Background/Nomenclature

Local and Global Coordinates and Orientations
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 (from global to local)

or equivalently:
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where X/Y/Z are global coordinates, x/y/z are local coordinates, 
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 is the DCM from global to local, and 
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 are the unit vectors of the local coordinate system expressed in the global coordinate system.  The global coordinates are the inertia frame of the wind farm, with unit vectors 
[image: image7.wmf]1

ˆ

0

0

X

ìü

ïï

=

íý

ïï

îþ

, 
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, and 
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.  The local coordinates are such that x is along the rotor or wake-plane centerline (positive downwind), and y/z are transverse.  A cylindrical local coordinate system is also used where 
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FAST.Farm Submodel Hierarchy
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FAST.Farm Driver (PROGRAM FASTFarm)

Algorithm:

[image: image12.emf]Note: Multiple entries in the same row implies that the operations can be done in parallel

FAST.Farm Driver

Initialization

Read-In Input File

Check Inputs and Set Parameters

CALL AWAE_Init CALL_SC_Init Call WD_Init

Transfer y_AWAE_Init to u_F_Init

CALL F_Init

Transfer y_F_Init to u_MD_Init

CALL MD_Init

Open Output File

n=0

t=0

n_FAST=0

t_FAST=0

Write Summary File

Initial Calculate Output

Set u_AWAE = 0 Set u_SC = 0

CALL AWAE_CO CALL SC_CO

Transfer y_AWAE to u_F and u_WD Transfer y_SC to u_F

CALL F_t0

Transfer y_F to u_SC, u_MD, and u_WD

Call WD_CO Call MD_CO

Transfer y_WD to u_AWAE Transfer y_MD to u_F

CALL AWAE_CO

Transfer y_AWAE to u_F and u_WD

Write Output to File

Time Increment

Update States

CALL WD_US CALL SC_US CALL AWAE_US CALL F_Increment

Transfer y_F to u_MD

CALL MD_US

n_FAST=n_FAST+1

t_FAST=t_FAST+dt_FAST

CALL MD_CO

Transfer y_MD to u_F

n=n+1

t=t+dt

Calculate Output

CALL WD_CO CALL SC_CO

Transfer y_WD to u_AWAE Transfer y_SC to u_F Transfer y_F to u_SC and u_WD

CALL AWAE_CO

Transfer y_AWAE to u_F and u_WD

Write Output to File

End

CALL AWAE_End CALL WD_End CALL SC_End CALL F_End Call MD_End

Close Output File






The transfer of the OpenFAST output to MoorDyn input (y_F to u_MD) involves point-to-point mesh mapping of motions.  The transfer of the MoorDyn output to OpenFAST input (y_MD to u_F) involves point-to-point mesh mapping of loads.

Input file checks, DEFAULTs, and unit conversions:

Simulation length (s): 
[image: image13.wmf]Max
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Ambient wind model (-): 
[image: image14.wmf]SharedMoor
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Ambient wind model (-): 
[image: image15.wmf]AmbWind

Mod1,2,.OR.3
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Time step for low -resolution wind data input files; will be used as the global FAST.Farm time step (s): 
[image: image16.wmf]Low
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D

>


Time step for high-resolution wind data input files (s): 
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Number  of low -resolution spatial nodes in each direction for wind data interpolation (-): 
[image: image18.wmf]Low
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, 
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, and 
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Spacing of low -resolution spatial nodes in each direction for wind data interpolation (m): 
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, 
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Number  of high-resolution spatial nodes in each direction for wind data interpolation (-): 
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, 
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Number of wind turbines (-): 
[image: image27.wmf]t
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; note the turbine discretization is: 
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Spacing of high-resolution spatial nodes in each direction for wind data interpolation for each turbine (m): 
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Radial increment of the wake plane finite-difference grid (m): 
[image: image32.wmf]r0
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Number of radial nodes in the wake plane finite-difference grid: 
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; note the radial discretization is: 
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; the discretization of the equivalent Cartesian grid is 
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Number of wake planes: 
[image: image37.wmf]p
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; note the wake-plane discretization is: 
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Cutoff (corner) frequency of the low-pass time-filter for the wake advection, deflection, and meandering model (Hz): 
[image: image39.wmf]c
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 (DEFAULT = 0.0007 Hz)

Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor (m): 
[image: image40.wmf]O

HWkDfl

C

 (DEFAULT = 0.0)

Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor scaled with yaw error (m/deg): 
[image: image41.wmf]OY

HWkDfl
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 (DEFAULT = 0.3); multiply by 
[image: image42.wmf]180

p

 when first read-in to convert from m/deg to m/rad

Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance (-): 
[image: image43.wmf]x

HWkDfl
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 (DEFAULT = 0.0)

Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance and yaw error (1/deg): 
[image: image44.wmf]xY

HWkDfl
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 (DEFAULT = -0.004); multiply by 
[image: image45.wmf]180

p

 when first read-in to convert from 1/deg to 1/rad

Calibrated parameter for near-wake correction (-):
[image: image46.wmf]NearWake
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 (DEFAULT = 1.8)
Calibrated parameter for the influence of ambient turbulence in the eddy viscosity (-): 
[image: image47.wmf]Amb
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 (DEFAULT = 0.05)

Calibrated parameter for the influence of the shear layer in the eddy viscosity (-): 
[image: image48.wmf]Shr

k0

n
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 (DEFAULT = 0.016)

Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the minimum and exponential regions (-): 
[image: image49.wmf]DMin
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 (DEFAULT = 0.0)
Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the exponential and maximum regions (-): 
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 (DEFAULT = 1.0)
Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the value in the minimum region (-): 
[image: image51.wmf]FMin
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 (DEFAULT = 1.0)
Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the exponent in the exponential region (-): 
[image: image52.wmf]Exp
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 (DEFAULT = 0.01)
Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the minimum and exponential regions (-): 
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 (DEFAULT = 3.0)
Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the exponential and maximum regions (-): 
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 (DEFAULT = 25.0)
Calibrated parameter in the eddy viscosity filter function for the shear layer defining the functional value in the minimum region (-): 
[image: image55.wmf]FMin
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 (DEFAULT = 0.2)
Calibrated parameter in the eddy viscosity filter function for the shear layer defining the exponent in the exponential region (-): 
[image: image56.wmf]Exp

Shr

C0

n

>

 (DEFAULT = 0.1)
Wake diameter calculation model (-): 
[image: image57.wmf]WakeDiam

Mod1,2,3,.OR.4
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 (DEFAULT = 1)

Calibrated parameter for wake diameter calculation (-) [unused for 
[image: image58.wmf]WakeDiam

Mod1
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]: 
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 (DEFAULT = 0.95
)
Wake deficit model for wake deflection and meandering (-): 
[image: image60.wmf]Deficit

Mod0,1,.OR.2
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 (DEFAULT = 1
)

Spatial filter model for wake deflection and meandering (-): 
[image: image61.wmf]Meander

Mod1,2,.OR.3
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 (DEFAULT = 3)

Calibrated parameter for wake deflection and meandering (-): 
[image: image62.wmf]Meander
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 (DEFAULT = 1.9)

Number of XY planes for output of disturbed wind data across the low-resolution domain (-):
[image: image63.wmf]0NOutDisWindXY9
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Number of YZ planes for output of disturbed wind data across the low-resolution domain (-):
[image: image64.wmf]0NOutDisWindYZ9
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Number of XZ planes for output of disturbed wind data across the low-resolution domain (-):
[image: image65.wmf]0NOutDisWindXZ9
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Time step for disturbed wind visualization output (s) [unused for 
[image: image66.wmf]WrDisWind.FALSE.
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 and 
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]: 
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 (DEFAULT = 
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Number of radii for wake output for an individual rotor (-):
[image: image70.wmf]0NOutRadii20
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List of radial nodes for wake output for an individual rotor (-) [unused for 
[image: image71.wmf]NOutRadii0
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]: 
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Number of downstream distances for wake output for an individual rotor (-):
[image: image73.wmf]0NOutDist9
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List of downstream distances for wake output for an individual rotor (m) [unused for 
[image: image74.wmf]NOutDist0
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]: 
[image: image75.wmf][
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Number of points for wind output (-):
[image: image76.wmf]0NWindVel9
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Determine the number of time steps:

Calculate the number of low-resolution (FAST.Farm driver/glue code) time steps (-): 
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; note the time discretization is: 
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Calculate the number of high-resolution time steps per low-resolution time step: 
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Trigger a fatal error if the high-resolution time step is not an integer divisor of the low-resolution time step i.e. if 
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Calculate the number of low-resolution time steps per visualization output time step: 
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Trigger a fatal error if the visualization output time step is not an integer multiple of the low-resolution time step i.e. if 
[image: image82.wmf]Low/OutLowOut
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Warn the user if the number of wake planes is more than the number of low-resolution (FAST.Farm driver/glue code) time steps and reduce the number of wake planes accordingly (but still not less than 2): 
[image: image83.wmf](

)

(

)

pp

NMAX2,MINN,N

=


Summary File Output (Written if SumPrint = TRUE)

FAST.Farm Summary File

Predictions were generated on DATE at TIME using FAST.Farm (VERSION, DATE), compiled as a XXX

compiled with

NWTC Subroutine Library (VERSION, DATE)

Super Controller (VERSION, DATE)

FAST Wrapper (VERSION, DATE) for OpenFAST (VERSION DATE)

MoorDyn (VERSION, DATE)

Wake Dynamics (VERSION, DATE)

Ambient Wind and Array Effects (VERSION, DATE)

Description from the FAST.Farm input file: DESCRIPTION

Ambient Wind:


Ambient wind model (-): 
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Ambient wind input file/path: 
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Wind Turbines: 
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Wake Dynamics Finite-Difference Grid: 
[image: image96.wmf]r
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Wake Dynamics Parameters

Cutoff (corner) frequency of the low-pass time-filter for the wake advection, deflection, and meandering model (Hz): 
[image: image102.wmf]c

f

 (low-pass time-filter parameter (-):
[image: image103.wmf]a

)

Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor (m): 
[image: image104.wmf]O
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Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor scaled with yaw error (m/deg): 
[image: image105.wmf]OY
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Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance (-): 
[image: image106.wmf]x

HWkDfl
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Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance and yaw error (1/deg): 
[image: image107.wmf]xY
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Calibrated parameter for near-wake correction (-):
[image: image108.wmf]NearWake

C


Calibrated parameter for the influence of ambient turbulence in the eddy viscosity (-): 
[image: image109.wmf]Amb
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Calibrated parameter for the influence of the shear layer in the eddy viscosity (-): 
[image: image110.wmf]Shr
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Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the minimum and exponential regions (-): 
[image: image111.wmf]DMin
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Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the exponential and maximum regions (-): 
[image: image112.wmf]DMax
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Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the value in the minimum region (-): 
[image: image113.wmf]FMin

Amb
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Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the exponent in the exponential region (-): 
[image: image114.wmf]Exp
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Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the minimum and exponential regions (-): 
[image: image115.wmf]DMin
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Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the exponential and maximum regions (-): 
[image: image116.wmf]DMax
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Calibrated parameter in the eddy viscosity filter function for the shear layer defining the functional value in the minimum region (-): 
[image: image117.wmf]FMin
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Calibrated parameter in the eddy viscosity filter function for the shear layer defining the exponent in the exponential region (-): 
[image: image118.wmf]Exp
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Wake diameter calculation model (-): 
[image: image119.wmf]WakeDiam
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Calibrated parameter for wake diameter calculation (-):
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Wake deficit model for wake deflection and meandering (-): 
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Spatial filter model for wake deflection and meandering (-): 
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Calibrated parameter for wake deflection and meandering (-):
[image: image126.wmf]Meander
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FAST Wrapper
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Ambient Wind and Array Effects
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Low -resolution wind input
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High-resolution wind input
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Wind visualization output
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FAST.Farm output files
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Requested Channels in FAST.Farm Output Files: NUMBER


Number

Name

Units


0



Time

(s)


NUMBER

NAME
UNITS
Write Output

This is a list of all possible output parameters available within FAST.Farm (except those that are available from OpenFAST, which are specified within the FAST input file(s) and output separately for each turbine).  The names are grouped by meaning, but can be ordered in the OUTPUTS section of the FAST.Farm input file as you see fit.

Tα refers to turbine α, where α is a one-digit number in the range [1,9], corresponding to row α in wind turbine input table. If NumTurbines > 9, only values for the first 9 turbines can be output.  Setting α > NumTurbines yields invalid output.
Inβ and Otβ refer to super-controller input and output β, respectively, where β is a one-digit number in the range [1,9], corresponding to element β in the input and output arguments of the super-controller source code. If there are more than 9 elements, only values for the first 9 inputs and outputs can be output.  Setting β greater than the number of elements yields invalid output.
Nβ refers to radial output node β, where β is a two-digit number in the range [01,20], corresponding to entry β in the OutRadii list, where node β is at radius OutRadii[β]dr.  Setting β > NOutRadii yields invalid output.


