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#HRAEE

AEELRE  BERERRER IR EER  HABEEME > KHE
1o e 5 6 A G 2 i R AR By o RABPAT AT 2 TAF o R R T E B R R
MR EEEWEE  DLRIRARERZHE  H OG5 RE—
i LBk BRNAREESHET -

EIER: B

BT EIEE
FE - 2% WERGR

FI 58 RIE&

AN AE R G AT A il 35 fe E &

T 5 45 55 R AR LE -

ATAA xE i & K 7% & (American Institute of Aeronautics and
Astronautics)

ABL K2 5L (atmospheric boundary layer)

AEP 4 &% 8 & (annual energy production)

AlJ H A 2 £1 2 & (Architectural Institute of Japan)

ALEX17 2017 [ 32 % & B (Alaiz experiment 2017)

ASME 35 [0 1% e T T2 B 177 @ (American Society of Mechanical Engineers)

CEDVAL R oy B BLHE S 2 % 4 K E BR & (compilation and

experimental data for validation of microscale dispersion models)

CFD & i 45 J7 2 (computational fluid dynamics)

CHT 51 & #\fE (computational heat transfer)

COST BR N T 47 & {F 4H 45 (European Cooperation in Science and Technology)

CREYAP L B R K AE = & 2 57 8% T2 F2 (comparative resource and energy
yield assessment procedures)

DES 43 B =008 77 15 Bk (detached eddy simulation)

DDES G 38 oy B 28 R #E E (delayed detached eddy simulation)

DEWI {43 &% JE\ BE ©F 5T Ff (Deutsches Windenergie-Institut)

DTU £} 224 i K 2 (Danish Technical University)

EWEA B M JELBE 17 & (European Wind Energy Association)

EWTL ¥ 1% E F & B = (Environmental Wind Tunnel Laboratory)

FCF R I E IE K & (flow correction factor)

GWh 5 & REHY (gigawatt-hour)

IEA BY % BE R 48 2 (International Energy Agency)

IEC R 8 L ¥ fft Z2 B @ (International Electrotechnical Commission)
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3.3

LES
LIDAR
MEASNET
MEP
NEWA
NSC
RANS
RNG
sc
SODAR
TC

TR

uQ
URANS

V&V
VDI
WASsP

WFIP
WTG

FFR R EAL

KR M ¢ (large eddy simulation)

S A8 JHI B3 HI BE (O %2 ) (light detection and ranging)

JE, BE WF 5 Fir & JHI 49 B8 (Measuring Network of Wind Energy Institutes)
5 B 57 {f % & (model evaluation protocol)

FrECN JE 7 B (New European Wind Atlas)

218 X 5% 35 £¢ I (numerical site calibration)

T S Y 2 4N 4 B - E 52 H (Reynolds-averaged Navier-Stokes)

T IE #i 1E B (renormalization group)

& By 15 K¢ IE (site calibration)

A 2 e A B HI BE (2% %% )(sound detection and ranging)

¥ it &2 B & (technical committee)

Fi 17 ¥ &5 (technical report)

R iEE & &1k (uncertainty quantification)

AIEE F B VY 2 40 4 B - B & 52 T (unsteady Reynolds-averaged
Navier-Stokes)

7 35 B fifE 55 (verification and validation)

% BX T % Eifi 17 & (Verein Deutscher Ingenieure)

& 77 B 4 fr Bd FE A F2 2 (Wind Atlas Analysis and Application

Program)

JE\ 77 78 HI 2 =& B ZE (Wind Forecast Improvement Project)

J& J7 7% (wind turbine generator)

AR ANE R ANFERZF5 > W& 1R -



* 1 AR Z AR

CNS 61400-12-4:2023

FF 5% E 7% B
;i W R 2 580 IH m/s
5 3318 ) ba
H TR Pas
Mt BRI Pas
Cs Hr S AR T B )

K HRFHEE
d ES 8l - oAy m
A Je BB i e gs R ST m
l BRRERE m
IR AN 7 RANS IR Y R EERE m
ILEs 7€ LES tHAER Y R R E R E m
fa DDES 5 8 7 6 & &7 m
U A Z P & m/s
ui Jimi EZEREE S E m/s
Xi J a1 B 7 ] B m
P -3 B ] Pa
p T E kg/m3
v HEE R m?/s
F. JiE i F 2 E S JJ(body forces) kg m/s
u;i; 25 % M€ J7 (Reynolds stresses) m?/s?
dij o2 (K 7 9% (Kronecker delta)
VT )RR m?/s
\ O B AE .
turbulence kinetic energy
Lt BARERE m
k A4 E
P m?/s3
production of k
€ B R Bl RE M AL m?/s?




CNS 61400-12-4:2023

9% E Bz
Cy RANS # it 15 B 8

Cie RANS # it 15 B 8

Cae RANS # it 15 B 8

o RANS # i 5 2 5 8

E fifE 55 bh e 3R =

Smodel BB RE 2 RE

Srum BT RN E R 2 SR E

Sinput B ASBZHE

dp B E R

Uyal fifE 3% A5 2B A i E S

Unum B {E R A T E

Uinput W A 2 8RN E R

up B E A e

r H B 5 8

yd DDES £ #

A f& IE~ DDES & 8/ I L el 8

A, DDES & #

K AR Z KV E B # m?/s
K, AR EEEBHE m?/s
i JiTE i R & m/s
P B 7 % & Pa
Ui JIE GO ROR Z K & m/s
D HrEK m

4. WUERRBEER 2 B

41 GRS
E1 1980 4F (R DUAC - 4 5t B A IR B -
5 5T P 00 400 40 OO FE ST T 00 R R O BUR SRR - 9 B 8

B KRR T - AE

TR

R RO B Ry R ) B R AT i 2 AR

AR E A B E PR 2 o DR 2T E 2R




4.2

CNS 61400-12-4:2023

D TER BT RIESZEER -

o
—=0->i=1,...,3 1
o, i (1)

- - 2.

ot 0 Olij loph
1———}—74-1(— —|+K,—5i=1,..3 Kj=1,2 (2)

I ox; ox; p GxJ Ox; 0ox3

Hp o Ui(=12) B EEH R R 2 KPHEE S & #i= 1,...,3) KB EE 5
Ko R JJ BB o Kn R Ky By 7KV BLHE B 77 6] 2 A 200 B &b
JBAE R 52 BE I~ RO A BABE ROR R R K H At B ) RIER M ABL B4

EZBWBLT  ZRUEHEERE R -
J&\ 77 [ 53 A B P 2 20 (WASP) [314F %3 14 155 B o i %02 JE ] - WASP 72 [ o 15 % i
T ok BT > R R A B R B TN A B R A4S o BE 2 3R E R 0T AE B
AR - KERA DM - RS bRAAKESELAR HbgBEUEEEN
FE ~ FH b 25 B B EABE SR (B EREE - TR -
A ErERE R HAdfd - M EBER S EEREM -
B 56 39 2 @4 B - 3T 5 T BT (RANS) Y
a0 4.1 ot o | P &R 1 L 4 BR ’?Jr%‘}ﬁ%%ﬁjjﬁ(CFD)ffﬁﬁ”fﬂjjﬁ;%EPZ
JE P b S bk B2 02 © CFD £ K5 48 57 I8 (ABL) 2 JE FHl &2 B #% i T f2 CFD Bt L
SLEBZEE -CFDEEHEREETH AR HbAH 4 ERAEE - BJH
3EBEET R -BEAFZRMHMAANAREZEMEBEE WWHE - BRERIABRE -
KA MBI HEER 2 8 CFD 28 18 8 — B | 0% - H ool R0 8 AE a5 B 2 &
ot - FEM P KR 2 e SRR &S fOR SRS g R R
% o

£ 8RB0 OV 3 Z AU AE B -HT I E HT (RANS) 75 A 419 - IR R R Z R E » DL st
BRI B L S B R AT B By P RO I (B R 7 & (B ¢ Ui=Utui 15 8] RANS J5
)

i
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,90U)

pU op, 0 _
( ) p+ axj w2

6(pU) =0 R Ox; ox

R i =1,...3 (3)

£ RANS 772zt - ZEH’%%E;}ME%élﬁm(BT%%i%fﬁiﬁﬁ%EEJE’??U)%%M: » DLFA &
FREAARLE - Boussinesq et & 15l AR JﬁJT*—(*B%:EfEJ/ﬁ\) ’ EEREE N
SEHEERE Z B & -

— oU; 8U 2
—uiMJZVT(a—)CJ a—x)—§k5 ,J = l,...,3 (4)

SIA2EEARAERFERER  EFHERME vi NERIIGE k- EEE R EIHE
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Two basic quantities are introduced to describe the turbulence: the kinematic
turbulence viscosity vr, and the turbulence kinetic energy, k. The kinematic
turbulence viscosity depends on the turbulence kinetic energy, k, and the size of the
turbulent eddies, L1, as vr = k'/? L.

