sin’f + ~ sinfcosh

= Erroris caused by:

" gage mounting misalignment (0) 50
= shear strain contribution (Y) or o
. . . 2 30 =5
= The error in axial strain 5 A ——y-0u
th.l 20 \\ —=—y=80u
measurement from these £ L N = |
sources is quantified usingthe € of & o +» + ¢ T4 ¢ -
strain transformation equation 3 -+ o ' :
®
= shear strain induced error is - R e
negligible when there is no gage = %/
misalignment (circle markers) 401
= For representative maxima (€., o 50 100 15 200 250 300
Y) pairs, the extreme percent axia [Microstrain]
error stays within ~5% 8




Blade Load Measurement ) e,

€total — €mech T €thermal

Uncertainty in the strain
measurement itself (€
results from the sensor
properties in addition to the

compensation and correction

s,meas)

€total = €aero T €gravity T €bias T €thermal

AXA
procedures Crona = 2N
Fg
€s,meas — €aero — % — Egravity — Ehias — CTE « AT
&

1
MoFa

+8€e2,_+ (|AT|6CTE)? + (|CTE|6T)?

gravity

2
5}‘) + §e2

d"fs,meas — \/(
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Blade Load Measurement ) e,

= Root bending moment is
calibrated for the V27 OEM Mbenaing = Kear[kNmm/p) + Aeg
blades to a strain differential

= 1 microstrain ~ 700 Nm

SMyending = \/2 (| Keat] 662)° + 2 (Jes| K car)?

= The highest contributor to the
uncertainty in axial strain is the

uncertainty due to shear and Term [z]  Units  Uncertainty [6Z]
gage misalignment S€rotal m 0.823
= Can be reduced with highly accurate  degravity ] -
placement of the sensors, or with O€bias 1] 0.823
strain bending bridges (unavailable)  9€thermat 1] 1.147
N : : 8€s,meas 1] 1.635
= Combination of strain corrections Ser %c] 5
produces an uncertainty in the Se, ] \/(0.02€)2 +2673
strain measurement which is 0Mbending  [kNm] 1/0.0002 My + 2.62
double the sensor accuracy 10




Blade Load Transformation =

= Blade root loads need to be transformed to actual quantities
of interest on the wind turbine
" Requires both coordinate rotations (R,,,) and translations (T, ,)

Fm‘? le
Fyo F/F F/M Fy1
F.o | F.1
My | " My
M M/F M /M My,
i iﬂl'fz'g i i i L iﬂl'fz']_ i
I F.o | [ costlcosfl, sinf, —sinb, 0 0 0 1T F, |
Fyo —sinf. costlycosl, sinfl, 0 0 0 Fyi
F.o | sinf, —sinf, costlycost, 0 0 0 F.q
My | 0 d. —d, costlycostl, sinfl, —sinfly, M4
My —d, 0 dy —sinf, costlycost, sinfly M
| Mo I dy —d, 0 sinf, —sinb, cosbycostly, | | My




Blade Load Transformation =

= Transformation to blade loads to rotor torque
= Rotation from the root strain gage pair to the rotational plane
= Translation from the root location to the rotor shaft centerline

Rz (ﬁrﬂm?‘pmne} — Rz (Jﬂ} — Ry (ﬂprecnne} — T;: (dgage}

= Depends on the transverse shear forces because you are not
measuring the moment directly at the rotor axis

Taero,B — dgage + sinfp * (FI’CGS&romrpirlne + Fy’S'iﬂﬁrnmrpmne)
T dgage * CDS_.B@ * (_Fm’ Siﬂgramrpiﬂne + Fy”:ﬂsﬁrﬂfﬂ-rp!ane)
+ CGS_.BD * (iﬂ"fm" Cﬂsf}ram-rp.!ane + ﬂ*‘j[ryrS"c:ﬂ rotm‘piﬂne)

+ 53‘”.‘8[} * (_ﬂ’f:t"sz.nﬂrﬂfarpmne + iﬂ"fy’ CGSHrafﬂ-rp.!anEJ

Taero,rotor — Taero,B1 + Taero,B2 T Taero,B3

12




Blade Load Transformation =

= Transformation to blade loads to rotor thrust

= Requires additional rotation transformations to account for the shaft
tilt angle

Rz(ﬁrﬂm?‘pmne) — Rz [ﬂﬂ) — Ry(gprecnne] — Tz: (dgage} — Rm(_T){J) — Ry(_gshﬂ.fttﬂt}

= Depends only on the transverse shear forces, which you are
not actually measuring

Tg = Cﬂsgsha_fttiit * cosfIp * (FI’CGSﬁTDtDTPEGﬂE + Fy’ S'i?lg-rotr:r?‘pmﬂe}
+ Cosﬁshﬂftti.!f + s1n 30 * (_F:r:’SinH?‘am-rpEanE + Fy’ CDS&TDfD—pr{IﬂE)
— S'inﬁshafffﬂt # sin * sinflp * (Fm“fﬂsaromrpmne + Fy’S'iﬂﬁrntorpmﬂe)
+ Sinﬁ&h{lfﬁﬂt * Siﬂ’tl) * CDSJBD * [_Fm’ Siﬂﬁrotarpiﬂne + Fy’fﬂsﬂratﬂrpmne)