Wβ refers to wind point β, where β is a one-digit number in the range [1,9], corresponding to entry β in the WindVelX, WindVelY, and WindVelZ lists.  Setting β > NWindVel yields invalid output.  Setting WindVelX, WindVelY, and WindVelZ outside the low-resolution wind domain also yields invalid output.
Dγ refers to downstream distance γ, where γ is a one-digit number in the range [1,9], corresponding to entry γ in the OutDist list.  Setting γ > NOutDist yields invalid output.  The output is also invalid if OutDist is a distance further downstream than the wake has been calculated or for any distance where the wake from the turbine has overlapped itself.
	Channel Name(s)
	Unit(s)
	Description

	Super Controller


	SCGblInβ
	(user)
	Global (turbine-independent) super controller input β

	SCTαInβ
	(user)
	Turbine-dependent super controller input β for turbine α

	SCGblOtβ
	(user)
	Global (turbine-independent) super controller output β


	SCTαOtβ
	(user)
	Turbine-dependent super controller output β for turbine α

	Wind Turbine and its Inflow

	RtAxsXTα, RtAxsYTα, RtAxsZTα
	(-), (-), (-)
	Orientation of the rotor centerline for turbine α in the global coordinate system

	RtPosXTα, RtPosYTα, RtPosZTα
	(m), (m), (m)
	Position of the rotor (hub) center for turbine α in the global coordinate system

	RtDiamTα
	(m)
	Rotor diameter for turbine α

	YawErrTα
	(deg)
	Nacelle-yaw error for turbine α

	TIAmbTα
	(%)
	Ambient turbulence intensity
 of the wind at the rotor disk for turbine α

	RtVAmbTα
	(m/s)
	Rotor-disk-averaged ambient wind speed (normal to disk, not including structural motion, local induction or wakes from upstream turbines) for turbine α

	RtVRelTα
	(m/s)
	Rotor-disk-averaged relative wind speed (normal to disk, including structural motion and wakes from upstream turbines, but not including local induction) for turbine α

	CtTαNβ
	(-)
	Azimuthally averaged thrust force coefficient (normal to disk) for radial output node β of turbine α

	Wake (for an Individual Rotor)

	WkAxsXTαDγ, WkAxsYTαDγ, WkAxsZTαDγ
	(-), (-), (-)
	Orientation of the wake centerline for downstream distance γ of turbine α in the global coordinate system

	WkPosXTαDγ, WkPosYTαDγ, WkPosZTαDγ
	(m), (m), (m)
	Center position of the wake centerline for downstream distance γ of turbine α in the global coordinate system

	WkVelXTαDγ, WkVelYTαDγ, WkVelZTαDγ
	(m/s), (m/s), (m/s)
	Advection, deflection, and meandering velocity (not including the horizontal wake-deflection correction or low-pass time-filtering) of the wake for downstream distance γ of turbine α in the global coordinate system

	WkDiamTαDγ
	(m)
	Wake diameter for downstream distance γ of turbine α

	WkDfVxTαNβDγ, WkDfVrTαNβDγ
	(m/s), (m/s)
	Axial and radial wake velocity deficits for radial output node β and downstream distance γ of turbine α


	EddVisTαNβDγ, EddAmbTαNβDγ, EddShrTαNβDγ
	(m2/s), (m2/s), (m2/s)
	Total eddy viscosity, and individual contributions to the eddy viscosity from ambient turbulence and the shear layer, for radial output node β and downstream distance γ of turbine α


	Ambient Wind and Array Effects

	WβVAmbX, WβVAmbY, WβVAmbZ
	(m/s), (m/s), (m/s)
	Ambient wind velocity (not including wakes) for point β in global coordinates (from the low-resolution domain)

	WβVDisX, WβVDisY, WβVDisZ
	(m/s), (m/s), (m/s)
	Disturbed wind velocity (including wakes) for point β in the global coordinate system (from the low-resolution domain)


These are calculated within the FAST.Farm driver as follows:
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Wind Turbine and its Inflow
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Wake (for an Individual Rotor)
In all of these calculations, 
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 are related to distance 
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 for turbine 
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 as follows:
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Ambient Wind and Array Effects
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Super Controller (MODULE SuperController)

(Written in C)

Solves wind-farm super controller dynamics

	Inputs
	Outputs
	States (Discrete-Time)
	Parameters

	· 
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 – Global (turbine-independent) inputs (various units)
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 –Turbine-dependent inputs (various units)
	· 
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 – Global (turbine-independent) outputs (various units)
· 
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 –Turbine-dependent outputs (various units)
	· 
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 – Global (turbine-independent) states (various units)
· 
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 –Turbine-dependent states (various units)
	· 
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 – Number of wind turbines (-)

· 
[image: image173.wmf]Low

t

D

 – Time step (s)
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 – Global (turbine-independent) parameters (various units)
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 –Turbine-dependent parameters (various units)


Initialization:

	Initialization Inputs
	Initialization Outputs


	· 
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 – Number of wind turbines (-)

· 
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 – Time step (s)
	


Set parameters from initialization inputs (
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).
Set other parameters:
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Initialize States:
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Update States:

Note: Update states is written as a discrete-time system where the state update to 
[image: image184.wmf]n1

+

 are based on inputs and states at 
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 and parameters.
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Calculate Outputs:

Note: Due to limitations in the driver/glue code, these calculations can only depend on the states at 
[image: image188.wmf]n

 and parameters; they cannot involve direct feedthrough of input to output. If the states are output directly, the routine does the following calculations.
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FAST (MODULE FASTWrapper)




(One instance per turbine)

Solves aero-hydro-servo-elastic dynamics for an individual wind turbine

Note: Internal to OpenFAST there are many inputs, outputs, states, and parameters, what is listed here are the new variables needed in the wrapper for FAST.Farm.

	Inputs
	Outputs
	States
	Parameters

	· 
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 – Global (turbine-independent) commands from the super controller (various units)
· 
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 –Turbine-dependent commands from the super controller (various units)
· 
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 – Forces applied at various structural nodes of the floating platform (N)

· 
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 – Moments applied at various structural nodes of the floating platform (Nm)

· 
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 – UVW components of disturbed wind (ambient + wakes) across the high-resolution domain around the turbine for each high-resolution time step within a low-resolution time step (m/s)
	· 
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 –Turbine-dependent commands to the super controller (various units)
· 
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 – Displacements of various structural nodes of the floating platform (m)

· 
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 – Orientations (DCMs) of various structural nodes of the floating platform (-)

· 
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 – Orientation of rotor centerline, normal to disk (-)

· 
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 – Nacelle-yaw error, i.e., the angle about positive 
[image: image201.wmf]ˆ
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 from the rotor centerline to the rotor-disk-averaged relative wind velocity (ambient + wakes + turbine motion), both projected onto the horizontal plane (rad)

· 
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 – Azimuth angle (from the nominally vertical axis in the disk plane, 
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) to the vector about which the inflow skew angle is defined, i.e., the angle about positive 
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 from 
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 to the vector about which the inflow skew angle is defined (
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) (rad)

· 
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 – Inflow skew angle  (
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) (rad)
· 
[image: image209.wmf]Hub
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 – Center position of hub (m)

· 
[image: image210.wmf]Rotor

D

 – Rotor diameter (m)

· 
[image: image211.wmf]DiskAvgRel
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 – Rotor-disk-averaged relative wind speed (ambient + wakes + turbine motion), normal to disk (m/s)

· 
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 – Azimuthally averaged thrust force coefficient (normal to disk), distributed radially (-)
· 
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 – Azimuthally averaged torque coefficient (normal to disk), distributed radially (-)
	
	· 
[image: image214.wmf]r
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 – Number of radii in the radial finite-difference grid (-)

· 
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 – Discretization of radial finite-difference grid (m)
· 
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 – Number of high-resolution time steps per low-resolution time step (-)

· 
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 – High-resolution time step (s)

· 
[image: image218.wmf]High
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 – Number of high-resolution spatial nodes in X direction (-)

· 
[image: image219.wmf]High
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 – Number of high-resolution spatial nodes in Y direction (-)

· 
[image: image220.wmf]High
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 – Number of high-resolution spatial nodes in Z direction (-)

· 
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 – X-component of the spatial discretization of the high-resolution spatial domain for this turbine (m)

· 
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 – Y-component of the spatial discretization of the high-resolution spatial domain for this turbine (m)

· 
[image: image223.wmf]HighHigh
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 – Z-component of the spatial discretization of the high-resolution spatial domain for this turbine (m)

· 
[image: image224.wmf]FAST/Low
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 – Number of OpenFAST time steps per low-resolution time step (-)
· 
[image: image225.wmf]Turbine
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 – Undisplaced global position of this turbine (m)


Initialization:

	Initialization Inputs
	Initialization Outputs

	· 
[image: image226.wmf]r
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 – Number of radii in the radial finite-difference grid (-)

· 
[image: image227.wmf]r
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 – Radial increment of radial finite-difference grid (m)
· 
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 – Time step (s)
· 
[image: image229.wmf]Max
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 – Simulation length (s)
· 
[image: image230.wmf]Turbine
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 – Undisplaced global X-coordinate of this turbine (m)
· 
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 – Undisplaced global Y-coordinate of this turbine (m)
· 
[image: image232.wmf]Turbine
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 – Undisplaced global Z-coordinate of this turbine (m)
· 
[image: image233.wmf]FASTInFile

 – Filename of primary OpenFAST input file of this turbine (string)
· 
[image: image234.wmf]High/Low
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 – Number of high-resolution time steps per low-resolution time step (-)

· 
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 – High-resolution time step (s)

· 
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 – X-component of the origin of the high-resolution spatial domain for this turbine (m)

· 
[image: image237.wmf]High
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 – Y-component of the origin of the high-resolution spatial domain for this turbine (m) 
· 
[image: image238.wmf]High
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 – Z-component of the origin of the high-resolution spatial domain for this turbine (m)

· 
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 – Number of high-resolution spatial nodes in X direction (-)

· 
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 – Number of high-resolution spatial nodes in Y direction (-)

· 
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 – Number of high-resolution spatial nodes in Z direction (-)

· 
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 – X-component of the spatial increment of the high-resolution spatial domain for this turbine (m)

· 
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 – Y-component of the spatial increment of the high-resolution spatial domain for this turbine (m)

· 
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 – Z-component of the spatial increment of the high-resolution spatial domain for this turbine (m)
	· 
[image: image245.wmf]FAST

t

D

 – OpenFAST time step (s)
· 
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 – Gravity (m/s2)
· 
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 – Water density (kg/m3)
· 
[image: image248.wmf]Water
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 – Water depth (m)



· 
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 – Initial floating platform position and orientation (m, -)




Set parameters from initialization inputs (
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Set the radial discretization from the initialization inputs: 
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Set the discretization of the high-resolution spatial domain from the initialization inputs: 
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Set the undisplaced position of this turbine in the global reference frame from the initialization inputs: 
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Note: This is the origin (0,0,0) of the inertial-frame coordinate system for this instance of OpenFAST.

CALL FAST_InitializeAll_T()

Trigger a fatal error if 
[image: image261.wmf]FASTInFile

 doesn’t exist.

Calculate the number of OpenFAST time steps per low-resolution time step: 
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Trigger a fatal error if the OpenFAST time step is not an integer divisor of the low-resolution time step i.e. if 
[image: image263.wmf]FAST/LowFASTLow
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Trigger a fatal error if the simulation length is longer than that set for OpenFAST i.e. if 
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Set the reference positions and orientations of the input and output meshes:
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Set the initialization outputs (
[image: image266.wmf]FAST
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t0
Calculates outputs at 
[image: image271.wmf]n0

=

 based on inputs at 
[image: image272.wmf]n0
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Note: This routine may have direct feedthrough of input to output

CALL FAST_Solution0_T()
Increment
Updates states and outputs to 
[image: image273.wmf]n1
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 based on inputs and states at 
[image: image274.wmf]n

 (this has an inherent time-step delay on outputs)
CALL FAST_Solution_T()

Note: In these calculations the commands from the super controller, 
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, should be passed as inputs to the individual turbine controller.
Also, the forces and moments applied to the various structural nodes on the floating platform, 
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 and 
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, should be input to ElastoDyn or SubDyn, depending on CompSub, accordingly.

Also in these calculations the wind data should be interpolated within the 4D wind field stored in 
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 based on 
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Calculate Outputs (Within t0 and Increment):
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 Turbine-dependent commands from the individual turbine controller to the super controller

Also, the displacements and orientations (DCMs) of the structural nodes on the floating platform, 
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, should output from ElastoDyn or SubDyn, depending on CompSub, accordingly.

Calculate the outputs associated with the rotor disk and its inflow based on variables available within AeroDyn (following the nomenclature of AeroDynMesh.docx):
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 within AeroDyn; Trigger a fatal error if the orientation of the rotor centerline or rotor-disk-averaged relative wind speed is directed vertically upward or downward (
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Derivation:
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; Trigger a fatal error if the radius of the wake planes is not large relative to the rotor diameter i.e. if the diameter of the wake plane is not at least twice the rotor diameter i.e. if 
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To calculate outputs 
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]

AzimAvg

tr

Cn

 and 
[image: image312.wmf][

]

AzimAvg

qr

Cn

, we’ll use Line2-to-Line2 mesh-mapping to transfer the loads from deflected blade mesh of AeroDyn to a mesh that lies in the plane of the rotor disk, extending radially outward (without precone or blade sweep/curvature/deflection).  Because the new mesh does not deflect with the blade, we’ll need to perform a new mapping search and mapping transfer every time we want to calculate 
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.  So, a reference mesh (with zero deflection) is stored for the new radial mesh based on the current hub position/orientation and the mesh associated with the deflected blade is saved as a temporary reference mesh (also with zero deflection).
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Calculate the aerodynamic blade loads on the new Line2-meshes (one for each blade) associated with calculating output 
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Compute the azimuthally averaged thrust force and torque coefficients (normal to disk), distributed radially:
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Derivations: 
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Wake Dynamics (MODULE WakeDynamics)

(One instance per rotor)

Calculates wake dynamics for an individual rotor, including:

Wake Advection, Deflection, and Meandering – Solves dynamic wake advection, deflection, and meandering for an individual rotor.