AARESEZEAE  fl —AGTEAKR A TEAER - £ TEABR S
R EE ko KT ¢

There are different types of closures, e.g., one- and two-equations models. In the

one-equation model, the turbulence kinetic energy, k, equation is solved:

ok K8 [fvryok] .

N HPHREEREEEZ kR Pk B MBI EHEREERE Lt 4
A0 T = R ek B o A R R BARE E M Z ek B IS] -
where Py is the production of k due to mean wind velocity gradients. The turbulence

length scale, L1, is deduced from an analytical model, such as a function of the height

above the ground and sometimes the thermal stability [5].

fE AT R (k— e RNGk - k— o ) (FEH 2 8 8 i 75 8 2 2 17 B
G HE-MARNk H-HARERBAEHE -

In the two-equation models (k — ¢, RNG k — ¢, k — w,...), the closure is made through

two transport equations, one for k£ and one for the turbulence dissipation, &:

TX_p o O [() K], _
Uig P ‘°'+axj[(ok)axj i=1,..3 (6)

ToE_E 9 [(vr) 2
Ui 6_xj_ k (CrPi-Coee)* Ox; [(cg) Ox;

]
2

]’j=1,...,3 (7)
HAG TR v B EHERME vr = Cuk;°

2
The kinematic turbulence viscosity vr, is given by the closure equation vt = CH?

i RANS #ERLFT il f 2 2 /& st > o] I JE A8 Rk RANS(URANS) 2K i 4t # §f) 75 12
7 o

Without the steady-state hypothesis used in the RANS model, the equations of motion
can be described with unsteady RANS (URANS).

HE R AL - fEZ BT - RANS £3 8B 15181 o] 76 01 47 8 & > F0% 77 o &/
bf 2 > (H % & B 45 R 2 ME R R 7R 7 BE - ML AR A 1 A 2 i st R B AT El A - RANS
A EEERN P MEEZBR#E > £ HEEI T RGEE AT - 52 e P
Jg At B ) R 5% 2 i 2 75 %€ > Bl 2 {2 IE & Monin-Obukhov A5 {004 ¥ &5 [6] 2 # 7 B
& BKREEETERXILAE RANS JF R [71h R % I - B FEHINES -
Compared to the linear model, the RANS steady-state model is able to predict flow

detachment and reattachments in the separation zone in most cases, but the accuracy

—8—
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of the results in this region is questionable. This limitation is inherent in the
statistical nature of the model. The RANS model is mostly applied under the
assumption of neutral stratification, which in many cases limits its applicability.
There are solutions proposed for coping with the neutral stratification limitation
assumption, for example, through modifications of the turbulence closure based on
the Monin-Obukhov similarity theory [6] or by solving energy equations and adding
a buoyancy term to the RANS equations [7]; however, additional validations are
needed.

HERRERAE > RANS AR E L HER - Hal > HARERARSE Z &K
aF 8 R e B 5 M BRI 2 M~ U R R R S B AR MR S -
RANS models require significantly more computational resources than linear models.
Presently, they are used for resource assessment and site suitability in complex sites,
such as nonflat terrain, abrupt roughness changes, or forested areas.

KBREEF (LES)E JE S RANS/LES #fH 3 (Large eddy simulation (LES) and
hybrid RANS/LES models)

R S A E (LES) [8] 5 £ #E H K 28 U8 &5 DL R WS /N ROEE 8 > (% K AR 48 A% o] g A
2B - KA BREE 2 77 R2 30 (6 A Smagorinsky ZC 48 1% R R [8]) 6] %R
T

The idea of large eddy simulation (LES) [8] is to ignore small-scale turbulences by
a low-pass filter and to only solve the turbulence that can be resolved by the grid.
The governing equations for incompressible flow (using the Smagorinsky subgrid

scale model [8]) can be written as follows:

6pﬂl _
o 0 (8)
o) | Opw) 5“1 Guj

& | ar ox; (“ ) o (9)
w213 (10)
Ly=C;sA (1T)
= Ot

ij——<axJ ) (13)

N o BEEEREZE 08 > C BT EXMAITEE S > AR E 5 #E JE S K/
(i,j=1,..3) Ht XRERREREE ZFELZEHANRS B ER9] -

where i; is the i component of the filtered wind velocity, Cs is the Smagorinsky
constant, and A is the local filter size, i,j=1,..,3. Further information for other
subgrid scale models can be found in reference [9].

RIEF RANS » LES AR R @18 RE 2 82 B #7220 B SR B 18 B B
MZAMMAME - HI > LES S ERERERERE  ERNEZS/HERE -
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BEAN E MR A RE AR B AN LR TS ES G 2 A e E RO 0 B o] | LES
fig ok > HAHERY RANS - b RO 0 B B i 2 i35 e E AT B E [10] -

Unlike RANS, LES does not solve transport equations for subgrid scale parameters,
i.e., all eddies that characterize the flow have to be resolved. As a result, LES is
highly dependent on grid resolution, and choice of the grid is critical. On the other
hand, when the grid is fine enough, LES can resolve the unsteady flow separation
that can typically be seen behind a hill or at the edge of a cliff, and a simulated flow
field in such a flow separation region is closer to reality than RANS [10]

PRI > REHERE 2 B L LESHEEMBEZ — - B © ¥R ERE > LES
EAEM AR Z L IRER Gt ERAAE -

One major problem of LES, however, is the modelling of surface roughness. For
example, for a low-roughness surface, LES requires very fine grids to resolve it,
which is too computationally expensive for an engineering application

Ef2 iR 1 RANS/LES 7K 2 fi# 4 L f R - 40057 B O i 15 € (DES)[11] » {£ DES
Kk Fe 2@y EN > RERE IATHTHEHE

Hybrid RANS/LES approaches have been proposed to overcome this problem.
Detached eddy simulation (DES) [11] is one such approach. In DES, the transport
equation of k and ¢ is solved, and the length scale,/,can be calculated by using the

following equation.

! = min(/rans,/LES) (14)
S
Where
ké
2
ZRANS:E (15)
ILES=CSA (16)

FEHME 2 7705 > AEE R T2 RANS A fEEEE 8 5 2 & i 2 # LES - 4
ifi > Spalart ¥ A [12]45 4 DES S B {E 238 51 g of R M A IERERYAT B > MR H —
T A K I 2 O B R R B (DDES) 2 {2 1E - £ DDES > RIERE [ 0] FEHLLT &
A EFE[13][14] ¢

By using this approach, the RANS model is chosen near the boundary and LES is
chosen in the region far from the boundary. However, Spalart et al. [12] mentioned
that the DES model exhibits an incorrect behavior in the thick boundary layer and
proposed a modification called delayed detached eddy simulation (DDES). In DDES,
the length scale, /, can be calculated by using the following equation [13][14]:

[ = Irans — famax(0,/rans — /LES) (17)

o
Where
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f;=1-tanh [ (4,7,)"| (18)
SHEEABAIFERON 4 20 BB RS E S DIEEKREENZ RS
In reference [14], the authors proposed a piecewise function of A, instead of a
constant to simulate the flow fields in the atmospheric boundary layer.
BEREHEEH 2B A S 5| (Existing guidelines for numerical flow modelling

applications)

— /& (General)

MER - BEHS B TR RN E R ERERAHE 2 £ S - mERE
Kbt 2 5 5] o AEARERR IRt B NSC i MH B 2 45 5 4t

Scientific communities, certification organizations, and national engineering
associations have put together guidelines on verification and validation, quality
assurance, and evaluation of numerical flow models. An overview of the most
relevant guidelines to NSC is provided here

ATAA (1998t B R HEEBREB N ESE S| (Guide for the Verification and
Validation of Computational Fluid Dynamics Simulations)

FEEIATZE M K E & (ATAA)FE T [15]42 k. CFD #5 RU M 5B B 4 7 45 51 - (4 Bl 2 4
AT & S PLRE S (V&V)a B - UG B AU &5 IR 7 v g B R nf (5 & > DL 2 AU
R ETHMMAR - A S EE S LSS A RERS - KNIt WSS
By EHEEGFBEMRY Y ] 52T LI & k210 - K gk o] 5 s 710 0]
MTHEENZHBEZE -

The American Institute of Aeronautics and Astronautics (AIAA) guide [15] provides
guidelines for benchmarking the performance of CFD models. It is a matter of
performing as many verification and validation (V&V) tests as possible to gain
confidence and credibility on the model results toward the specific intended use of
the model. The high complexity of the models makes it very difficult to validate the
full range of operating conditions. Hence, the main objective of the validation
process is to develop and quantify enough confidence in the numerical models so
that they can be used reliably to predict the variables of interest within acceptable
limits.