+ sinfepasirine * cos x Fo

Trotor =Tp1 +Tpo+ Ths
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Blade Force Estimation ) i

= Root bending moment is the
result of spanwise forces
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= Spanwise forces can be inferred
generically for a wind turbine
using blade element momentum
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= As an approximation, the
spanwise resultant force profile is
estimated using a linear profile to
then relate moment to resultant

—_
T

Fthrust Resultant
o
o

(=]

force
der_l 2 2 212 72 0_-_% -
= QpU Cr#*c* ({1 a)"+TSR (R) (1+a’) cos(90" — @) C cos( @)

diFp 1 -9 2 2 (T)? ne\ (o rane _ oy . Cd oo
e _E’OU C'i*c*((l—a.) + TSR ( ) (14a) sin(90 —¢)+aszn(¢)
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Sandia

Blade Force Estimation ) i

= The generic approximation produces high percent errors in the
inferred shear forces at the blade root, when comparing
aeroelastic simulations using the NREL FAST code
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Initial Results and Discussion
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= The uncertainty in torque estimated using blade root loads
results from 7 variables and their uncertainties

oT 2 oT

2 . B | sar, B
OTaero.5 = ( oM., "Mm) T ( oM,
/| org | . :

\'Bdgage ddgage)

’ or ’ or ’
wy,) +(‘6FB 51%_,;) +(‘0FB 5F) ~
d’?‘B 2 3’?‘5 )2
) 63-:—*0 orplane
( C}.L;IJ ;SD) (‘al‘}ramrp.!ane torp!

= The uncertainty in thrust estimated using blade root loads

results from 7 variables and their uncertainties
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Initial Results and Discussion ) S,

= |nitial results are derived to identify the largest contributors
to uncertainty in the quantities of interest, and should not be
taken as final values at this current stage

Table 2. Representative mean values and variable uncertainty | Table 3. Representative mean values and variable uncertainty
at site mean wind speed conditions (7 m/s). at the SWiFT turbine rated wind speed condition (11 m/s).
Variable [x]  Units Mean [z] Uncertainty [4T] Variable [x]  Units Mean [z] Uncertainty [67]
ﬂﬂrrr D(NH]] 4.0 1.62 frjfmf [I(Nm] 10.8 1.63
M,y [kNm| 34.4 1.69 .l“lifyf [kNm] 55.8 1.80
F.. [kN] 2My /1l =53 (-1.38, +0.84) Fy [kN] 2My /1l = 8.6 (-2.23, +1.36)
Fy [kN] —2M, /)l = —0.6 (-0.19, 4+-0.05) Fy [kN] —2My Jl = —-1.7 (-0.51, +0.13)
Fz: [kN] ?T.!B?"Ggﬂz =50.2 1.29 Fzr [kN] ?RBT'G.«;;QQ = 65.2 1.67
dyage [m] 0.75 0.005 dgage m]| 0.75 0.005
Bo [deg] 0 0.1 Bo [deg] 0 0.1
Orotorplane [deg] 1 0.5 Brotorpiane [deg] 1 0.5
Ochafetilt [deg] 4 0.04 Ochafitilt [deg] 4 0.04
1 [deg] 0:360 0.04 W [deg] 0:360 0.04
17



Initial Results and Discussion ) S,

= Uncertainty in torque is mostly produced by the uncertainty
in the edgewise bending moment

= The large uncertainty in the shear forces inferred from the
bending moment does not contribute significantly due to the
small displacement from the rotor axis

ar ar
N'_' — — - dr =1.66 kMm o — — - dr =176 kNm
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(a) 7 m/s wind speed case (Table 2) (b) 11 m/s wind speed case (Table 3)
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Initial Results and Discussion ) 5.
= Uncertainty in thrust is almost entirely produced by the

uncertainty in the flapwise shear force (0 blade pitch cases)

= The thrust uncertainty is lower than expected considering
that blade force is not directly measured, but inferred

5r &
o —— - §T=1.37 kN o —— - §T=223kN
= | [ +iT=084kN = | [T +dT=138KN
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(a) 7 m/s wind speed case (Table 2) (b) 11 m/s wind speed case (Table 3)
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Future Work ) i,

Laboratories

= More work is required to approximate the final values of
uncertainty for the SWiFT turbines

= A Sandia report will be released this year which will establish
uncertainty values for the SWiFT measurements, including the

defined methods for inflow, turbine, and wake measurement
uncertainty

= The measurement uncertainty will be utilized through

targeted experimental campaigns at SWIFT to validate
computational models

20
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Thank you for your attention

This work was funded by the Wind Energy Technologies Office
within the U.S. Department of Energy, as part of the Atmosphere
to Electrons (A2e) program.