Near-Wake Correction – Calculates near-wake (pressure-gradient zone) correction to wake deficit for an individual rotor

Wake-Deficit Increment – Increments the quasi-steady axisymmetric wake deficit downwind for an individual rotor

Note: While the wake deficit formulation is implemented with discrete-time states, the calculations within a given wake plane propagation remain quasi-steady, as the theory necessitates. This is achieved by using discrete-time states to propagate parameters of the wake downstream with the wake planes.

For the start-up transient, whereby the wake has not yet propagated through all of the wake planes, the following limits are set to the number of wake planes to avoid having to set inputs, outputs, and states beyond where the wake has propagated:

For inputs, 
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For outputs, 
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For states, 
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	States (Discrete-Time)
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	· 
[image: image342.wmf]Disk

ˆ

x

 – Orientation of rotor centerline, normal to disk (-)
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 – Nacelle-yaw error, i.e., the angle about positive 
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 from the rotor centerline to the rotor-disk-averaged relative wind velocity (ambient + wakes + turbine motion), both projected onto the horizontal plane (rad)
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 – Azimuth angle (from the nominally vertical axis in the disk plane, 
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 – Advection, deflection, and meandering velocity of wake planes (m/s)
· 
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 – Rotor-disk-averaged ambient wind speed, normal to disk (m/s)
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 – Ambient turbulence intensity of wind at rotor disk (-)
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 – Rotor diameter (m)
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 – Rotor-disk-averaged relative wind speed (ambient + wakes + turbine motion), normal to disk (m/s)
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 – Azimuthally averaged thrust force coefficient (normal to disk), distributed radially (-)
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 – Azimuthally averaged torque coefficient (normal to disk), distributed radially (-)

	· 
[image: image360.wmf]Plane

p

ˆ

xn

éù

ëû

 – Orientations of wake planes, normal to wake planes (-)
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 – Center positions of wake planes (m)
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 – Axial wake velocity deficit at wake planes, distributed across the plane (m/s)
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 – Transverse horizontal wake velocity deficit at wake planes, distributed across the plane (m/s)
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 – Transverse nominally vertical wake velocity deficit at wake planes, distributed across the plane (m/s)
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 – Wake diameters at wake planes (m)
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 – Orientations of wake planes, normal to wake planes (-)
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 – Time-filtered nacelle-yaw error at wake planes, i.e., the angle about positive 
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 from the rotor centerline to the rotor-disk-averaged relative wind velocity (ambient + wakes + turbine motion), both projected onto the horizontal plane (rad)
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 – Time-filtered azimuth angle (from the nominally vertical axis in the disk plane, 
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 – Time-filtered advection, deflection, and meandering velocity of wake planes (m/s)
· 
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 – Center positions of wake planes (m)
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 – Downwind distance from rotor to each wake plane (m)
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 – Axial wake velocity deficit at wake planes, distributed radially (m/s)
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 – Radial wake velocity deficit at wake planes, distributed radially (m/s)
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 – Time-filtered rotor-disk-averaged ambient wind speed of wake planes, normal to planes (m/s)
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 – Time-filtered ambient turbulence intensity of wind at wake planes (-)
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 – Time-filtered rotor diameter associated with each wake plane (m)
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 – Time-filtered rotor-disk-averaged relative wind speed (ambient + wakes + turbine motion), normal to disk (m/s)
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 – Time-filtered azimuthally averaged thrust force coefficient (normal to disk), distributed radially (-)
· 
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 – Time-filtered azimuthally averaged torque coefficient (normal to disk), distributed radially (-)
	· 
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 – Number of wake planes downwind of the rotor where the wake is propagated (-)
· 
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· 
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 – Radial increment of radial finite-difference grid (m)
· 
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 – Discretization of radial finite-difference grid (m)
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 – Horizontal discretization of each wake plane (m)

· 
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 – Nominally vertical discretization of each wake plane (m)
· 
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 – Low-pass time-filter parameter, with a value between 0 (minimum filtering) and 1 (maximum filtering) (exclusive) (-)

· 
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 – Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor (m)
· 
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 – Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor scaled with yaw error (m/rad)
· 
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 – Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance (-)
· 
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 – Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance and yaw error (1/rad)

· 
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 – Calibrated parameter for near-wake correction (-)
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the minimum and exponential regions (-)
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the exponential and maximum regions (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the functional value in the minimum region (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the exponent in the exponential region (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the minimum and exponential regions (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the exponential and maximum regions (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the functional value in the minimum region (-)
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 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the exponent in the exponential region (-)
· 
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 – Calibrated parameter for the influence of ambient turbulence in the eddy viscosity (-)
· 
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 – Calibrated parameter for the influence of the shear layer in the eddy viscosity (-)
· 
[image: image412.wmf]WakeDiam
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 – Wake diameter calculation model (-)

· 
[image: image413.wmf]WakeDiam

C

 – Calibrated parameter for wake diameter calculation (-)


Initialization:

	Initialization Inputs
	Initialization Outputs

	· 
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 – Number of wake planes downwind of the rotor where the wake is propagated (-)

· 
[image: image415.wmf]r
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 – Number of radii in the radial finite-difference grid (-)

· 
[image: image416.wmf]r
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 – Radial increment of radial finite-difference grid (m)

· 
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 – Time step (s)

· 
[image: image418.wmf]c
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 – Cutoff (corner) frequency of the low-pass time-filter for the wake advection, deflection, and meandering model (Hz)
· 
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 – Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor (m)
· 
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 – Calibrated parameter in the correction for wake deflection defining the horizontal offset at the rotor scaled with yaw error (m/rad)
· 
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 – Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance (-)
· 
[image: image422.wmf]xY

HWkDfl

C

 – Calibrated parameter in the correction for wake deflection defining the horizontal offset scaled with downstream distance and yaw error (1/rad)
· 
[image: image423.wmf]NearWake
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 – Calibrated parameter for near-wake correction (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the minimum and exponential regions (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the transitional diameter fraction between the exponential and maximum regions (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the functional value in the minimum region (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for ambient turbulence defining the exponent in the exponential region (-)

· 
[image: image428.wmf]DMin
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 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the minimum and exponential regions (-)

· 
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Shr

C

n

 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the transitional diameter fraction between the exponential and maximum regions (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the functional value in the minimum region (-)

· 
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 – Calibrated parameter in the eddy viscosity filter function for the shear layer defining the exponent in the exponential region (-)

· 
[image: image432.wmf]Amb
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 – Calibrated parameter for the influence of ambient turbulence in the eddy viscosity (-)

· 
[image: image433.wmf]Shr
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 – Calibrated parameter for the influence of the shear layer in the eddy viscosity (-)

· 
[image: image434.wmf]WakeDiam

Mod

 – Wake diameter calculation model (-)

· 
[image: image435.wmf]WakeDiam

C

 – Calibrated parameter for wake diameter calculation (-)
	


Set parameters from initialization inputs (
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Set the wake plane discretization from the initialization inputs: 
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Set the low-pass time-filter parameter from the initialization input 
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Initialize states:

The calculations in this section are for 
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Update States:

Wake Advection, Deflection, and Meandering
The calculations in this section are for 
[image: image478.wmf](
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Apply the low-pass time-filter at the rotor to account for transients in inflow, turbine control and/or turbine motion on the wake.

Maintain the orientation of each wake plane as it propagates downstream.

Move the wake centers based on a passive tracer (in 3D).

Propagate the wake planes downstream: As a wake-plane propagates downstream, ensure that the ambient wind, ambient TI, and rotor diameter associated with the wake plane remain constant:

I wouldn’t expect this to ever happen (as the nacelle-yaw would have to rotate 180˚ almost instantaneously), but trigger a fatal error if the normalizing denominator in the wake-plane orientation time-filter is zero i.e. if 
[image: image479.wmf][

]

[

]

(

)

PlaneDisk

2

ˆˆ

x0nx10

aa

+-=



[image: image480.wmf][

]

[

]

(

)

[

]

(

)

(

)

[

]

(

)

(

)

PlaneDisk

p

p

PlaneDisk

Plane

p

p

2

Plane

ppp

ˆˆ

xnnx1

forn0

ˆˆ

xnnx1

ˆ

xnn1

ˆ

xn1nfor1nMINN1,n2

aa

aa

ì

éù

+-

ëû

ï

=

ï

éù

+-

éù

+=

ëû

í

ëû

ï

éù

-££-+

ï

ëû

î


; Trigger a fatal error if the orientation of the rotor centerline at the rotor plane is directed vertically upward or downward (
[image: image481.wmf]ˆ
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) whereby the nacelle-yaw error and horizontal wake-deflection correction is undefined i.e. if 
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; Trigger a fatal error if the time-filtered nacelle-yaw error at the rotor plane approaches 
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 whereby the horizontal wake-deflection correction is invalid i.e if 
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With the horizontal wake-deflection correction:
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Derivation (for 
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Near-Wake Correction

Note: Even though a near-wake correction is applied, the wake deficit solution is still only accurate for downstream distances beyond about 3D. The near-wake correction is different between low thrust (
[image: image505.wmf]T
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) and high thrust (
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). Trigger a fatal error if 
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, as the wake model does not apply in the propeller brake region. Between these regions, a linear blending between the two solutions is implemented.  Where the disk-averaged thrust coefficient is (implemented via trapezoidal rule in the source code):
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Low Thrust (
[image: image509.wmf]T

24
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):

Derive the local axial induction factor from the time-filtered local thrust coefficient, based on the momentum region without tip loss; the local thrust coefficient is clipped at 
[image: image510.wmf]24

25
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The analytical expression for the wake-deficit boundary condition at the disk is:
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Derivation: 
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 results from mass conservation within an annulus: 
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 is in the rotor disk where the induced velocity is 
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Numerical implementation:


[image: image522.wmf][

]

[

]

[

]

[

]

[

]

[

]

(

)

WakeFilteredDiskAvgRelWakeWake

xrxNearWaker

V0,nn1INTERPVn1Ca,r@rrn

+=-+=

MM



[image: image523.wmf][

]

[

]

Wake

rr

V0,nn10

+=


with the local downstream radius solved via the trapezoidal rule:
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High Thrust (
[image: image525.wmf]T

1.1C2

<£

):

This is a Gaussian fit to LES solutions at high thrust/
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Where:
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Wake-Deficit Increment

Assuming the thin-shear-layer approximation to Navier Stokes (no pressure term, axisymmetric, velocity gradients much bigger in radial direction than axial direction) and steady state, the analytical expressions for the conservation of momentum and conservation of mass (continuity) are:
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with the eddy viscosity:
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where the eddy viscosity filter functions, representing the delay in the turbulent stress generated by ambient turbulence and the development of turbulent stresses generated by the shear layer are:
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and the characteristic length scale is: 
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The remaining calculations below are in a loop for 
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Calculate the downwind increment of wake planes: 
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 (which equals 
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 from above)

Calculate the characteristic length scale used in the eddy viscosity formulation, the radial gradient of the axial wake deficit used in the eddy viscosity formulation (using a central finite-difference scheme), the eddy viscosity, and the radial gradient of the eddy viscosity (using a central finite-difference scheme):
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Note: The equations at 
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), then the wake deficit is simply propagated to the next wake plane at the next time step:
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Otherwise (
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), solve the terms of the numerical momentum and continuity equations.
The numerical implementations are based on a second-order accurate finite-difference scheme at 
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, following the implicit Crank-Nicolson method. That is, central differences are used for all derivatives. A different finite-difference scheme is needed for the momentum and continuity equations because when the same finite-difference scheme used for momentum is used for continuity, the resulting tridiagonal matrix is not diagonally dominant. For the momentum equation, the terms 
[image: image556.wmf]x

V

, 
[image: image557.wmf]r

V

, 
[image: image558.wmf]T

n

, and 
[image: image559.wmf]T

r

n

¶

¶

 are calculated at 
[image: image560.wmf]n

 (or equivalently, 
[image: image561.wmf][

]

Plane

p

xn1n

éù

-

ëû

) to avoid nonlinearities in the solution for 
[image: image562.wmf]n1

+

 (this will lead to error that will prevent the solution from achieving second-order convergence). For the continuity equation, the finite-difference scheme is based on a second-order accurate finite-difference scheme at 
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Momentum:
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where
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Continuity:
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Derivations: Define the terms of the numerical momentum and continuity equations for 
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 based on a second-order accurate finite-difference scheme at 
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, following the implicit Crank-Nicolson method. That is, central differences are used for all derivatives. A different finite-difference scheme is needed for the momentum and continuity equations because when the same finite-difference scheme used for momentum is used for continuity, the resulting tridiagonal matrix is not diagonally dominant. For the momentum equation, the terms 
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 (this will lead to error that will prevent the solution from achieving second-order convergence). For the continuity equation, the finite-difference scheme is based on a second-order accurate finite-difference scheme at 
[image: image584.wmf]1

n

2

+

 and 
[image: image585.wmf]r

1

n

2

-

, except that 
[image: image586.wmf]r

V

 and 
[image: image587.wmf]r

V

r

¶

¶

 are computed at 
[image: image588.wmf]n1

+

 (or equivalently, 
[image: image589.wmf][

]