V&V RIEEZ B LT EE

The following elements should be considered for the V&V process:

- BRLY — it BE HEEHRSER -

- general description of the model including its intended uses or applications,

1o 2 S 7EOR O A2 2 2 A -

- description of the prognostic equations that the model solves,

C R BT k-

+ description of the hypotheses and approximations,

- BREZHEZMA -

o
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« description of the model parameterizations,
KRR B 22 R /0 RS AR AT I -
- atmospheric scales and spatial/temporal resolutions,
SR AR 2 -
« description of the computational grid,
&5 R R
« boundary and initial conditions,
o A B AR -
- input data and sources,
TEL 95 T B 2 T CHE TR0 408 1) 2 B WA LR
« output data in terms of prognostic and diagnostic (derived from prognostic)
variables,
S 75 A6 U R A A DL AEE R 7 RS R B 4 AR -
- references to published material addressing model evaluation results from this and
other similar models.

S3 BRI NEREHR EBREFEIEE — ASME V&V 20-2009 (Standard for
Verification and Validation in Computational Fluid Dynamics and Heat Transfer-
ASME V&V 20-2009)

5% B0 1% ik I FE Bl B & (ASME)RE B[ 1614 2 s B R AR 8) ) 82 Rt HE A (CHTHR Z
V&V J505 - AfEREG » EAEREERE ML KRZE E S8 o # b A
AR AR B I BR 7 Omodel » HUME AR Z BRE Onum ~ FREEE A B L Z SR inpu K E
S {E R %= o WA N A URATR ¢

The American Society of Mechanical Engineers (ASME) standard [16] describes the
method for V&V in computational fluid dynamics and computational heat transfer
(CHT). The idea of this document is that the comparison error, E, between the
measured and simulated value can be written by using an error due to the modelling
assumptions, dmodel, an error due to the numerical solutions, Jdnum, an error due to
simulation input parameters, dinput, and the error in the experimental values, dp, as

shown in the following equation.

E = 5modcl+5num+5input_5D (19)
T Onum ~ Oinput & Op By JB ILHY L 5 TE (uvar) 31 #E 2 O B T JE O O A
Assuming that dnum, dinput and dp are independent, the uncertainty due to these terms

(uva1) can be written as:

2
2—H’linputz—H/ID (20)

Uyal= | Unum

o wnum By BUE BF (A0 Onum Z AR HE 72 ) F BT 5| #E 2 K 1 € 2

where unum is the uncertainty due to numerical solutions (i.e., the standard deviation
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of dnum), €tcC.

ABEZHNGREL T ZE  DUELCBEERRZAHEER > LREZE AEEAN

BT

The purpose of this document is to propose methods to quantify the uncertainty of

the modelling assumptions and interpretation of this value. Thus, the content of the

document is as follows:

- FEREANABESABALTEES > UELCHREMZAEEE - B2 &EFE
AR ERE TR ET BASTENEZ IR ARG @B ALE

S

1T °

ﬁ}

« Uncertainty due to numerical solutions can be quantified by using code verification
and solution verification. The code verification can be performed by comparing
the numerical solution with analytical solutions. The solution verification can
be performed by systematic grid refinement.

FEHEHEWMAZBOET RAGEBREE SN > IEEEER A Z AT E -

« Uncertainty due to simulation input can be estimated by using systematic
sensitivity analysis of the input parameters.
AEEREAEEE Z ARG -

« The basic concept to determine the uncertainty in the experimental values
HHARBERLT ELEBR BRI ER 2 AMEEEN T EETHL -

« The method to quantify uncertainty due to modelling assumptions is described for
different cases.

T AR B O R R R e

« The interpretation of uncertainty due to modelling assumptions
V&V 7Rl e

« An example of V&V.

5.4 COSTTRFTEI"MBEKELER 7 R EBHREE7(COST Action 732 "Quality Assurance
of Microscale Meteorological Models")

BN B B il & fE(COST)732 178 " AlRRHEM Y mERE" [17T]5HERES

PREEANTAAEFE TRERMAZMERZEN Z mEH - WERERS > HRER S

t it gE ARG RE RANS SRR Z 5] -

European Cooperation in Science and Technology (COST) action 732 "Quality

Assurance of Microscale Meteorological Models" [17] has been set up to improve

and assure the quality of microscale meteorological models that are applied for

predicting wind flow in urban environments. These best practices are based on

previous guidelines devoted to steady RANS equations for neutrally stratified flow

fields.
AEESE -GS DRV HEEREBEETZRERAHEER - EHZA
MEEEEEL TREAR :
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General guidelines are developed to reduce errors and uncertainties in modelling the
physics and in numerical approaches. Uncertainties in modelling can be related to:

B g

- target variables,
AR E PG RE > FHNEREA -
- approximate equations describing the physics of the flow, such as the turbulence
models,
b B 2 Rk E -
- the geometrical representation of the obstacles,
SPREEHZER  HEBFREIBESE -
- the definition of the computational domain including the boundary and initial
conditions
BEZEZAECEITRERDTHREAR :
Uncertainties in the numerical approach can be related to:
TR MER -
- computational grid,
- FHET &K -
- time step size,
- BETPIEERE) -
- numerical approximations (discretization schemes),
< R U ECER -
- iterative convergence criteria.
COST 732 {78y 24651548 7 oK 2 BB A - 30 5% B T 7% Bl fif 1 & £ 8 B8 DU D
BhER - ZMBBWAERKIERE ERUA N EN M E 2 M6 £ —RE5IH I RTEER
ffE o B c RISEERBEMER 7 RERY - BEHRELESH > FUstHEENZE
#oESIh RS BEANEEEATE T AN NS > THEH T HEE
Z = B e 5% 1 TR B 22 i R R R AR AE DA R W i S R 3 DUBE o a0 DAORR /D 8
B8 7= -
The COST action 732 guideline remains general for most of the criteria and
encourages engineers to use best practices to reduce errors. Most parameters depend,
to a large extent, on the details of the application problem and cannot always be
precise in the general guidelines. For instance, no best practice for the choice of the
turbulence models is given. Nevertheless, for some parameters, such as the choice of
the computational domain, the guideline gives precise recommendations: domain size
should be defined as a function of the urban size model, especially the height of the

urban canopy. The guideline also gives clear advice on spatial and time discretization,

as well as convergence criteria, to reduce numerical errors.

% 15 51 SR 158 F SCRK o 5 B 25 ) 2 B (8 B8 B G B e A B M RE R -



CNS 61400-12-4:2023

The guideline encourages the application of numerical sensitivity tests and validation
of the model performance on test cases available in the literature.
5.5 HABESE & 55| (Architectural Institute of Japan guidelines)
5.5.1 —f& (General)
HAZEFE G ALIEH 2 35 CFD EM 551 - H— & CFD fE Y H E 17 A
BRI 2 ERIEMESFM8] > 5 — Al A EEYEEZHETF M 2019] - It
PHEESIEEERETEREREEERF ZRERY - SFERAEDT ¢
Two guidelines for CFD applications were proposed by the Architectural Institute
of Japan (AIJ). One is The guidebook for practical applications of CFD to
pedestrian wind environment around buildings [18] and the other is the Guidebook
of recommendations for loads on buildings 2 [19]. Both guidelines contain the best
practice for setting the computational conditions and benchmark procedure. The
computational conditions are as follows:
SAEEEEE -
« computational domain extension,

S E R R AT

- grid generation and resolution,

&R -
« boundary conditions,
WA -
* numerical scheme,
- I
» turbulence model,
fid ik 2 Wtk
- convergence of solution.

SS2BRYBEETARREZ CFD EEEEM 55 F M [18](The guidebook for
practical applications of CFD to pedestrian wind environment around buildings
[18])

T CFD Kify ¥ 17 AR BRIRHE/T @ & THM 2 R > BWENIEiES I - EEE
Ry P15 B 2 EE R R c ZIEFIENELEABZER  FUE-BRY N E
Y UREBREHETER Z EEY KEhd » & EZ R R - AL @ B A iS
fiff 58 &k -

This guideline summarizes important points for using the CFD technique for
appropriate prediction of the pedestrian wind environment. The variables of
interest are mean wind speed ratio and turbulence kinetic energy. The guideline is
based on the results of benchmark tests, such as flow around a single building and

blocks of buildings, and buildings in an actual urban area and tree canopy. The

validation database is available on the AIJ web site [21]



CNS 61400-12-4:2023

553 EmYEHEESESIFH 2(19]1(Guidebook of recommendations for loads on
buildings 2 [19])
A ER et M ERMEMNES > BEEN CFD 2B 2 -
RiEsZ 55| - CFD ol fE R el el B < B UL - EES B HEER D GB KT
JEl 2 LR R B RE - AEs% eS| > HRNERE R E K ERYE E R 08
= H % (reproducibility) 3K - E s Dl LES FHH 98 B S F I 2 e EHE & E - K
fa gl HE AU 3 B - AR A 5T B AR 5E DL R R R E ek Gt -
This document provides a practical guide for predicting the design wind loads on
a building, including the effect of terrain using CFD based on reference [20].
According to this guideline, CFD can be used as an alternative to a wind tunnel
test. The variables of interest are peak pressure coefficient as well as mean wind
speed and turbulence kinetic energy. In this guideline, LES is a recommended
technique to predict peak wind loads during strong wind events due to the
reproducibility of the turbulent boundary layer and separation flow around the
buildings requirement. This guide shows requirements for model setup, accuracy
verification and validation, and wind loads design.