Plane

p

xnn1

éù

+

ëû

) to avoid numerical instabilities.
Momentum:


[image: image590.wmf]2

xxxxx

T

xrTT

2

VVVVV

rVrVrr

xrrrrr

n

nn

¶¶¶¶¶

¶

+=++

¶¶¶¶¶¶


with


[image: image591.wmf][

]

rr

rrnnr

D

==



[image: image592.wmf][

]

TTr

n

nn

=



[image: image593.wmf][

]

TT

r

n

rr

nn

¶¶

=

¶¶



[image: image594.wmf][

]

[

]

FilteredDiskAvgWindWake

xxpxpr

VVn1nVn1,nn

éùéù

=-+-

ëûëû



[image: image595.wmf][

]

Wake

rrpr

VVn1,nn

éù

=-

ëû



[image: image596.wmf][

]

[

]

WakeWake

xprxpr

x

Vn,nn1Vn1,nn

V

xx

D

éùéù

+--

¶

ëûëû

=

¶



[image: image597.wmf](

)

[

]

[

]

[

]

[

]

(

)

[

]

[

]

(

)

r

WakeWakeWakeWake

xprxprxprxpr

x

rr

WakeWake

xprxpr

rr

0forn0

Vn,n1n1Vn,n1n1Vn1,n1nVn1,n1n

V

1

for1nN2

r22r2r

Vn,n1n1Vn1,n1n

1

fornN1

22r2r

DD

DD

ì

ï

ï

=

ï

ï

æö

éùéùéùéù

++--+-+---

¶

ï

ëûëûëûëû

ç÷

=+££-

í

ç÷

¶

èø

æö

éùéù

-+--

ëûëû

ç÷

--=-

ç÷

èø

ï

ï

ï

ï

ï

î



[image: image598.wmf][

]

[

]

[

]

[

]

(

)

[

]

[

]

[

]

WakeWakeWakeWake

xprxprxprxpr

r

22

WakeWakeWakeWake

2

xprxprxprxpr

x

22

2Vn,n1n12Vn,nn12Vn1,n1n2Vn1,nn

1

forn0

2rr

Vn,n1n12Vn,nn1Vn,n1n1Vn1,n1

V

1

r2r

DD

D

æö

éùéùéùéù

++-+-+--

ëûëûëûëû

ç÷

+=

ç÷

èø

éùéùéùéù

++-++-+-+

¶

ëûëûëûëû

=+

¶

[

]

[

]

[

]

(

)

[

]

[

]

[

]

[

]

(

)

WakeWake

xprxpr

rr

2

WakeWakeWakeWake

xprxprxprxpr

rr

22

n2Vn1,nnVn1,n1n

for1nN2

r

2Vn,nn1Vn,n1n12Vn1,nnVn1,n1n

1

fornN1

2rr

D

DD

ì

ï

ï

ï

ï

æö

éùéù

--+--

ï

ëûëû

ç÷

££-

í

ç÷

ï

èø

ï

æö

éùéùéùéù

-++-+--+--

ï

ëûëûëûëû

ç÷

+=-

ï

ç÷

ï

èø

î


Note: The equations at 
[image: image599.wmf]rr

nN1

=-

 are based on the fact that 
[image: image600.wmf](

)

Wake

x

r

limVx,r0

®¥

=




[image: image601.wmf][

]

[

]

(

)

[

]

[

]

[

]

[

]

[

]

[

]

(

)

[

]

FilteredDiskAvgWindWakeWake

xpxprTrxpr

Wake

Trxpr

FilteredDiskAvgWindWakeWake

xpxprTrxp

r1

Vn1nVn1,nnnVn,nn1

xr

1

nVn,n1n1

r

r1

Vn1nVn1,nnnVn1,n

xr

D

n

DD

n

D

D

n

DD

ìü

éùéùéù

-+-++

íý

ëûëûëû

îþ

ìü

éù

+-++

íý

ëû

îþ

ìü

éùéù

=-+---

íý

ëûëû

îþ

[

]

[

]

[

]

(

)

[

]

[

]

[

]

[

]

[

]

[

]

[

]

(

)

[

]

r

r

Wake

Trxpr

WakeWake

rrrT

rprTrrxpr

r

FilteredDiskAvgWindWakeWake

r

xpxprTrxpr

forn0

n

1

nVn1,n1n

r

n12nn

Vn1,nnnnVn,n1n1

44r4r

rn

n

Vn1nVn1,nnnVn,n

xr

n

D

n

n

D

n

DD

=

éù

ëû

ìü

éù

+-+

íý

ëû

îþ

-¶

ìü

éùéù

--++-+

íý

ëûëû

¶

îþ

ìü

éùéù

+-+-+

íý

ëûëû

îþ

[

]

[

]

[

]

[

]

[

]

[

]

[

]

[

]

[

]

[

]

[

]

WakeWake

rrrT

rprTrrxpr

WakeWake

rrrT

rprTrrxpr

r

FilteredDiskAvgWindWake

xpxp

n1

n12nn

Vn1,nnnnVn,n1n1

44r4r

n12nn

Vn1,nnnnVn1,n1n

44r4r

rn

Vn1nVn1,n

x

n

n

D

n

n

D

D

éù

+

ëû

+¶

ìü

éùéù

+---++

íý

ëûëû

¶

îþ

-¶

ìü

éùéù

=-----

íý

ëûëû

¶

îþ

éù

+-+-

ëû

[

]

(

)

[

]

[

]

[

]

[

]

[

]

[

]

(

)

[

]

[

]

[

]

[

]

[

]

rr

Wake

r

rTrxpr

WakeWake

rrrT

rprTrrxpr

WakeWake

rrrT

rprTrrxpr

r

for1nN2

n

nnVn1,nn

r

n12nn

Vn1,nnnnVn1,n1n

44r4r

n12nn

Vn1,nnnnVn,n1n1

44r4r

rn

n

D

n

n

D

n

n

D

££-

ìü

éùéù

--

íý

ëûëû

îþ

+¶

ìü

éùéù

+--++-+

íý

ëûëû

¶

îþ

-¶

ìü

éùéù

--++-+

íý

ëûëû

¶

îþ

+

[

]

[

]

(

)

[

]

[

]

[

]

[

]

[

]

[

]

[

]

[

]

FilteredDiskAvgWindWakeWake

r

xpxprTrxpr

WakeWake

rrrT

rprTrrxpr

r

FilteredDiskAvgWindWake

xpx

n

Vn1nVn1,nnnVn,nn1

xr

n12nn

Vn1,nnnnVn1,n1n

44r4r

rn

Vn1nVn

x

n

DD

n

n

D

D

ìü

éùéùéù

-+-++

íý

ëûëûëû

îþ

-¶

ìü

éùéù

=-----

íý

ëûëû

¶

îþ

éù

+-+

ëû

[

]

(

)

[

]

[

]

(

)

rr

Wake

r

prTrxpr

fornN1

n

1,nnnVn1,nn

r

n

D

ì

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

í

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

=-

ï

ï

ï

ï

ìü

éùéù

---

ï

íý

ëûëû

ï

îþ

î



Therefore:
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where
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Continuity:


[image: image607.wmf]x

r

r

V

V

Vrr0

rx

¶

¶

++=

¶¶


with


[image: image608.wmf][

]

[

]

(

)

WakeWake

rrprrpr

1

VVn,nn1Vn,n1n1

2

éùéù

=++-+

ëûëû



[image: image609.wmf][

]

[

]

rr

r

rnrn1

2n1

rr

22

D

+-

-

æö

==

ç÷

èø



[image: image610.wmf](

)

[

]

[

]

(

)

r

r

WakeWake

rprrpr

rr

0forn0

V

Vn,nn1Vn,n1n1

r

for1nN1

r

D

ì

=

¶

ï

=

éùéù

í

+--+

ëûëû

¶

££-

ï

î



[image: image611.wmf](

)

[

]

[

]

[

]

[

]

(

)

r

WakeWakeWakeWake

x

xprxprxprxpr

rr

0forn0

V

Vn,nn1Vn,n1n1Vn1,nnVn1,n1n

1

x

for1nN1

x22

D

ì

=

ï

¶

ï

æö

éùéùéùéù

++-+-+--

=

í

ëûëûëûëû

ç÷

¶

-££-

ï

ç÷

ï

èø

î



[image: image612.wmf][

]

(

)

[

]

(

)

[

]

[

]

[

]

[

]

(

)

r

Wake

r

rpr

Wake

r

rpr

WakeWake

rr

xprxpr

r

WakeWake

r

xprxpr

0forn0

n1

Vn,n1n1

n

Vn,nn1

for1nN1

Vn,nn1Vn,n1n1

2n1r

4nx

Vn1,nnVn1,n1n

D

D

ì

=

ï

-

ï

éù

-+

ëû

ï

éù

+=

í

ëû

££-

ï

æö

éùéù

++-+

-

ëûëû

ç÷

ï

-

ç÷

ï

éùéù

-----

ëûëû

èø

î


After looping through 
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, we need to calculate the eddy viscosity on the most downwind wake plane (
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) for write output purposes:
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Calculate Output

The calculations in this section are for 
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Return the current values of the discrete-time states:

Note: This output is one time-step delayed, but due to slow wake dynamics, this is OK to avoid having direct feedthrough of input to output and thus simplifying the glue code.
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Private SUBROUTINEs / FUNCTIONs
Azimuth Average (FUNCTION AzimAvg)

Converts a scalar array from a Cartesian system in Cartesian coordinates to an axisymmetric system in radial coordinates by azimuth averaging:
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e.g. 
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	Inputs
	Outputs
	States
	Parameters

	· 
[image: image629.wmf]Cartesian

yz
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 – Scalar field distributed across the Cartesian plane (-)

· 
[image: image630.wmf]y

yn
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 – Horizontal discretization of Cartesian grid (m)

· 
[image: image631.wmf][

]
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 – Nominally vertical discretization of Cartesian grid (m)
· 
[image: image632.wmf][
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 – Discretization of radial finite-difference grid (m)
	· 
[image: image633.wmf][
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 – Azimuth-averaged scalar field, distributed radially
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Axisymmetric to Cartesian (SUBROUTINE Axisymmetric2Cartesian)

Converts velocity vectors from an axisymmetric system in radial coordinates to a Cartesian system in Cartesian coordinates:
e.g. 
[image: image635.wmf][
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	Inputs
	Outputs
	States
	Parameters

	· 
[image: image636.wmf][

]

Axisymmetric

xr

Vn

 – Axial velocity, distributed radially (m/s)

· 
[image: image637.wmf][

]

Axisymmetric

rr

Vn

 – Radial velocity deficit, distributed radially (m/s)
· 
[image: image638.wmf][
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 – Discretization of radial finite-difference grid (m)

· 
[image: image639.wmf]y
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 – Horizontal discretization of Cartesian grid (m)

· 
[image: image640.wmf][
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 – Nominally vertical discretization of Cartesian grid (m)
	· 
[image: image641.wmf]Cartesian
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 – Axial velocity, distributed across the plane (m/s)

· 
[image: image642.wmf]Cartesian
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 – Transverse horizontal velocity, distributed across the plane (m/s)

· 
[image: image643.wmf]Cartesian
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 – Transverse nominally vertical velocity, distributed across the plane (m/s)
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Eddy Viscosity Filter Function (FUNCTION EddyFilter)

Calculates the eddy viscosity filter functions, representing the delay in the turbulent stress generated by ambient turbulence or the development of turbulent stresses generated by the shear layer:
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e.g. 
[image: image646.wmf](
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	Inputs
	Outputs
	States
	Parameters

	· 
[image: image647.wmf]Plane

x

 – Downwind distance from rotor to wake plane (m)

· 
[image: image648.wmf]Rotor

D

 – Rotor diameter associated with wake plane (m)

· 
[image: image649.wmf]DMin

C

 – Calibrated parameter in the eddy viscosity filter function defining the transitional diameter fraction between the minimum and exponential regions (-)

· 
[image: image650.wmf]DMax

C

 – Calibrated parameter in the eddy viscosity filter function defining the transitional diameter fraction between the exponential and maximum regions (-)

· 
[image: image651.wmf]FMin

C

 – Calibrated parameter in the eddy viscosity filter function defining the functional value in the minimum region (-)

· 
[image: image652.wmf]Exp

C

 – Calibrated parameter in the eddy viscosity filter function defining the exponent in the exponential region (-)
	· 
[image: image653.wmf]F

 – Filter function (-)
	
	


Trigger a fatal error if the inputs are invalid: 
[image: image654.wmf]Rotor

D0
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Trigger a fatal error if the calibrated parameter is outside of a valid range i.e. if 
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Wake Diameter (FUNCTION WakeDiam)



Calculates the wake diameter at a wake plane, based on one of four models:

Model 1: The wake diameter is taken to be the rotor diameter, 
[image: image660.wmf]WakeRotor

DD

=


Model 2: The wake diameter is taken to be the largest of the rotor diameter or the diameter at which the axial velocity of the wake is the 
[image: image661.wmf]WakeDiam

C

 fraction of the ambient wind speed.