5.6 VDI 3783 %5 9 SERBISE S — BN MR 51 5 — B SR B B A I 00 30
fi (VDI 3783 Part 9 Environmental meteorology — prognostic microscale wind
field mode- evaluation of flow around buildings and obstacles)

R TG E(VDDIESI B2 @B EH LA MBE 2 B 28RN > WAEITLER
EREE R PR O E B 2 R P B AR Bt R SRE B -

Verein Deutscher Ingenieure (VDI, German Engineers Association) guidelines
describe the state of the art in science and technology in the Federal Republic of
Germany and serve as a decision-making aid in the preparatory stages of legislation
and application of legal regulations and ordinances.

VDI 3783 $5515 9 #i[22]1H W Ffli P £ 2 2 CFD Jal 5 15 B - 5% f5 B fi
Rt ABL thEBEY EEZ i - VDI 55| Zsf iR E ERERE 2 &
i E o % FE T E & R U R R R AR 0T R T M 2 R R - TR IR B BR R 1 (2
BOMRERSZER) DURBEHERIN—-FE -BRS2EEHNKBEERERR
I 5% Fr B2 55 & ) & B = (EWTL) 2 CEDVAL & kIE [23] - LS kKLt BH
" RANS 7 7 5¢ff o A B = 540 2 0 AR R - H RN 7Y LES BTG 55 - fi
ia 4 8 B i AR I E Y VDL f5 5] o -

The purpose of guideline VDI 3783 Part 9 [22] is to evaluate microscale CFD wind

W

field models over terrain that explicitly resolve the flow field around obstacles in
the near-ground ABL. The purpose of the evaluation procedure given in this VDI
guideline is to ensure a high-level quality of the models. The guideline contains
recommendations on convergence criteria and grid resolution independence. It also
provides test cases (including analytic and experimental reference data) to validate

model consistency. The experimental reference data originate from the CEDVAL
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database by the Environmental Wind Tunnel Laboratory (EWTL), Meteorological
Institute of University of Hamburg [23]. These data were designed and are suitable
for the evaluation of RANS models. Due to the lack of detailed inflow conditions,
they are not applicable for LES model validation. Validation metrics and passing

criteria are provided in the VDI guideline.

B AEREER 31 Wakebench- & 3F & 7t 18 B! ¥ fh 1 € (International Energy
Agency Task 31 Wakebench — Model Evaluation Protocol for Wind Farm Flow
Models)

BN BB GE IR E (IEA)R S L # ~ Wakebench” ZHEZR[24] > B M E [l 3% & i 15 B
Z AR BB 7 7 (MEP) » 3% 1 & 8 R OB R 3 RO B 2 V&V HEZR > 4
J&\ 77 & IR 5 B i B Al B R 8 s ET

A model evaluation protocol (MEP) for wind farm flow models has been developed

-
Hk
o
H
%

in the frame of the International Energy Agency (IEA) Wind Task 31 "Wakebench"
[24]. The protocol addresses a V&V framework for wind farm flow models at the
microscale level, typically used in wind resource/site assessment and wind farm
design applications.

MEP {5 F F BLE R B V&V HBIEBAE 2R 2 B B % - MEP LT RA -
The MEP is developed as a basis for a framework for activities related to V&V of

wind flow models. The MEP consists of:
FEHBIEZE T ETHAEE -
- model qualification by scientific review,
AR EEZEF -
« code and solution verification,
s - HpEE
- validation, which includes:
— HAEMWEE -
— a building-block validation approach,
— HWEEEE R EEK KRR -
— validation data requirements and sources,
~ EEEY -
— variables of interest,
— BRI E K EAE -
— setting up and running a model,
EE -
— metrics,
— mE U A -
— quality acceptance criteria,

- BAZIE -
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5.8

- model calibration.

MEASNET — iR BB 45 € B L ¢ 5 (MEASNET — Evaluation of site-specific wind
conditions)

JE BE WF 5 Fr & R 48 B (MEASNET)fE E R gE His A Sl R Z & FHS SEHERS
mBEZEN FEREEBER K EE > DLIRERZOHM - MEASNET % &
B 3 R E B SEfE 7 [25]#% 2 MEASNET X B E 2 BB SRR - /AT E
g N B R B &S R 2 E R M FE P Al - NSC A HH BE BB o B 22 fE A HEFE 51

HF SR 5T BUE A B - MEASNET f8 ff Bf 70 2 B R &5 - R B R et - AL BR a8
KBEUE At 2 — MR 58 - MEASNET JR i 38 5 Ot 2 188 2 A Bl 0 R % FL R 7% 3t B
Kl B i RS R S (B O A & R AN E i B 2 Ay B R KO BB B~ MR R RS

fo 2 M R A R RO 2 AL AT DL E) -

Measuring Network of Wind Energy Institutes (MEASNET) is a co-operation of
companies that are engaged in the field of wind energy and want to ensure high-
quality measurements, uniform interpretation of standards and recommendations, and
interchangeability of results. The MEASNET document Evaluation of site specific
wind conditions [25] outlines the procedure for site assessment agreed upon between
the MEASNET members. The document describes topics from required input data to
results reporting. The most relevant part for NSC is the spatial extrapolation
guidance that requires numerical modelling of the wind field. MEASNET provides
general recommendations on model verification, model assumptions, model
validation, and sensitivity analysis. MEASNET also recognizes that the uncertainties
of flow modelling will both depend on the topography and site meteorological
complexity (vertical and horizontal distance between the measured and extrapolated

position, terrain roughness, stability conditions, and the used model approximations).

6. EEEFHRBHEL (Summary of benchmarking validation tests)

6.1

6.2

— % (General)

FoHUGTRMEMMBE EF ZLBABMBE AREEEAERE T HO2HEEHE
FERk > By B AR EAT P

Clause 6 provides a summary of comparison tests from wind flow modelling
validation campaigns. Some of the projects have been completed and some are
ongoing at the time of writing.

RAEBERB B E > EWI {83 = (DEWI Round Robin on Numerical Flow
Simulation in Wind Energy)

e S RS 2004 £ B 46 > 2008 £ 58 K [26] o B R 2 BUE B R 2 A R RE 0 o
M B E O 2 FEBHEE R RS R Ry H R - EER R 2 B AR RS
BB R K REHITE EAERCBEES - Bt > 228 F &R
I FEREATEEE B I ESEHE R ERAEEL@W A > DIstE H M 2 46 3 522
ZEGL WEHEMZREME/TH  H2HEEHRAE -
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This blind test was commenced in 2004 and finished in 2008 [26]. Numerical models
at that time were already widely used in wind energy analysis to extrapolate the wind
conditions from a point where wind conditions are measured to other points of a wind
farm where wind conditions are unknown. The aim of the round robin test was to
systematically evaluate the capabilities of the considered models of extrapolating
wind measurements horizontally and vertically. Therefore, the participants were
given topographical data and requested to perform a simulation that takes as input
wind measurements at one reference point in order to calculate wind conditions for
two other target points for which wind measurements were available but unknown to
the participants

A8 XS HEFM MR EBER (B - A - RANS K LES) » 2 Bl 3% Wi i fif
FAAEE Z 8 - R PR 4E R B 2 ErE 2 S ERETLER - WASER 43
m > FEK W s Fs 80 m e

There were eight participants using various numerical models (e.g., mesoscale
simulations, RANS, and LES), with no participants using the same model. The
predicted results were compared to the measured data at these two locations. Input
height was 43 m and outputs were requested at up to 80 m.

R & R R R B E 2P IEE S %E 18 %M - AT F&HEZIRE
RIREL - EHFHEREHRAEE 1 %E 36 %[ -

The average of sector-wise absolute values of mean wind speed error was between 5
% and 18 %. However, the individual sector deviations were larger than this. The
absolute mean energy yield error was between 1 % and 36 %.

Bolund Hill 5 | E E8 (Bolund experiment)

Bolund Hill & JI 5 B B P+ 2 5200 K22 (DTU) Y 2009 £E 4H &% - 0 250 70 S R 2R 155 [27]
(28] - PHEZEMT A EM T 1 B/ NS(H 12 m> & 130 m> 5 75 m) > fEH DL E 2
m~ 5 mk 9 mEE#ETEZZEENES o [ 2 8RR R R BT &R
ZHAWAER  HRERHEKMBHUEZHEHER  FEE  ZER LB
J& o fH b RS o Ih R RAR MR B (R -

The Bolund Hill blind test was organized by the Danish Technical University (DTU)
in 2009 and focused on flow modelling [27], [28]. A small island (12 m high, 130 m
long, and 75 m wide) near Roskilde, Denmark, had an extensive wind measurement
campaign at 2 m, 5 m, and 9 m above ground level. Participants were provided with
all input data required for a flow simulation of the site and had to provide results at
specific points reflecting the measurement points. It should be noted that the
steepness of the hill and the abrupt roughness change in that experiment violated the

linear model assumptions.

ZEBEEAERRE R ST EREBEIYEAEL - G4 LES 1] - RANS f#
B AR DR ECE ROKEER - A2 EEES A EBAAE 600 {E iz & B H# 45
% o



CNS 61400-12-4:2023

Four wind directions were defined and 57 models ranging from numerical to physical
were used, including LES models, RANS models, and linear models, in addition to
wind tunnel and water channel experiments. All participants were obliged to return
their results at 600 positions
FEFESAR TS BA X7 #ERA &2 RANS JEE TR — &R - &
MREMHBB R AN R T @ MERNBZFHERER 102 % GREEM 1 £ 4 77
Bl E5 9.6 %~ 10.6 % 13.8 %% 7.0 %) 3 1A Uy 1 5 o op = ol 5] GRBR K 51 4) » %
EWBRER/D - HER&HRE D HHEBEHROEENERABCHARBE 28
EE G EE -
In this particular test, the RANS methods with two-equation turbulence closures gave
the most consistent results. The best-performing model showed mean errors for all
cases of 10,2 % (test case 1 to 4: 9,6 %, 10,6 %, 13,8 %, and 7,0 %, respectively) on
speed-up factor. For the wind direction with the most moderate slope (test case 4),
the smallest error occurred. The importance of having experienced modellers using
well-founded numerical approaches was underlined in the project's final report
6.4 BEMNBEEGEEREEFERLKPERF I R I(2011 > 2013)(European Wind

Energy Association Comparative Resource and Energy Yield Assessment
Procedures I and II (2011, 2013))
&R e BE R E W EE R SR A2 5 (CREYAP) S5 1 B8 (2913 B i DTU #17 - /£ 2011 £
BN JELAE 55 & (EWEA)JE\ AE & R sF s (o f sy & LR FAER > KB 16 B HAY
36 fiE 41 @k AL IR A 37 BEAE IR - A BRIALE 1 18 28 MW R #E AT (14 GETIHK) >
A 1TERESE - P il RG XA - B
The Comparative Resource and Energy Yield Assessment Procedures (CREYAP) Part
1 [29] test was conducted by DTU and results were presented at the European Wind
Energy Association (EWEA) Wind Resource Assessment Technology Workshop 2011,
with 37 sets of results submitted by 36 organizations from 16 countries. The test was
carried out on a 28MW wind farm (14 wind turbine generators) with 1 meteorological
(met) mast. It included a wind farm case study comprising:

Je& 5% e JEl 7 1% & R
« wind farm and turbine data,

JeR\ 57 1% B A
- wind climatological inputs,
- A -
- topographical inputs.
EL e B 45 5
A comparison of model results was done on:

50m Jz 60m jiE Z £ W& IE /2K -

- long-term corrected wind speeds at 50 m and 60 m,
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- EEAMEGED) -
- vertical extrapolation (wind shear),
XXREREE -
« cross energy yield,
- BERFEEER
« potential energy yield,
R AE R EE & PS5O0 K P90 -
« net energy yield P50 and P90.
ot Z B U)4E RAE 0.015 £ 0.237 gE N (IR AEE 0.037- 8 B (A8 22 %) > E B
ZHEEEESE 113 GWh £ 127 GWh @i N (HE24E%= 3.5 GWh—37 & R {48 3.5
% o
The reported wind shear results were in the range of 0,015 to 0,237 (standard
deviation 0,037 — variation coefficient 22 %) and the gross energy yield of the wind
farm was in the range of 113 GWh to 127 GWh (standard deviation 3,5 GWh -
variation coefficient 3 5 %) amongst the 37 sets.
CREYAP 25 2 H8[30]5 5k i DTU # 17> it 2013 /£ EWEA fff 5 & L8 R &8R-
AE 17 B2 60 & B Bk - BiEsEH A E - E 56w K2R - ZaligE | E
28.6 MW Y E I #EIT (22 g B K - ZEEHE T HERRRE
The CREYAP Part II [30] test was conducted by DTU and results were presented in
2013 at the EWEA workshop. There were 60 teams from 17 countries including
consulting firms, wind park developers, and academia. The test was carried out on a
28,6 MW wind farm (22 wind turbine generators) with 7 met masts.
ERARAAFREERANAEPRELSR 2 EHREE KHFEXEEHREAEE LR
fE 20 BR AT LB - BFE
The round robin test highlighted the spread of the numerical results during the
prediction process of annual energy production. Comparisons were made at each step
of the annual energy production estimation process including
R IE
long-term correction,
. BESMECGRY)) -
« vertical extrapolation (wind shear),
- REBMERER -
flow and wake models,
RirBEMGEHE -
+ technical loss estimates,
- FHEEEEL -

uncertainty quantifications.
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6.5

6.6

s 2 B D) &S RAE 0.105 2 0.179 #EE A (R AEZE 0.013-8 F A 8 10 %) - 60 4H &
G2 #EEEESE 79.3GWh £ 106 GWh & [BE N (FE#EZE 5.7 GWh—8 B (R # 5.8 %)
The reported wind shear results were in the range of 0,105 to 0,179 (standard
deviation 0,013 — variation coefficient 10 %) and the gross energy yield of the wind
farm was in the range of 79,3 GWh to 106 GWh (standard deviation 5,7 GWh -
variation coefficient 5,8 %) amongst the 60 sets.

HEEFZEE 31 X TIE/NEE K B (EA Task 31 Wakebench experiments)
Wakebench[3 115 i K 9 ~ 42 > B RE ABL KEHE R ~ EUE K& 55 0t 5t
B B D 2 L BB 3 2 B BB R Y 0 R OV B s o R 91 A B (9 ¢ 4 R
)« B dit K (] ¢ Alaiz - Lillgrund) ~ 5 35 5§ 48 % > #1076 (] © Sexbierum -
San Gregorio) L F -1 2] Jg@ &b ABL (#l © 3 Ltb# 2 Askervene) - H4E R o 45 &
EETIENE

Wakebench [31] test cases are selected based on similarity theory for the ABL and
wind turbine wake flows, wind tunnel and field research experiments, and operational
measurement campaigns from the wind industry. The cases include canonical
benchmarks (e.g., the infinite wind farm), both on land and offshore (e.g., Alaiz,
Lillgrund), flat to very complex terrain (e.g., Sexbierum, San Gregorio), and neutral
to stratified ABL (e.g., Askervein, Leipzig). Results can be found online in reference
[31].

HERMNEEB EE:(32] (New European Wind Atlas experiments [32])

6.6.1 ffiE 3 Perdigio (& ¥ )(Perdigio (double ridge))

H BN E B 5 (NEWA)RY | JH B B (% £ & & F Perdigdo [ff 4T B 4% 2 & V17 Z [
WY L #F AT - 2016 FERKZRHEE B > 2017 £ HEFHB EEEH - £/ 50 ZE
MR 10 m E 100 m AFEZRRE K 19 Gffflf LIDAR a8 Z B Z R
St S K EUE EE &P b %) LIDAR ~ & A & & LIDAR ~ 8 2 %0 b &) & i €
MGERTEE BORNGSRBEERERESHES -

One of the New European Wind Atlas (NEWA) experiments is taking place in
Portugal near Perdigdo around two steep, parallel ridges. The experiment started
in the fall of 2016 and the main campaign began in the spring of 2017. More than
50 met masts with heights ranging from 10 m to 100 m and 19 scanning light
detection and ranging (LIDAR) instruments were used to measure the flow in this
area. A variety of instruments including sonic anemometers, Doppler LIDARs, a
profiling humidity LIDAR, a radar Doppler profiler, radiosondes, pressure sensors,

and tethered balloons were used.