The analytical expression is: 
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Model 3: The wake diameter is taken to be the largest of the rotor diameter or the diameter that captures the 
[image: image663.wmf]WakeDiam

C

 fraction of the mass flux of the axial wake deficit across the wake plane.

The analytical expression is:
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Model 4: The wake diameter is taken to be the largest of the rotor diameter or the diameter that captures the 
[image: image665.wmf]WakeDiam

C

 fraction of the momentum flux of the axial wake deficit across the wake plane.

The analytical expression is:


[image: image666.wmf](

)

(

)

(

)

(

)

WakeWakePlane

RR

22

WakeRotorWakeWakeWake

xWakeDiamx

00

DMAXD,2R|Vr2rdrCVr2rdr

pp

æö

ìü

ïï

ç÷

==

íý

ç÷

ïï

îþ

èø

òò


e.g. 
[image: image667.wmf][
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	Inputs
	Outputs
	States
	Parameters

	· 
[image: image668.wmf][

]

Wake

xr

Vn

 – Axial wake velocity deficit at wake plane, distributed radially (m/s)

· 
[image: image669.wmf]DiskAvgWind

x

V

 – Rotor-disk-averaged ambient wind speed of wake plane, normal to plane (m/s)

· 
[image: image670.wmf]Rotor

D

 – Rotor diameter associated with wake plane (m)

· 
[image: image671.wmf]r

D

 – Radial increment of radial finite-difference grid

· 
[image: image672.wmf]WakeDiam

Mod

 – Wake diameter calculation model (-)

· 
[image: image673.wmf]WakeDiam

C

 – Calibrated parameter for wake diameter calculation (-)
	· 
[image: image674.wmf]Wake

D

 – Wake diameter (m)
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[image: image678.wmf](
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: Model 2

Trigger a fatal error if the calibrated parameter is outside of a valid range i.e. if
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Numerical implementation:
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where 
[image: image681.wmf](
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 is used to ensure that the wake diameter is at least as large as the rotor diameter and in case there is more than one value of 
[image: image682.wmf]r

 that satisfies the criteria.
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: Model 3

Trigger a fatal error if the radial increment is zero i.e. if 
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Trigger a fatal error if the calibrated parameter is outside of a valid range i.e. if
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)

(

)

WakeDiamWakeDiam

C0.OR.C0.99

£³



Calculate the number of radii in the radial finite-difference grid: 
[image: image686.wmf][
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Derive the radial discretization from the initialization inputs: 
[image: image687.wmf][
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Calculate the radial-dependent mass-flux integral via the trapezoidal rule:
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Numerical implementation:


[image: image689.wmf][
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where 
[image: image690.wmf](
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MAX

 is used to ensure that the wake diameter is at least as large as the rotor diameter and in case there is more than one value of 
[image: image691.wmf]r

 that satisfies the criteria.
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: Model 4

Trigger a fatal error if the radial increment is zero i.e. if 
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Trigger a fatal error if the calibrated parameter is outside of a valid range i.e. if
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Calculate the number of radii in the radial finite-difference grid: 
[image: image695.wmf][
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Derive the radial discretization from the initialization inputs: 
[image: image696.wmf][
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Calculate the radial-dependent momentum-flux integral via the trapezoidal rule:
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Numerical implementation:
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where 
[image: image699.wmf](
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MAX

 is used to ensure that the wake diameter is at least as large as the rotor diameter and in case there is more than one value of 
[image: image700.wmf]r

 that satisfies the criteria.
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Trigger a fatal error about an invalid 
[image: image702.wmf]WakeDiam

Mod




[image: image703.wmf]ENDSELECT


Thomas Algorithm (FUNCTION ThomasAlgorithm)

Solves the tridiagonal linear system for 
[image: image704.wmf][
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 using the Thomas algorithm:
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e.g. 
[image: image706.wmf][
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	Inputs
	Outputs
	States
	Parameters

	· 
[image: image707.wmf][
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 – Sub diagonal (-)

· 
[image: image708.wmf][
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 – Main diagonal (-)
· 
[image: image709.wmf][
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 – Super diagonal (-)

· 
[image: image710.wmf][
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 – Right-hand side (-)
	· 
[image: image711.wmf][
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 – Solution of the linear solve (-)
	
	


Calculate the size of the matrix: 
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Note: all of these vectors should be the same size; 
[image: image713.wmf][
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 and 
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 should be the same size or one element smaller (if the same size, the one remaining element each, 
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 and 
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, are unused).  Trigger a fatal error if the vectors are not the right size.

Trigger a fatal error if the tridiagonal matrix is not diagonally dominant i.e. if:
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The Thomas algorithm is (overwriting the original arrays):

Step forward to eliminate 
[image: image718.wmf][
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 from the tridiagonal matrix:
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Step backward to solve for 
[image: image720.wmf][
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Ambient Wind and Array Effects (MODULE Wind_AmbientAndArray)


Processes ambient wind and wake interactions across the wind farm, including:

Ambient Wind – Process ambient wind across the wind farm from either a high-fidelity precursor simulation or an interface to the OpenFAST InflowWind module


Wake Merging – Identifies zones of overlap between all wakes across the wind farm and merges their wake deficits

	Inputs
	Outputs
	States
	Parameters


	· 
[image: image722.wmf]Plane

pt

ˆ

xn,n
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 – Orientations of wake planes, normal to wake planes, for each turbine (-)

· 
[image: image723.wmf]Plane

pt

pn,n
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 – Center positions of wake planes for each turbine (m)

· 

[image: image725.wmf]Wake

xyzpt

Vn,n,n,n
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 – Axial wake velocity deficit at wake planes, distributed across the plane, for each turbine (m/s)

· 

[image: image727.wmf]Wake

yyzpt

Vn,n,n,n
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 – Transverse horizontal wake velocity deficit at wake planes, distributed across the plane, for each turbine (m/s)
· 
[image: image728.wmf]Wake

zyzpt

Vn,n,n,n
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 – Transverse nominally vertical wake velocity deficit at wake planes, distributed across the plane, for each turbine (m/s)
· 
[image: image729.wmf]Wake

pt

Dn,n
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 – Wake diameters at wake planes for each turbine (m)
	· 
[image: image730.wmf]HighHighHighHighHigh/Low

DistXYZt

Vn,n,n,n,n
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 – UVW components of disturbed wind (ambient + wakes) across each high-resolution domain around a turbine for each high-resolution time step within a low-resolution time step (m/s)

· 
[image: image731.wmf]Plane

pt

Vn,n
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 – Advection, deflection, and meandering velocity of wake planes for each turbine (m/s)

· 
[image: image732.wmf][

]

DiskAvgWind

xt

Vn

 – Rotor-disk-averaged ambient wind speed, normal to disk, for each turbine (m/s)

· 
[image: image733.wmf][

]

Ambt

TIn

 – Ambient turbulence intensity of wind at rotor disk for each turbine (-)
	
	· 
[image: image734.wmf]AmbWind

Mod

 – Ambient wind model (-)

· 
[image: image735.wmf]Low

t

D

 – Low-resolution (FAST.Farm driver/glue code) time step (s)

· 
[image: image736.wmf]High

t

D

 – High-resolution time step (s)

· 
[image: image737.wmf]N

 – Number of low-resolution (FAST.Farm driver time steps (-)
· 
[image: image738.wmf]t

N

 – Number of wind turbines (-)

· 
[image: image739.wmf]p

N

 – Number of wake planes downwind of the rotor where the wake is propagated (-)

· 
[image: image740.wmf]r

N

 – Number of radii in the radial finite-difference grid (-)

· 

[image: image742.wmf]y

yn
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 – Horizontal discretization of each wake plane (m)
· 
[image: image743.wmf][

]
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 – Nominally vertical discretization of each wake plane (m)
· 
[image: image744.wmf]Low

X

N

 – Number of low-resolution spatial nodes in X direction (-)

· 
[image: image745.wmf]Low

Y

N

 – Number of low-resolution spatial nodes in Y direction (-)

· 
[image: image746.wmf]Low

Z

N

 – Number of low-resolution spatial nodes in Z direction (-)

· 
[image: image747.wmf]Low

D

r

 – XYZ-components of the spatial increment of the low-resolution domain (m)

· 
[image: image748.wmf]LowLow

XYZ

pn
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r

 – XYZ components (global positions) of the spatial discretization of the low-resolution spatial domain (m)

· 
[image: image749.wmf]High/Low

N

 – Number of high-resolution time steps per low-resolution time step (-)

· 
[image: image750.wmf]High

X

N

 – Number of high-resolution spatial nodes in X direction (-)

· 
[image: image751.wmf]High

Y

N

 – Number of high-resolution spatial nodes in Y direction (-)

· 
[image: image752.wmf]High

Z

N

 – Number of high-resolution spatial nodes in Z direction (-)

· 
[image: image753.wmf]HighHigh

XYZt

pn,n
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r

 – XYZ components (global positions) of the spatial discretization of the high-resolution spatial domain for each turbine (m)

· 
[image: image754.wmf]D

 – Spatial resolution of the polar grid for each wake plane of each turbine (m)

· 
[image: image755.wmf][

]

Turbine

0t

pn

r

 – XYZ-components (global positions) of each undisplaced turbine (m)
· 
[image: image756.wmf]Max

r

N

y

 – Maximum possible number of points in the polar grid for the wake plane at each rotor

· 
[image: image757.wmf]Deficit

Mod

 – Wake deficit model for wake meandering (-)
· 
[image: image758.wmf]Meander

Mod

 – Spatial filter model for wake meandering (-)
· 
[image: image759.wmf]Meander

C

 – Calibrated parameter for wake meandering (-)
· 
[image: image760.wmf]ScaleDiam

C

 – Normalized wake plane radius for wake meandering (normalized by the wake diameter) (-)
· 
[image: image761.wmf]WindFilePath

 – Path name of wind data files from high-fidelity precursor (string)

· 
[image: image762.wmf]RootName

 – Root name (including path) of the FAST.Farm primary input file (string)

· 
[image: image763.wmf]Low/Out

N

 – Number of low-resolution time steps per visualization output time step (-)

· 
[image: image764.wmf]WrDisWind

 – Flag for writing full visualization output (flag)

· 
[image: image765.wmf]NOutDisWindXY

 – Number of XY planes for visualization output of disturbed wind data (-)

· 
[image: image766.wmf]Out

OutDisWindZn
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 – Z coordinates of XY planes for visualization output of disturbed wind data (m)

· 
[image: image767.wmf]NOutDisWindYZ

 – Number of YZ planes for visualization output of disturbed wind data (-)

· 
[image: image768.wmf]Out

OutDisWindXn

éù

ëû

 – X coordinates of YZ planes for visualization output of disturbed wind data (m)

· 
[image: image769.wmf]NOutDisWindXZ

 – Number of XZ planes for visualization output of disturbed wind data (-)

· 
[image: image770.wmf]Out

OutDisWindYn
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ëû

 – Y coordinates of XZ planes for visualization output of disturbed wind data (m)


Initialization:

	Initialization Inputs
	Initialization Outputs


	· 
[image: image771.wmf]Low

t

D

 – Low-resolution (FAST.Farm driver/glue code) time step (s)

· 
[image: image772.wmf]High

t

D

 – High-resolution time step (s)

· 
[image: image773.wmf]N

 – Number of low-resolution (FAST.Farm driver time steps (-)

· 
[image: image774.wmf]High/Low

N

 – Number of high-resolution time steps per low-resolution time step (-)
· 
[image: image775.wmf]t

N

 – Number of wind turbines (-)

· 
[image: image776.wmf]p

N

 – Number of wake planes downwind of the rotor where the wake is propagated (-)

· 
[image: image777.wmf]r

N

 – Number of radii in the radial finite-difference grid (-)

· 
[image: image778.wmf]r

D

 – Radial increment of radial finite-difference grid (m) 

· 
[image: image779.wmf]Deficit

Mod

 – Wake deficit model for wake meandering (-)

· 
[image: image780.wmf]Meander

Mod

 – Spatial filter model for wake meandering (-)
· 
[image: image781.wmf]Meander

C

 – Calibrated parameter for wake meandering (-)

· 
[image: image782.wmf]AmbWind

Mod

 – Ambient wind model (-)
· 
[image: image783.wmf]WindFilePath

 – Path name of wind data files from high-fidelity precursor (string)

· 
[image: image784.wmf]Low

X

N

 – Number of low-resolution spatial nodes in X direction (-)

· 
[image: image785.wmf]Low

Y

N

 – Number of low-resolution spatial nodes in Y direction (-)

· 
[image: image786.wmf]Low

Z

N

 – Number of low-resolution spatial nodes in Z direction (-)

· 
[image: image787.wmf]Low

0

X

 – X-component of the origin of the low-resolution spatial domain (m)

· 
[image: image788.wmf]Low

0

Y

 – Y-component of the origin of the low-resolution spatial domain (m) 
· 
[image: image789.wmf]Low

0

Z

 – Z-component of the origin of the low-resolution spatial domain (m)

· 
[image: image790.wmf]Low

X

D

 – X-component of the spatial increment of the low-resolution spatial domain (m)