6.6.2 FAIF| %5 Alaiz (BRI BRESEBZHEBME)(Alaiz (complex terrain with a

strong mesoscale component))
sPEIFY 2018 £ 7 A4 1 THEA M E ALEX 17 - ZERUE S o BRERERF
HE- 60880 mEZARIE -1 5 LIDAR 1 & SODAR EE - DL EIL T 4
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FLHIRY 10 85 Sk - H Ayt Alaiz (WK & B LA 2 M4 ELY 6 km #Y L1
TN ZRRRFE > e RS LT FE S 2 B -

An open-access experiment, ALEX17, was planned to commence in July 2018. This
experiment consists of five long-range wind scanners, six 80 m met masts, one
LIDAR, one sound detection and ranging (SODAR) device, and ten meteorological
stations in Navarra, Spain. The objective is to characterize the flow in the valley
stretching around 6 km between the Alaiz mountain range and an upstream ridge,
which influences the wind conditions at the test site and operational wind farms

downstream.

6.6.3 ILHT 4G Osterild (R E I A HM E £ )(Osterild (flow over heterogeneous
roughness))
AEBRMFAES PR FHZME £ o E 3% @SR (5 R &S5 ) a1
FEWRSEEZRNER  BAEMERTIHEEEREGETEN A 2
il Z FE PR RE L2 K fE#0 b %) LIDAR » HEZEE L S km -

This experiment studies how varying surface roughness (alternating fields and
forests) affects the wind resources at hub height over an otherwise almost
completely flat terrain. Two mast-mounted horizontally scanning Doppler LIDARs
with a range of 5 km are currently measuring at the experiment site in Osterild,

Denmark.
6.6.4 FZ B Kassel CR&ZF M ] )(Kassel (flow over forested hill))

H 2016 % 8 A » EfEE FEZEMEMEL | BARMAWLEE > 12 RERFHE 8
YeEH EETEMN - 454 200m K 40m X RER BRI ENERREMEZ
S b B RO E -

Twelve long-range scanning Doppler LIDARs measured winds over a forested hill
near Kassel, Germany, starting in August 2016. In conjunction with a 200 m and
140 m met mast, they mapped the flow in a terrain type where underestimation of

wind resources is not uncommon.
Fi NEWA 8 5% > )4 & 5 0] 4 5% 5 B 48 05 (331 45 25 3 -
References to preliminary results from all NEWA experiments can be found on the
project website [33].
6.7 B.IJTHAI =518 2 [34](Wind Forecast Improvement Project 2 [34])
JEl 7 PO o AT & 2 (WFIP2)Z EZEH RGOS @D RS FHH - &
SCRF WFIP2 Y H KR - 2 B 35 16 35 8 M 580 ke (3% &0 e M1 &F f LE o 4 ot 3 17 B 3
o Dt REEEERERZYHEBERZ Q2 E 7 5E B2 B# - WFIP2
ZH AT ER 1 H XA S B A i b o ik 7 48 R P 2 R R R D RO
PEERARZ G A RN - WFIP2 EEE 1 EXH - ZRAEZAZENES
B 45 JE\ B 1 EE 2 - SODAR ~ I [ M 7 #f LIDAR ~ fUR 88 5 51 ~ R B 5 ~ &
BET MR HAER TV RS o WFIP2 fURITHE  BIf R MM ERZE Z & FM & -
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The Wind Forecast Improvement Project 2 (WFIP2) has as primary goal to improve
model forecasts of wind speeds in complex terrain. In support of WFIP2's goals,
participants have conducted a field campaign in the eastern Washington and Oregon
Columbia Basin to assess how physical processes over a broad range of spatial scales
alter wind speeds across the rotor diameter. The overall design for WFIP2 focuses
on a set of weather phenomena that poses particular challenges for wind and wind
power forecasting in the complex terrain of the Columbia Gorge. A large, diverse
suite of meteorological observing instrumentation has been deployed for WFIP2,
including wind profiling radars, SODARs, profiling and scanning LIDARs,
microwave radiometers, microbarographs, sonic anemometers, and surface energy
balance systems. WFIP2 represents a partnership of industry, academia, and federal
laboratories.

6.8 JEJE A Ex E S8 B B (Wind tunnel test validation data)
6.8.1 BEHREEREE Y EBRENREANESMRECREENERENRZE

[23](Compilation of Experimental Data for Validation of Microscale Dispersion
Models [23])

FH P 1 6% R 2 i R B 2 B B R F 52 4R (CEDVAL) > L 45 o] i S il 58 B {E It 1
MZECEER M - CEDVAL N2 A BERHE G BB M ERLE > WEEFKRME
oo R R EWE 2 M ERE - WFEERMR 5.6 Zf5[ME V&V &
= o

Compilation of Experimental Data for Validation of Microscale Dispersion Models
(CEDVAL) includes wind tunnel data sets that can be used for validation of
numerical flow models. All data sets within CEDVAL follow a high-quality
standard in terms of complete documentation of boundary conditions and quality
assurance during measurements. These data are used for V&V procedures in the

guideline described in 5.6.

6.8.2 HAREREE H JH(AILJ wind tunnel)

FEH X k-e ALK LES[35] > oIS EAE B - S5 %SEH K CFD 48R 2%
N AFERAEAEANE s EEREEZRR  FRATmEZREN
HWRBUKBARFEEZ AR - LEEBRHAR 5.5 285 -

Cross comparisons of wind tunnel experiments, field measurements, and CFD
results of flow around a single high-rise building placed within the surface
boundary layer, flow within a building complex in an actual urban area, and flow
around a tree, are obtained from various k-&¢ models and LES [35]. These data are

used for the guidelines in 5.5

6.8.3 F &K LI F > A 5 E§ (Wind tunnel test for flow over hill)
fELLE A 1/1,000 HyB R g EJE S - 578 1 EEEN g LA K =4 lr >
A - B 2 AE ZEHEEEME © 20=0.3 mm 2 L E K& 20=0.01 mm
FeoE R - sLERHIE E R B SR A& KB &= [36] 0 #5 i A i EURE R B
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%l #f RANS - URANS ~ LES ~ DES [ & IF 2 DDES Bl i {7 fE 25 [14] - # M
MERM - SERFZHELNERM  MAENESEIENERA RT 5 - HR
38 %1 > RANS J URANS & & il # [N 8 - {£ LES ~ DES K {& iIF. DDES 2~ o >
1% % 16 5 B 2% B |\ 4F -

Wind flow over a simple two-dimensional ridge and three-dimensional hill was
assessed in a boundary layer wind tunnel with the scale of 1/1 000. Two different
surface roughness values were tested: a coarse roughness with zo=0,3 mm and a
smooth one with zp=0,01 mm. The mean and fluctuating components of inflow at
the points over the terrain were recorded [36]. Validation of RANS, URANS, LES,
DES and modified DDES models was performed by using this wind tunnel test data
[14]. For the rough surface case, it was shown that on the lee side of the hill, all
the models exhibited good agreement with the measurements. For the smooth
surface case, RANS and URANS overestimated the speed-up factors; among LES,
DES and modified DDES, the latter shows the best performance at the lee side.

EREERHSTHERRESR 2 EE 78 @ (Important technical aspects for

performing flow simulations over terrain for wind energy applications)

— & (General)

7 E A E AR LIRS EROAE R ER 2 EEE I - /£ NSC i

1% TEC 61400-12-1[1]2 %% & & IS 2 i B K & =3 -

Clause 7 describes the important technical aspects for setting up, running, and

extracting data from flow simulations over terrain. In the context of NSC, it is

important to set the measurement mast position according to IEC 61400-12-1 [1]

recommendations.

M & A BB 2 5B (Quality of topographical input data)

5 & in B 2 HUJE O T2 K fE R 2 ) &k A i 1 B(E AR AL > b B R B T 5 U AR R

Ja e A 7 A5 = A B A A 2 B B R R - o FUUE B AE I AR ) (B E 6 R UK R AT

By 10 m B DL EZ HUE B - BRI - 0] Bz O e 2 AE B R E SR AT

(ME 7K St AR ol 8 2 30 m) -

Using high-quality topographical (orography and roughness) data to set up a

numerical model is a key element in allowing the model to calculate the most accurate

wind conditions and gaining high model performance. Using orography data with a

horizontal resolution of 10 m or finer around the points of interest is strongly

recommended. At longer distances, coarser resolution of elevation information will

be sufficient (but no more than a 30 m horizontal resolution).

BEAh - BRI N0 R A B Al 2 fH RE T IR > O L AR T r R R A e (B ¢ AR A
6 45 )

Moreover, a detailed roughness map should be created and validated, particularly in
the sensitive areas with high roughness surface values (e.g., forested areas)

i+ B & 5 (Computational domain)
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7.4

7.5

7.6

7.7

K EREEFAEFRERBEZER  EHRrEEBEBRZ ARG AZEZE - HIL
BRI EM BEHERANETERENE - ARERSERR ST EERE
MEBEMEREERFAZEHRR -
Extensions of the domain in the horizontal and vertical direction should ensure that
the flow field in the area of interest is not affected. Therefore, it is recommended to
perform a sensitivity study for domain extension size for each particular site. Using
a smooth buffer zone at the terrain perimeter is a recommended best practice to
improve simulation convergence.
HEREERZE R K G (Boundary conditions for computational domain)
fEte &R E TR > DUIEMER RIE kS & - o 75 th sl B 3% 8 16 503 B 5l B 5
TERE - ERERAREMERGS  BUBEIPEEEBEHAN RS
Surface boundary conditions should be checked to correctly represent the roughness
of the terrain. This check can take place by site images or visiting the site. All other
boundary conditions should be prescribed so that the flow field in the area of interest

is not significantly affected.

49 %% 2 8t (Mesh parameters)

ER KPR EEMEERNE  F—HoRTREERTLETBEBEZII - DI
mERSEATHECEEEEBH RS

A sensitivity study on horizontal and vertical mesh resolution, first cell size, and
vertical expansion ratio should be performed to make sure that the flow field in the
area of interest is not significantly affected by changing the mesh.

Uz & | Al 22 H (Convergence criteria)

Weag HI A R EEREEBIBZ RGN ZEE -

Convergence criteria should ensure that the flow field in the area of interest is not
affected.

KARBTEE (Atmospheric stability)

RAE R BB RS EE B RSP R EHER NSC» &K
ZREERAR A EE  WESREREE - TR IhEMSE ABL REHEZEE R
o WHFEESHEITE - | B AGBERER RANS BAMEG > KBELERE
ErfF TR EE 286l 5 | MO T A BRBEEAEFTHE LY - Mg
i A J73H 0K i Bk & 77 72 20 (Boussinesq #T ) [37] -

Atmospheric stability is often ignored because of the assumption of neutral
conditions during strong wind events, but for NSC lower wind speed conditions are
important hence stability should be considered. Proper modelling of stability of the
ABL is still under development in the research community and several approaches
exist. One approach is through modification of the RANS turbulence closure to
account for changes in turbulence fluxes in different stability conditions [6]. Another
known approach is through adding a buoyancy term to the Navier-Stokes equations

and solving an energy equation (Boussinesq approximation) [37]



CNS 61400-12-4:2023

7.8 ] (L% FE (Coriolis effects)
BERAR D EmE& s EEER 100 m > IfERIMEGEERE F5ELEZRM
BLLGEWEEBR) LHEBEZRAGRAET - B RBEMABR S -
With modern turbines reaching hub heights well above 100 m, Coriolis force effects
can be observed to cause wind direction changes (Ekman spiral) over the rotor height,
especially during stable atmospheric conditions. It is recommended that Coriolis

force effects be included in the model.

7.9 Y HE (Obstacles effects)
FEARREAE o BH 8 R 3 A B R il 2 R R BB o o] RE EH AR B B R
BEV)RIE M N 2 BRI RBEAREBRYEEZRAR - 5 | BEEERYE
ERAN T EBEHEREYEZ 2L - £&EF  dEHEAECEZARERE
BEY) SRR 2 B - 8oy BESE 1R > ud g 55 A ET A R A e AR AR RE[710381[39][40] -
In this document, obstacles are considered obstructions that block the wind and
create distortion of the flow. Flow around obstacles can be resolved through meshing
and imposing proper boundary conditions to the obstacle surface. Another way of
modelling the flow around obstacles is through parametrization of obstacle effects.
In the latter approach, canopy models are widely used for representing the effect of
obstacles on the flow. With sufficient validation, canopy models can be used to model
forest effects [7], [38], [39], and [40].

7.10 NSC #FH il 15 8Y &5 B 38 F 4 2 H 3% (Suggestion on model range applicability for
NSC)
BEARE - BHIEHEEE 10 % - GUERENEIFGUEHEEE S REH - &SI E
B 00T 6 AR PR B > a] BE By NSC &5 IR 7 AR B il A o 7 & [4
By nature, linear models have more limitations than nonlinear models when terrain
slopes above 10% are present. The use of linear models in such conditions may
introduce additional uncertainty in the NSC results [41].
TR B B S R 10 % 2 I N8R > RANS B BILERMEB M B s 2B T] -
1B JL O ifE 55 2R BH > RANS R BRUJR Bl gE 8 SR 5t B U KRR BEY T F 2 FOR - I fE
BN A RANS #E8 » T] 58 & 45 NSC 45 5 75 2K B Il A il 7E 2 [42]
RANS models have higher potential than linear models for predicting speed-up
factors on terrain slopes higher than 10%. However, wind tunnel validations show
that RANS models could also miscalculate wind flow downstream of hills and
obstacles. The use of RANS models in such conditions may introduce additional
uncertainty in the NSC results [42].
BT ¥ R M 48 T 2 2 5% LES KR & RANS/LES 6 8 B i K78 77 - fH 7Y RANS»
PEE R S A SR AR R BT 43D T L E S BRI
LES and hybrid RANS/LES models have the highest potential in terms of resolving
the flow field over complex terrain. Compared to RANS, these models exhibit

significantly higher sensitivity to input parameters (e.g., grid resolution, as pointed
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out by a benchmarking test [43])
WEWENEEEFRS 2 HENH R ERET -

Higher model fidelity requires higher expertise and higher computational power
ELIRE TG B ¥ s FiEIT NSC» BERAREA L% & ABL E1L[37] -
NSC on sites with predominantly stable conditions would require the flow model to

consider the stratification of the ABL [37].

8. EHAIRRE(Open issues)

8.1

8.2

— % (General)

41 TIEC 61400-12-1 fr il » A BEGREEH 2HEEFREBERZIARE F K ARR
PR RAL Y B D% B 2 B R R R AR - sl BRI A IE S 1R o 5 R R ok B R A
BN HEERE > FREER R RAE - LEBE K B ETRMEEMREREMN -

The site calibration, as described by IEC 61400-12-1, suggests the use of two
instrumented met masts: the permanent met mast and the temporary met mast at the
turbine position. Upon completion of the site calibration, the wind speed transfer
function and the associated uncertainty is specified, the temporary met mast is
removed, and the turbine is installed to commence the power performance validation

measurements.

Bk ARZBHBEREBRERNVEGRESER DEME Z BE - 5 8
SHEMRAREREREZ BMEGRE > K HEAE NSC 2 EM - 217 & LS
DL R fE R 2 FE R B vl 8 il B A 22 B -

During performance validation in complex terrain, the NSC is envisaged to avoid
using a temporary met mast to produce the wind speed transfer function. The
combination of the permanent met mast with the numerical simulation results will
produce the wind speed at the turbine location. In Clause 8, the potential drawbacks
of wusing the existing methodologies for numerical flow modelling and their
application for NSC are presented. A benchmarking validation campaign is suggested

to support breaching the existing gaps prior to future applications.
BT RGN R BEEREREERAEIER B (Determination of flow

correction factors from numerical simulation results for power curve testing)

8.2.1 —f& (General)

il 5% 35 FLIE (SOYE 7 #i< #8 TEC 61400-12-1 » AHE AR5 i 411 fo] 51 5 SC 45 R » DA K
o] FRF % &5 SR A0 % 354 o R 1 BE I B4 A A% - B2 3 NSC 5 @ IEC 61400-12-1 S E 2 &
BamEmE -

The site calibration (SC) procedure is a normative part of IEC 61400-12-1. This
document describes how to calculate the SC results and also when the results are

considered as valid for power performance testing purposes. It is suggested that

NSC considers the data quality checks specified in IEC 61400-12-1
SC Hig 2 B &S R8N B &SN AT A K 2 &R 18 ERB(FCF)E - $#f ik
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% 10°Jm m & o PLE I B R F RN E > BEREER HiETE
/N IRE MR - E R U B OR > AR R A K B YD A - 3% sl B ]
et & > ISR el R ET 2 Bl B8 M - kg 1EC
61400-12-1:2017 Z [ff$% C 5| AfmE g & 12 7 b 12 Fp o) 66 & /% 2 kB & 19 B3
FEs  EHERSEINAHEERE  TERERED TR -

A key result of an SC test is a table of flow correction factors (FCFs) for all wind
directions in the measurement sector. For each 10° wind direction bin, an ordinary
least squares linear regression will be made with the turbine location wind speed
as the dependent variable and the reference wind speed as the independent variable.
If wind shear has a significant influence, the method of bins of wind direction and
wind shear will be applied. The test may provide information that justifies a change
to the allowable measurement sector. IEC 61400-12-1 :2017, Annex C, introduces
quality check procedures that can trigger exclusion of wind sectors, measurement

data, or an increase of uncertainty. The main quality checks are described below.

42 1 5] B8 AH B % & (Correlation check for linear regression)

HirgEmEE - EREERE ZHBEGRCGEEER » B)F(EHEREKYE - #Eh
IEC 61400-12-1 Z k#7701 - MRIBL Eie EL&ERHEBAHEEEHE -

For each wind direction bin, the level of correlation should be assessed based on
the correlation coefficient of the regression, commonly known as the r value.
Through the k-fold analysis, IEC 61400-12-1, the uncertainty values are adapted
according to the quality check results.