· 
[image: image791.wmf]Low

Y

D

 – Y-component of the spatial increment of the low-resolution spatial domain (m)

· 
[image: image792.wmf]Low

Z

D

 – Z-component of the spatial increment of the low-resolution spatial domain (m)

· 
[image: image793.wmf]High

X

N

 – Number of high-resolution spatial nodes in X direction (-)

· 
[image: image794.wmf]High

Y

N

 – Number of high-resolution spatial nodes in Y direction (-)

· 
[image: image795.wmf]High

Z

N

 – Number of high-resolution spatial nodes in Z direction (-)

· 
[image: image796.wmf][

]

High

0t

Xn

 – X-component of the origin of the high-resolution spatial domain for each turbine (m)

· 
[image: image797.wmf][

]

High

0t

Yn

 – Y-component of the origin of the high-resolution spatial domain for each turbine (m) 
· 
[image: image798.wmf][

]

High

0t

Zn

 – Z-component of the origin of the high-resolution spatial domain for each turbine (m)

· 
[image: image799.wmf][

]

High

t

Xn

D

 – X-component of the spatial increment of the high-resolution spatial domain for each turbine (m)

· 
[image: image800.wmf][

]

High

t

Yn

D

 – Y-component of the spatial increment of the high-resolution spatial domain for each turbine (m)

· 
[image: image801.wmf][

]

High

t

Zn

D

 – Z-component of the spatial increment of the high-resolution spatial domain for each turbine (m)

· 
[image: image802.wmf][

]

Turbine

0t

Xn

 – Undisplaced global X-coordinate of each turbine (m)
· 
[image: image803.wmf][

]

Turbine

0t

Yn

 – Undisplaced global Y-coordinate of each turbine (m)
· 
[image: image804.wmf][

]

Turbine

0t

Zn

 – Undisplaced global Z-coordinate of each turbine (m)
· 
[image: image805.wmf]RootName

 – Root name (including path) of the FAST.Farm primary input file (string)

· 
[image: image806.wmf]Low/Out

N

 – Number of low-resolution time steps per visualization output time step (-)
· 
[image: image807.wmf]WrDisWind

 – Flag for writing full visualization output (flag)

· 
[image: image808.wmf]NOutDisWindXY

 – Number of XY planes for visualization output of disturbed wind data (-)

· 
[image: image809.wmf]Out

OutDisWindZn
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 – Z coordinates of XY planes for visualization output of disturbed wind data (m)

· 
[image: image810.wmf]NOutDisWindYZ

 – Number of YZ planes for visualization output of disturbed wind data (-)

· 
[image: image811.wmf]Out

OutDisWindXn
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 – X coordinates of YZ planes for visualization output of disturbed wind data (m)

· 
[image: image812.wmf]NOutDisWindXZ

 – Number of XZ planes for visualization output of disturbed wind data (-)

· 
[image: image813.wmf]Out

OutDisWindYn
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 – Y coordinates of XZ planes for visualization output of disturbed wind data (m)
	· 
[image: image814.wmf]High

X

N

 – Number of high-resolution spatial nodes in X direction (-)

· 
[image: image815.wmf]High

Y

N

 – Number of high-resolution spatial nodes in Y direction (-)

· 
[image: image816.wmf]High

Z

N

 – Number of high-resolution spatial nodes in Z direction (-)

· 
[image: image817.wmf][

]

High
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Xn

 – X-component of the origin of the high-resolution spatial domain for each turbine (m)

· 
[image: image818.wmf][

]

High

0t

Yn

 – Y-component of the origin of the high-resolution spatial domain for each turbine (m) 
· 
[image: image819.wmf][

]

High

0t

Zn

 – Z-component of the origin of the high-resolution spatial domain for each turbine (m)

· 
[image: image820.wmf][

]

High

t

Xn

D

 – X-component of the spatial increment of the high-resolution spatial domain for each turbine (m)

· 
[image: image821.wmf][

]

High

t

Yn

D

 – Y-component of the spatial increment of the high-resolution spatial domain for each turbine (m)

· 
[image: image822.wmf][

]

High

t

Zn

D

 – Z-component of the spatial increment of the high-resolution spatial domain for each turbine (m)


Set parameters from initialization inputs (
[image: image823.wmf]AmbWind
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, 
[image: image824.wmf]Low
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, 
[image: image825.wmf]High
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, 
[image: image826.wmf]N

, 
[image: image827.wmf]t
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, 
[image: image828.wmf]p

N

, 
[image: image829.wmf]r
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, 
[image: image830.wmf]High/Low

N

, 
[image: image831.wmf]Deficit

Mod

, 
[image: image832.wmf]Meander

Mod

, 
[image: image833.wmf]Meander

C

, 
[image: image834.wmf]WindFilePath

, 
[image: image835.wmf]RootName

, 
[image: image836.wmf]Low/Out

N

, 
[image: image837.wmf]WrDisWind

, 
[image: image838.wmf]NOutDisWindXY
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[image: image839.wmf]Out
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[image: image840.wmf]NOutDisWindYZ
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[image: image841.wmf]Out
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[image: image842.wmf]NOutDisWindXZ
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[image: image843.wmf]Out
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Set the wake plane discretization from the initialization inputs: 
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Set the undisplaced position of each turbine:
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[image: image848.wmf](
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AmbWind

SELECTCASEMod



[image: image849.wmf](

)

CASE1


Ensure that enough wind data has been generated:

Trigger a fatal error if there is not enough low-resolution wind data i.e. if 
[image: image850.wmf](

)

WindFilePath/Low/Amb.tn.vtkfor0nN1
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 does not exist (if there are more low-resolution wind data files, we’ll only use the first 
[image: image851.wmf]N

)

Trigger a fatal error if there are not at least as many high-resolution wind data files as there are wind turbines and high-resolution time steps i.e. if


[image: image852.wmf](
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 does not exist (if there are more high-resolution wind data files, we’ll only use the first 
[image: image853.wmf]t
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 and 
[image: image854.wmf](
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Read-in low- and high-resolution spatial discretization data:

Read-in 
[image: image855.wmf]Low
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, 
[image: image856.wmf]Low
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, 
[image: image857.wmf]Low
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, 
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X

D

, 
[image: image862.wmf]Low
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 from 
[image: image864.wmf]WindFilePath/Low/Amb.t0.vtk


Read-in 
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Trigger a fatal error if there are not at least two low-resolution spatial nodes in each direction i.e. if 
[image: image875.wmf]Low
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; note the low-resolution discretization is: 
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Trigger a fatal error if the number of high-resolution spatial nodes in each direction is not identical between files i.e. if 
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 and not at least two i.e. if 
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; note the high-resolution discretization is: 
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Trigger a fatal error if the low-resolution spacing in each direction is not positive i.e. if 
[image: image892.wmf]Low
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Trigger a fatal error if the high-resolution spacing for each turbine in each direction is not positive i.e. if 
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[image: image898.wmf](
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[image: image899.wmf]FixedWindFileRootNameFALSE

=



[image: image900.wmf]LowLowLow
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CALL InflowWind_Init
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[image: image902.wmf]FixedWindFileRootNameTRUE
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[image: image903.wmf]LowLowLow
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[image: image904.wmf]TurbineID0
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CALL InflowWind_Init
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[image: image907.wmf]t

TurbineIDn
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CALL InflowWind_Init


[image: image908.wmf]end



[image: image909.wmf]CASEDEFAULT


Trigger a fatal error about an invalid 
[image: image910.wmf]AmbWind
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[image: image911.wmf]ENDSELECT


Set the discretization of the low-resolution spatial domain from the initialization inputs:
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Set the discretization of each high-resolution spatial domain from the initialization inputs:
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Set the normalized wake-plane radius for wake meandering (normalized by the wake diameter): 
[image: image915.wmf](
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Set the spatial discretization of the polar grid for each wake plane: 
[image: image916.wmf]LowLowLow
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Estimate the maximum number of points in the polar grid for the wake plane at each rotor: 
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CALL AWAE_US at 
[image: image919.wmf]n1

=-

 to read-in the ambient wind for the initial calculate output.

Update States:

IF 
[image: image920.wmf](
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Read-in ambient wind data from low- and high-resolution domains:

Read-in 
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ELSE 
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END IF
Calculate Output:

The calculations in this section make use of wake volumes, which are volumes formed by a (possibly curved square cylinder starting at the wake plane and ending axially downstream until it is sliced by the next wake plane.
Local variables:

· 
[image: image928.wmf]LowLowLowLow
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 – UVW components of ambient wind across the low-resolution domain throughout the farm (m/s)

· 
[image: image929.wmf]LowLowLowLow
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 – UVW components of disturbed wind (ambient + wakes) across the low-resolution domain throughout the farm (m/s)
· 
[image: image930.wmf]LowLowLowLow
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 – 3x3 matrix at each point in the low-resolution domain that scales the contribution of the wake deficit in the disturbed wind field (-)

· 
[image: image931.wmf]HighHighHighHighHigh/Low
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 – UVW components of ambient wind across each high-resolution domain around a turbine (one for each turbine) for each high-resolution time step within a low-resolution time step (m/s)

· 
[image: image932.wmf]pt
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 – Cosine of the angle between the starting and ending wake planes of a given wake volume (-)

· 
[image: image933.wmf]pt
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 – Sine of the angle between the starting and ending wake planes of a given wake volume (-)

· 
[image: image934.wmf]pt
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 – Logical flag indicating whether or not the starting and ending wake planes of a given wake volume are parallel (flag)

· 
[image: image935.wmf]s
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 – Radius to the wake center in the starting wake plane from the line where the starting and ending wake planes intersect for a given wake volume (-)
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 – Radius to the wake center in the ending wake plane from the line where the starting and ending wake planes intersect for a given wake volume (-)
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 – Radial orientation to the wake center in the starting wake plane from the line where the starting and ending wake planes intersect for a given wake volume (-)
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 – Radial orientation to the wake center in the ending wake plane from the line where the starting and ending wake planes intersect for a given wake volume (-)
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 – Position of the point on the line where the starting and ending wake planes intersect for a given wake volume where the wake center of the starting wake plane projects normal to the line (-)

· 
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 – Position of the point on the line where the starting and ending wake planes intersect for a given wake volume where the wake center of the end wake plane projects normal to the line (-)
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 – Horizontal orientations (horizontal to the XY plane), normal to wake centerlines/
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, for each wake plane of each turbine (-)
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 – Nominally vertical orientations, normal to both wake centerlines/
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 and the horizontal/
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, for each wake plane of each turbine (tilt will cause 
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 to be slanted from the actual vertical) (-)

· 
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 – Number of wakes volumes overlapping a given point in the wind spatial domain (-); note the wake discretization is: 
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 – Indices of the wake planes associated with a given point in the wind spatial domain (-)
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 – Indices of the turbines associated with a given point in the wind spatial domain (-)
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 – Orientations of wake planes, normal to wake planes, associated with a given point in the wind spatial domain (-)
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 – Weighted-average orientation of wake plane, normal to wake plane, associated with a given point in the wind spatial domain (weighted by the magnitude of each axial wake deficit) (-)
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 – Distance to a given point in the wind spatial domain from the starting wake plane
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 – Distance to a given point in the wind spatial domain from the ending wake plane
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 – Fractional distance between wake planes, associated with a given point in the wind spatial domain, where 
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 – Center position of the wake plane associated with a given point in the wind spatial domain (m)
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 – Horizontal distances to the wake centerlines, associated with a given point in the wind spatial domain (m)
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 – Nominally vertical distances 
to the wake centerlines, associated with a given point in the wind spatial domain (m)
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 – Horizontal orientations (horizontal to the XY plane), normal to wake centerlines/
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, associated with a given point in the wind spatial domain (-)
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 – Nominally vertical orientations, normal to both wake centerlines/
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 and the horizontal/
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, associated with a given point in the wind spatial domain (tilt will cause 
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 to be slanted from the actual vertical) (-)
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 – Axial wake velocity deficits at wake planes, associated with a given point in the wind spatial domain (m/s)
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 – Transverse horizontal wake velocity deficits at wake planes, associated with a given point in the wind spatial domain (m/s)
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 – Transverse nominally vertical wake velocity deficits at wake planes, associated with a given point in the wind spatial domain (m/s)
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 – Number of points in the polar grid for each wake plane of each turbine (-); note the polar grid discretization is: 
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· 
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 – Number of radial points in the polar grid for each wake plane of each turbine (-); note the radial discretization is: 
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 – Number of azimuthal points in the polar grid for each wake plane of each turbine (-); note the azimuthal discretization is: 
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· 
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 – Radial distances from the wake centerlines to points in the polar grid for each wake plane of each turbine (m)
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 – Azimuth angles about 
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 to points in the polar grid for each wake plane of each turbine (rad)
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 – Positions to points in the polar grid for each wake plane of each turbine (m)
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 – UVW components of ambient wind at points in the polar grid for each wake plane for each turbine (m/s)
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 – UVW components of disturbed wind (ambient + wakes) at points in the polar grid for each wake plane for each turbine (m/s)
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 – Weighting for spatial averaging/filtering for points in the polar grid for each wake plane of each turbine (m)
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 – Logical flag indicating whether or not the points in the polar grid for each wake plane of each turbine lie within the low-resolution domain (flag)
· 
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 – Spatial-averaged ambient wind speed in the low-resolution domain associated with the wake plane at the rotor disk, for each turbine (m/s)

Ambient Wind

The analytical expressions for the rotor-disk-averaged ambient wind speed, normal to the disk, for each turbine, 
[image: image990.wmf][
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, and the ambient turbulence intensity for each turbine, 
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, are based on the wake plane at the rotor disk, 
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, associated with that turbine and based on a diameter equal to 
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 times the wake diameter, 
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. The ambient turbulence intensity is based on a spatial- (instead of time-) average of the three vector components (instead of just the axial component). In the spatial averaging, a uniform weighting is always applied:
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Where:
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Wake Merging

The disturbed (ambient + wakes) wind at a given point in the wind spatial domain for both the low- and high-resolution domains, 
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 and 
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, is found by combining the local ambient wind with a Root-Sum-Squared (RSS) of the axial velocity deficits and a straight vector sum of the transverse velocity deficits for all wake volumes overlapping with the given point in the wind spatial domain based on a square cylinder width/height equal to the width/height of the wake planes, 
[image: image1006.wmf](

)

r

2N1r

D

-


. Because each wake plane may have a unique orientation, what constitutes “axial” and “transverse” at a given point in the wind spatial domain is determined by weighted-averaging the orientation of each wake plane overlapping that point (weighted by the magnitude of each axial wake deficit). For the high-resolution domains (needed to calculate the disturbed wind-inflow to a turbine), “for…otherwise” statements are used in the summations to prevent a turbine from interacting with its own wake. For the low-resolution domain, the wake deficit contribution can be kept in full (
[image: image1008.wmf]Deficit
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),accounted for only in the along-wind direction (
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), or ignored altogether (
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).
The advection, deflection, and meandering velocity of wake planes for each turbine, 
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, is found by spatially averaging the disturbed (ambient + wakes) wind velocities for a polar grid of points in the plane based on a diameter equal to 
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 times the wake diameter, 
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.  In the spatial averaging, the disturbed wind velocity of each point is weighted based on its radius from the wake center, depending on the spatial filter model.
The analytical expressions are as follows:
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Numerical implementation (for both Ambient Wind and Wake Merging):

Warnings and errors that can be triggered:
Issue a warning if the center of any wake plane for any turbine has left the low-resolution domain i.e. if .
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I wouldn’t expect this to every happen, but trigger a fatal error if the magnitude of the spatial-averaged ambient wind speed in the low-resolution domain associated with the wake plane at the rotor disk, for a turbine is zero such that the ambient turbulence intensity is undefined i.e. if 
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First set local variables that are constant for a given wake volume at this time step:
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For the low-resolution domain:
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For the high-resolution domains:
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Visualization Output
If 
[image: image1066.wmf](
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, write the disturbed wind from the low- and high-resolution domains every visualization output time step:

Write 
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If requested and 
[image: image1071.wmf](
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, write planar slices of disturbed wind through the low-resolution domain every visualization output time step:
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[image: image1074.wmf]{

}

(

)

{

}

(

)

{

}

(

)

[

]

(

)

Out

LowLow

ZZ

LowLow

XX

XZPlaneLowLowLowOutLowLowLowLowLowOut

DistXZDistXZYY

forn1,2,,NOutDisWindXZ

forn0,1,,N1

forn0,1,,N1

Vn,n,nINTERPVn,,n,p@pOutDisWindYn

end

end

WriteOutRootName.Lo

=

=-

=-

éùéùéù

==

ëûëûëû

K

K

K

rr

rr

MM

OutXZPlaneLowOut

Dist

Low/Out

n

w.DisXZn.t.vtkV,,n

N

end

æö

éù

=

ç÷

ëû

èø

r

MM



Private SUBROUTINES

jinc (SUBROUTINE jinc)

Calculates the jinc function by calling the Bessel function of the first kind: 
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	Inputs
	Outputs
	States
	Parameters
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INTERP3D (SUBROUTINE INTERP3D)

Interpolates the 3D velocity field 
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 within the uniform rectangular grid defined by 
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 and 
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 using a trilinear isoparametric interpolation.  If 
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 does not lie within the boundaries of the uniform rectangular grid, flag 
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 is set to .FALSE.
e.g. 
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 – Position where the 3D velocity field will be interpolated (m)
· 
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 – 3D velocity field to be interpolated (m/s)
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 – Origin of the spatial domain (m)
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 – XYZ-components of the spatial increment of the domain (m)
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 – Interpolated velocity (m/s)
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 – Logical flag indicating whether or not the input position lies within the domain (flag)
· Option: 
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Interpolate:
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�The ambient turbulence intensity is based on a spatial- (instead of time-) average of the three vector components (instead of just the axial component).





�Consider taking some the lessons learned in the development of the new FLORIS model into account in an updated theoretical basis of FAST.Farm e.g. Gaussian wake deficit , curled wake, and wake deflection?  Or at least validate the FAST.Farm model against the same data.


�Wake-Deficit Increment description needs to be updated once curled wake is added.


�I haven’t mentioned Checkpoint/Restart here, but this should be implemented.


�Now that shared moorings have been added, the state update and output calculations of OpenFAST and MoorDyn are subcycled within the FAST.Farm update states routine.  These can be done in parallel to the AWAE_US routine.


�F_Increment includes the state update and output calculations of OpenFAST combined in a single routine.


�Currently, only CALL F_Increment and CALL AWAE_US are in the parallel, and the loops through the low-resolution domain within AWAE_CO are parallel.  According to Hai Long, the other items were not parallelized because they were not computational bottlenecks.


�Note: AWAE_CO is called twice within Initial Calculate Output to ensure proper overall initialization of FAST.Farm.


�I’m not sure how MD is set up.  Will there be a separate mesh for each wind turbine or one mesh for all?


�Leaving options 1:MAP++ and 2:FEAMooring as placeholders for the future.


�At some point we may want to distinguish between a rotor and a turbine (for future turbines that may have multiple rotors), but for now, we’ll assume the number of rotors and turbines are equivalent.  (In the future, we’d want the high-res domains around turbines and wake dynamics for each rotor.)


�Data is now transferred between FAST.Farm modules not on a polar grid, but an equivalent Cartesian grid that is the same width/height and with the same discretization radius as the polar grid used in WD.  The number of points in the Cartesian grid is N_y*N_z where N_y = N_z = (2*N_r-1).


�The upper limit is not 1 because of small numerical error in the asymptotic limit towards zero of the wake deficits for large radii.


�Hoa stated 0.95 in his paper, but used 0.99 in the code for model #3, but used model #1 in the end.


�Do we need the DEFAULT Mod_Deficit = 1 for original wake model and Mod_Deficit = 2 for curled wake?


�May need to change this once curled wake is added.


�I’m only hand waving here because the implementation should be obvious (similar to other OpenFAST summary files)


�Add something about the parallelization option here.


�May need to change this once curled wake is added.


�These outputs are controlled only by the FAST.Farm driver, and can derived from the individual modules inputs and outputs (and MiscVars, DiscStates, and Parameters, where noted below).  That is, the WriteOutputs do not needed to be computed within the modules of FAST.Farm.





That said, OpenFAST has its own outputs, which are written to their own output files at their own time steps.  The OpenFAST output files are named after the path/rootname of the FAST.Farm primary input file, with a .Tα.out or .outb. or .sum etc., where α is the turbine number.





What about OpenFAST WriteOutputs sent to FAST.Farm?<--I haven’t address this yet in this plan, but perhaps we should have OpenFAST output standard things, like Power, to FAST.Farm and always include them in the write output?


�May need to change this once curled wake is added.


�For now, keep these outputs as is and make them azimuth-averaged for curled wake.  Also add VTK output at wake planes in the meandering frame of reference.


�I don’t know if the Super Controller that Ganesh developed has WriteOutputs.  If he added them, we could just use those.  Otherwise, these WriteOutputs can be easily added from the FAST.Farm driver (without touching the Super Controller source code).


�May need to change this once curled wake is added.


�May need to change this once curled wake is added.


�This distance is the total downwind distance traveled rather than the instantaneous downwind distance from the rotor.


�The wake output for given turbine is invalid if the distance is further downstream than the wake has been calculated or for any distance where the wake from the turbine has overlapped itself.  �An invalid output can be written as 0.0.





x^Plane[n_p,n_t] is the current state of WD.<--This has become an output of WD.


�Parallel, p^ce, p^cs, r^e, r^s, rhat^e, and rhat^s are all Misc. Vars. Of AWAE.


�In the source code, beta and n_p are switched to make memory access more efficient.


�The components of the eddy viscosity are stored as MiscVars in UpdateStates of WD for access by the FAST.Farm glue code.


�May need to change this once curled wake is added.


�I’m only hand-waving here on INTERP3D because Bonnie already has routines to do this and knows more about it than I do.





V_Amb^Low and V_Dist^Low are stored as MiscVars in CalcOutput of AWAE for access by the FAST.Farm glue code.





P^Low is stored as a Parameter in CalcOutput of AWAE for access by the FAST.Farm glue code.





Setting WindVelX, WindVelY, and WindVelZ outside the low-resolution wind domain should yield invalid output (set to 0.0).


�Placeholder for the future (currently empty).


�For the inputs, outputs, states, and parameters, the 2D arrays are stored as 1D arrays with all for turbine 1, followed by all for turbine 2, etc… in order to support the DLL being written in C or Fortran.


�Several variables have been added here e.g. number of inputs and outputs to/from the SC and individual turbine controllers.





The supercontroller has been changed so that the SC_Init call also initializes the SC outputs, which are passed as initialization input to the FAST Wrapper.  This is needed due to the SC filter within ServoDyn.


�The “?” implies user-defined.


�I’m only hand-waving here because Bonnie probably knows more about what to do than I do.


�It may also make sense at some point to develop a wrapper for the AeroDyn driver instead of OpenFAST so that a wind farm can be simulated with aerodynamics only e.g. add an option to replace FASTWrapper with a simple Cp and Ct look-up surface so that FAST.Farm can also be used for power-only studies.  (Suggested by Shreyas).


�This may not be very useful because AWAE is done in parallel to OpenFAST and would otherwise become the bottleneck.


�The way Bonnie coded this up is that the 4D interpolation happens within InflowWind.  OpenFAST will still read in the InflowWind input file, but the WindType is overridden and replaced with 7, which is the internal 4D option for FAST.Farm (and no WindType 7-specific options set within InflowWind).  PropagationDir is ignored.  The user must set CompInflow = 1 and CompAero = 2 for each turbine.


�These outputs are fields of a point mesh, whose reference is the positions of the nodes in global coordinates.


�These inputs are fields of a point mesh, whose reference is the positions of the nodes in global coordinates.


�This convention for yaw error is consistent with the yaw error defined/used within OpenFAST i.e. gamma^YawErr = wind direction – nacelle-yaw angle.  But this is opposite to the yaw error defined/used within FLORIS i.e. gamma^YawErr = -gamma_FLORIS.  Also, in Ning’s AIAA SciTech 2015 paper regarding AeroDyn v15’s new BEM approach, gamma is defined as the nacelle-yaw angle, such that gamma^YawErr = -gamma.


�Should FAST.Farm check these after the FAST Wrapper is initialized for consistency between all wind turbines or simply use the value from the first turbine?


�My inclination is to have FAST.Farm check for consistency between all OpenFAST models.


�May need to be reassessed for seabed bathymetry


�My understanding is that different versions of MD have different initialization inputs…either 3 translations and 3 (small) rotations in one 6-component vector or 3 translations and the 3x3 DCM as separate variables.  I’m assuming the former here.


�The way Bonnie coded this up in the FASTWrapper, is that n_r goes from 1 to N_r; likewise for C_t.


�Bonnie changed this so that effectively TMax in OpenFAST is overwritten by the FAST.Farm TMax.





Also, the AbortLevel in the FAST.Farm driver overwrites the individual AbortLevel specified within each instance of OpenFAST.


�In SubDyn (CompSub == 1), The LMesh and Y2Mesh are siblings.  Likewise for the input and output Ptfrm meshes of the FAST wrapper.


�PlatformPos is an initialization output of ElastoDyn.


�Before shared moorings where added to FAST.Farm, FWrap_Increment() was called and would loop through all FAST time steps within the low-resolution time step.  Now, the FAST.Farm driver should call FWrap_Increment() separately for every FAST time step within each low-resolution time step.


�Note: Hub^theta_x^Root_k is already computed within AeroDyn.


�Do these calculations only include a wake deficit, or also a speed-up outside the wake, which would be important for capturing wind farm blockage and speed-up at the corners of a wind farm?


�We will probably want to augment this at some point to include reflection off the ground, or will this happen naturally through the ambient wind from the high-fidelity precursor?


�May need to change this once curled wake is added.


�x^Plane is also included as an output for WriteOutput purpose.


�Some of these states are not needed with curled wake and new states associated with curled wake needed to be added.


�While the orientation of a vector needs only two independent values (e.g. the 2 angles in spherical coordinates), I chose instead to base the inputs, outputs, and states on xhat^Disk directly, which is more useful in other calculations even though it has one extra dimension (i.e. xhat^Disk is a 3-component vector instead of only 2).


�Should this, and the corresponding state, be replaced with DiskAvg^V_x^Rel[n_p]?