MMEEEEMANZEIE 281 (Change in correction between adjacent wind
direction bins)

EHMEMAZHANRREES/LCEE 2 %E > EHLEENEE B S & EEE
2 B

It is recommended to eliminate wind direction bins from the measurement sectors
when flow corrections change by more than 2% between neighboring bins ]
AEZHZ2ABBERIERI XM FE R H (Site calibration and power
performance measurements in different seasons)

FE A FE 1~ T 7K (5 R oK) Bo/K B8 BR 48 - L 2 B M A0 Rt SR M ke 2 88k - H
HREERHHBESREREEEZ ZEHMEKE - Kt > Z2FE—FFHE—F
i ER)VETHABBSRIER I REREEN -

Seasonal changes in wind conditions and changes in surface roughness due to
vegetation, precipitation (snow and ice), and freezing of bodies of water may cause
a seasonal dependency on the site calibration flow corrections. Therefore, it is
recommended to conduct the site calibration and power performance measurements

during the same season of the year (e.g., both occurring in summer).
B CHFEANERENSCHARUBEBEBRAR I RMEES) 2 HUERF - B
1% 8.4 2 NSC ERAEMF XU LR tTHE NSC ZFH4EF - AiEEHEELZ
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THEARE 7 it 8.3 &t &w -

Similar procedures for defining the valid sectors to be used for NSC (for the
purpose of power curve validation) will be investigated further. Based on the
results of the NSC benchmarking validation case proposed in 8.4, detailed
procedures for NSC could be established. Procedures related to uncertainty

quantification are discussed in 8.3.

8.3 FiETEE &1L (Uncertainty quantification)

AERGRIEZ A EE 8L EFEN IEC 61400-12-1:2017 2 C.6 - K5t H NSC Z
A HEE R > MERE 3 55 1 5 A AR B & A R TP & e BY SRR 8 15 A B B
ZAHEE A - WA T A E R PTG A HEE B 0 PLRCT S H AR B E B AR R
B EEE

Uncertainty quantification for site calibration is defined in IEC 61400-12-1:2017,
Clause C.6. For calculating uncertainty quantification for NSC, another approach
should be developed to determine an uncertainty number associated with the flow
correction factor for each valid sector. This new approach should consider the

uncertainties due to measurements along with the following other sources of

uncertainties:
L) 4a BB SRR - BRIRMRAE - o oR B P A BUE AL 2 R RS 7 FE SN AR B
P Y

parameters associated with initial and boundary conditions, environmental
conditions, forcing functions, and constitutive equations of the numerical model
used,
it = 4R PR B IR &R 1 07 A2 EUSK R A U a1 o DA RCBR = 48 S W gt -
lack of linear or nonlinear equation solver convergence and the lack of grid
convergence.

BB A TEEERM R EEAEEEGEEE 2R2 B ER[15][44] [45]-

The methodology to estimate model wuncertainty due to parameter and grid

i)

convergence uncertainty is provided in references [15], [44], and [45]
8.4 BRTZLEZEEEFHESE TH 2 E Proposal for validation campaign for nsc

procedures
8.4.1 —f% (General)
8.4 EAEMEAEL NSC 12 fr i 58 MH B 2 SRR B EE) - ] NSC O & A {E Z i
A ARG E AN o NI BEESETHEE AR o NSC EREM A IEC
61400-12-1 FTE R Z 2 HRARBFEZ A B G IELE R EITILE -
The intention of 8.4 is to address missing measurement campaigns related to NSC
procedure validation. The use of the NSC as a replacement of measurements has
not been validated and verified against measurements. Therefore, a validation test
is suggested, wherein the NSC results are compared against the results of a site

calibration using two met masts as defined in IEC 61400-12-1.
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I3 X B 2 B E S BR 2 S H B M B 40 R A
The proposed site and experimental layout for such a test is described below.

8.4.2 (A EHIE 2 oS¢ & (Assessment of terrain at the test site)
VB 17 2 5 B 45 R IE 2 28 I (FR 98 0 TR 35 B8 % V- T Y e K TR B 4B - 1R s Jel ) #%
B R &R 32t < ] BPE B A pR B0 A Y TEC 61400-12-1:2017 2 5% B.1 - A [6] 4 5
2l bp i IEC 61400-12-1:2017 Z %% B.1 [ - AIEHEITHE -
IEC 61400-12-1:2017, Table B.1, describes the criteria (in terms of terrain slope
and maximum terrain variation from the plane as a function of the distance between
the turbine and the wind measurement equipment), when a site calibration shall be

performed. Sites with different degrees of complexity exceeding the criteria in I[EC
61400-12-1:2017, Table B.1, should be investigated.

8.4.3 EBg{fi F (Experimental layout)
BAEZERARBSRIEGRN HRMHSE NSCRER > WERMEH EH4A 2 E5HS
ERTEFZABESER > WEHEHELTAR
Existing experimental site calibration data could be used to validate the NSC
procedures but a more detailed experimental setup is recommended to validate all

numerical model aspects and should include the following:

WP Z 2 HRRIEZER  EHEERBEAE K 2.5D (f : & D=
Wy EE > REERES 130 m > H] 2.5D =325 m) -

« Two met masts in complex terrain should be at a distance that corresponds to
2,5D of a modern turbine (e.g., if D = rotor diameter, assumed 130 m then 2,5D
=325 m).

HEEE N SEEERR DB HERSEW - 100 mm# =) -
The height of the top anemometer should be equal to the expected hub height
of the turbines (e.g., 100 m hub height).

B HZ EEMN A IEC 61400-12-1 F#GE 2 FH 4 -

The installation of the measurement equipment should fulfill the criteria of the
IEC 61400-12-1 recommendations.

REREHEIIR EZRE G E -

+  The met masts alignment should be in the prevailing wind direction
HAEE — W HEBENETRA SN -

All measurements should be taken in the same time period.

- BRAREZEREEVEFELTAS

+ Instrumentation for each met mast should include at least the following:

— R4E IEC 61400-12-1 > JH & Jol 26 5t b Ak 28 Jol 2 5t 2 o h8 R 2 358 0 e A
E o
-  The top and reference anemometers should be the same make and type

installed according to IEC 61400-12-1.
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— HEME IEC 61400-12-1 Z7 %45 & o) 2 -

- Wind vanes should be installed according to IEC 61400-12-1.

— HERS 2 mOHE &S A ZRR K > REZELRSE > KT
ERmBEmRESEZPHEAE  DIEFRERYT -

- Anemometers at two additional locations (same make and type) — lower tip
height and the middle between lower tip and hub height- should be installed

to estimate wind shear

— BREENFEZENERBESE S mE 10 m 2/ > WL ENEKEE
REE - DIk =4 R/ m 0 E L KR e s -

- Sonic anemometers should be mounted between 5 m and 10 m from the hub
height and at a lower tip height to evaluate the three-dimensional flow
effects and atmospheric stability.

— Bl E=45KEEEREABRME 3 mE > DA 10 Hz DL £ 2 2
wE

- Another three-dimensional sonic anemometer should be placed 3 m above
the ground, to obtain heat fluxes with a rate of at least 10 Hz.

— HFARERAGSHENEERFETSEUARBZERSER  LES
RKABEM -

- Differential temperature sensors should be placed at reference anemometer
height and lower tip height to be able to verify atmospheric stability

— HRFRERAGSHENERE T 3 mE -

- A humidity sensor should be placed 3 m above the ground

— BB SR E B IEC 61400-12-1 FTZ kK Z K E — 8 > Dldg&E & D
EftE - HERABRFEREAFEEHBEESZ AN E > DIEETE
A B AL (B R FEIEIE - REMEL) > £ IEC 61400-12-1 I
MK 2 fF -

- The test duration of the measurement should be aligned with the time
required by IEC 61400-12-1 to collect a minimum amount of data; however,
it is suggested that the test duration allows the collection of significantly
higher data amounts to allow for more detailed evaluations (e.g., day-night,

seasonal variations, stability variations), which is twice the time
requirements in the IEC 61400-12-1.

— HEEH B IEC 61400-12-1 tEgE 2 W AHE Z e - HER ETHIE -

- Data filtering should be applied using the same conditions as IEC 61400 -

12-1 performance measurements.
— EEEMRNEH O ZEAREESE -
- A minimum continuous 60° measurement sector is recommended
— EEEAEKRENES  DIEREARILEB D TEKEZER -

- Aprecipitation sensor is recommended to be able to filter out and separately
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analyze data in precipitation periods

H O IEC 61400-12-1 F 5% 2 & /N JH R AU I [ 510 & #3001 H 3 77
NE AR U R e

Time series data with a minimum frequency as recommended in IEC 61400 -

12-1 should be collected and stored in the original sampling frequency.
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