�Despite the wake deficit now being solved on a Cartesian grid, we'll keep the radial dependence on the force coefficients for now.


�Outputting Vy and Vz  instead of Vr, with dimension np, nr, npsi.  


For phase 1, we’ll set Vy=sqrt(2) Vr, and Vz=sqrt(2) Vr wherever it’s applicable. We can keep Vr as a state at first, but progressively remove it.��


�These are actually stored in the code as [n_r,n_p] to ensure that memory access is more efficient.


�This is commonly called k_1 in literature


�This is commonly called k_2 in literature


�Most of these initial states cannot be set without knowing appropriate inputs at initialization.  Instead, the states are initialized on the first call to WD_US.  The first call to WD_CO is before the first call to WD_US, so, the same logic is used to initialize the outputs on the first call to WD_CO, which makes this call have direct feedthrough of input to output (all remaining calls to WD_CO do not have direct feedthrough of input to output).


�It is possible to initialize with V^Plane[n_p], rather than DiskAvg^V_x^Rel*xhat^Disk, because WD_CO and AWAE_CO are called before WD_US, where the states are initialized.


�These are initialized with an equally spaced distribution of x^Plane downwind so that V^Plane can be properly initialized within AWAE_CO at time zero.


�Basically, I want to initialize the V_x^Wake for both wake planes based on the input at time zero of DiskAvg_x^Rel in place of FilteredDiskAvg_x^Rel[n+1] and AzimAvg^C_t[n_r] in place of FilteredAzimAvg^C_t[n_r][n+1] from the near-wake correction.


�It is possible to initialize with DiskAvg^V_x^Wind, rather than DiskAvg^V_x^Rel, because WD_CO and AWAE_CO are called before WD_US, where the states are initialized.


�The low-pass time-filter of orientation could be more sophisticated through the use of exponential mapping, but I doubt that is necessary because the y axis is always kept horizontal and because the proposed approach, using renormalization, is likely accurate enough.


�One must be careful when low-pass filtering angles, which do not reside in a linear space (e.g. the average of –pi+eps  and pi-eps is 0, not –pi).  We should be safe here because gamma^YawErr is defined using ATAN2 (giving values between –pi to pi) and we restrict Filtered^gamma^YawErr to be less than +/-pi/2.  The limit at +/-pi/2 is similar to the restriction that dx cannot be zero, because flow parallel to the rotor plane means that thrust and dx will be zero.


�One must be careful when low-pass filtering angles, which do not reside in a linear space (e.g. the average of –pi+eps  and pi-eps is 0, not –pi).  This calculation will not work at azimuth angles close to -pi or pi.  Instead, when the azimuth angles are close to -pi or pi, we should augment one with 2pi to ensure that both angles summed are close to each other, then ensure the final filtered angle is between -pi and pi.


�No problem filtering this angle because the inflow skew angle is always between 0 and pi.


�One must be careful when low-passing filtering angles, which do not reside in a linear space.





To avoid jumps, I propose to filter the skew angles as follows, based on the interpolation of DCMs in the mesh-mapping implemented within SUBROUTINE ModMesh_Mapping.f90/Transfer_Motions_Line2_to_Point(), which uses routines from the NWTC_Library:





Compute the DCMs of the skew-related inputs and filtered states:


DCM(1) = EulerConstruct( (/ Filtered^psi^Skew[n], 0, Filtered^chi^Skew[n] /) )


DCM(2) = EulerConstruct( (/ psi^Skew, 0, chi^Skew /) )





Compute the logarithmic map of the DCMs:


CALL DCM_logMap( DCM(1), lambda(1) )


CALL DCM_logMap( DCM(2), lambda(2) )





Make sure we don't cross a 2pi boundary:


CALL DCM_SetLogMapForInterp( lambda )





Interpolate the logarithmic map:


lambda_interp = lambda(1)*alpha + lambda(2)*( 1 - alpha)





Convert back to DCM:


DCM_interp = DCM_exp( lambda_interp )





Convert back to angles:


(/ Filtered^psi^Skew[n+1], 0, Filtered_chi_Skew[n+1] /) = EulerExtract( DCM_interp )


�We found out that the algorithm bombed because wake planes were getting too close to each other if we didn’t low-pass filter V^Plane in the axial direction.  We may want to consider more physics-based solutions in the future e.g. try to merge wake planes within a single wake trajectory if one wake plane gets too close (or tries to pass) another.


�Note: the horizontal wake-deflection correction is defined normal to the rotor centerline and positive to the left when looking downwind.  This is different than the horizontal wake-deflection correction in FLORIS, which is defined normal to the wind direction and positive to the right when looking downwind.  As mentioned in the calculation of the yaw error within the FAST wrapper, the yaw error also has the opposite sign convention in FAST.Farm compared to FLORIS.  As a result, all of the CFD-calibrated parameters may differ a bit between FAST.Farm and FLORIS and C_HWkDfl^O and C_HWkDfl^x will likely have the opposite sign


�The absolute value is added around dx because if the wake plane gets moved opposite of its original propagation direction (e.g. due to a localized wind gust), as far as wake evolution is concerned, we’ll use the total downwind distance traveled rather than the instantaneous downwind distance from the rotor.


�The use of C_q[n_r] to calculate wake rotation must now be added here for the curled wake model


�This is a hybrid between the work of Keck Wind Energy 2014 for the second term and Madsen et al JSEE 2010 for the first term. Some authors (e.g. Keck and Hao) have chosen to extend this eddy viscosity formulation to account for (1) atmospheric shear, but I don’t really like the method (as shear doesn’t really make sense in an axisymmetric model), so, I don’t include that correction here and (2) replacing TI_Amb*V*R with u*_ABL*l*_ABL, which seems overly complicated.  Perhaps this can be included in the future.





Regardless, the constants k_vAmb and k_vShr and filter functions may need further calibration.


�This is commonly written as F_1 in literature, with an equation given by: � EMBED Equation.DSMT4  ���


�This is commonly written as F_2 in literature, with an equation given by: � EMBED Equation.DSMT4  ���


�The absolute value is added around dx because if the wake plane gets moved opposite of its original propagation direction (e.g. due to a localized wind gust), as far as wake evolution is concerned, we’ll use the total downwind distance traveled rather than the instantaneous downwind distance from the rotor.


�FUNCTION WakeDiam() may need to change this once curled wake is added.


�I’ve added v_TAmb, v_TShr, and v_TTot as separate variables here (stored as MiscVars) for Write Output purposes by the FAST.Farm driver.  The last equation is written so that I don’t need to change the nomenclature used below.


�This is different than the finite-difference scheme implemented by Hao, but I like my finite-difference scheme better.


�FUNCTION WakeDiam() may need to change this once curled wake is added.


�FUNCTION WakeDiam() may need to change this once curled wake is added.


�I added this Private FUNCTION, AzimAvg(), when I thought that C_t[n_y,n_z] were passed into WD in place of C_t[n_r].   Now that C_t[n_r] is still passed in, this is no longer needed.  I'll keep this in the plan for now in case it is needed at some point in the future, but it doesn't need to be implemented yet.


�The value at r^Tmp = 0 is not important because V_r = 0 there anyway.


�The MIN() is used to ensure that the radius in the Cartesian system is no larger than the radius of the radial grid; otherwise, the velocity at the edge of the disk will be used.


�Do we need to check these here if they are already checked by other parts of the code?


�While the original DWM paper by Larsen defined the low-pass filter for wake meandering based on the wake diameter, more recent papers used the rotor diameter instead.  The velocity method seems like a natural definition.  I’ve also seen the mass-flux-based method implemented in Hoa’s DWM code.





Models 2-4 may end up calculating a wake diameter that increases, then decreases, with downstream distance (because of the influence of C_WakeDiam when the wake deficit is very small).  To get around this, Eliot suggested that we may want the lower bound to be the previous value of the wake diameter.  But to do this properly will require an additional state.





We may also want to consider other models in the future.





One model I thought about was to calculate the wake diameter as the diameter that encompasses the C_WakeDiam fraction of the mass (or momentum) flux at the rotor disk.  But to do this, will require knowledge of the flux at the disk, which will require additional states as the flux at the disk will be time-varying; this may not be worth the effort.


�FUNCTION WakeDiam() may need to change this once curled wake is added.


�For now, only allow Mode = 1 (WakeDiam = Rotor Diameter) for the curled wake model.


�Do we need to check these here if they are already checked by other parts of the code?�


�Do we need to check these here if they are already checked by other parts of the code?


�Do we need to check these here if they are already checked by other parts of the code?


�Do we need to check these here if they are already checked by other parts of the code?


�It may make more sense to put this function in the NWTC_Library instead of in FAST.Farm.


�Do we need to check these here if they are already checked by other parts of the code?


�For FAST.Farm, this implies that the time step must be reduced.


�Will deep array effects (e.g. loss of momentum deep within farm, speed-up at corners of farm etc.) be accounted for automatically, or should they be added separately?  Perhaps these effects could by captured by a small change to the high-fidelity precursor i.e. adding a surface roughness term (still without WTs present) across the wind farm to mimic the effect of the wind farm on the ambient flow.  Care should be taken to not double-book terms.


�Matt suggested that another way to calculate V^Plane would be to define a coarse grid (on the order of the rotor diameter) that is found by spatially averaging the disturbed wind nearby each grid point.  Then V^Plane would be found by interpolating within this coarse grid.


�When InflowWind is called, the OutList specified in InflowWind is ignored (replaced with the FAST.Farm OutList).  Any WindType in InflowWind will work.  For PropagationDir = 0, for full-field files e.g. TurbSim, Bladed, or HAWC2 it is recommended (but not required) that the Y-Z high-res grid be consistent with the Y-Z grid in the full-field file to avoid impacts from double interpolation (one interpolation from the full-field grid to the high-res grid and a second interpolation from the high-res grid to the wind turbine nodes).  Also, for full-field files, it is recommend to use periodic files; otherwise, the wind turbines must be placed upwind (X<=0) to avoid having the low-resolution domain access wind data outside the full-field domain.


�To support multiple instances of InflowWind being called, InflowWind is changed as follows:


*A new initialization input is added, a LOGICAL named FixedWindFileRootName, which is defaulted to FALSE.  When FixedWindFileRootName = TRUE, the filenames in the InflowWind input file for WindType == 2 (uniform format), WindType == 3 (TurbSim format), 4 (Bladed format), and 5 (HAWC format) refer only to the pathname, and the wind file root names are assumed to be “Low” for the low-resolution domain and “HighT<n_t>” for the high-resolution domain associated with each turbine (with “_u”, “_v”, “_w” appended for WindType = 5).


*A new initialization input is added, an INTEGER named TurbineID, which identifies the wind turbine identifier (0 = Low).





To use this feature, make sure that PropagationDir = 0 in InflowWind and UsableTime = “ALL” in TurbSim (or equivalent periodic wind data is generated in Bladed or HAWC format).





To generate the appropriate wind in TurbSim, first generate the low-resolution wind field using the appropriate (converged) dS_Low and with DT_Low = DT_High.  Identify the X, Y, and Z offsets of the turbines relative to (0,0,0).  Take the time series at pertinent points (Y,Z) from the low-resolution wind field (likely at hub height and based on any Y or Z offsets from 0) and use the TurbModel = “TIMESR” option of TurbSim to create a time-synchronized high-resolution wind field at (Y=0, Z=Hub height) using the appropriately converged dS_High and DT_High = DT_Low, with a time shift of t_High = t_Low – X/U_bar, where U_bar is the mean wind speed at the “assumed” height of low-resolution wind field, which will be the wind speed at which the wind data planes are propagated downstream using Taylor’s frozen turbulence assumption by InflowWind.


�Greg also added X_O^Low and X_O^High (likewise for Y and Z) here to support the visualization output.


�New inputs will be a function of azimuth, with Vy and Vz instead of Vr, and a DCM instead of x_hat_plane


�Greg also added X_O^Low, N_X^Low, and dx^Low (likewise for Y and Z) here for the interpolation of ambient and disturbed wind in the calculation of the write outputs in the FAST.Farm driver.


�Only needed when using a high-fidelity precursor (Mod_AmbWind = 1)


�Only needed when using the interface to the InflowWind module (Mod_AmbWind = 2)


�Note: The high-res domains will call InflowWind with input and output arrays of a size different from this.


�Note: The high-res domains will call InflowWind with input and output arrays of a size different from this.


�Initialize the low-resolution domain.


�Initialize the high-resolution domain for each turbine.


�Do we need to check these here if they are already checked by other parts of the code?


�1.21967 = 3.83170597020751/pi, where x=3.83170597020751 is the first root of J_1(x).


2.23313 = 7.01558666981561/pi, where x=7.01558666981561 is the second root of J_1(x).


C_Meander*D^Wake/2 should be used in place of C_Meander*((N_r-1)*dr+delta) here because the polar grid for the wake plane at the rotor where this variable is used has a diameter of C_Meander*D^Wake.  However, D^Wake is not known at initialization and it is always true that D^Wake <= 2*(N_r-1)*dr. The +delta is used to ensure that N_rpsi^Max is always greater than N_rpsi.


�AWAE doesn’t actually have states, but for computational efficiency when running FAST.Farm with parallelization, we found it important to read-in the ambient wind data (which are stored as MiscVars) from the files or interpolate the InflowWind data to the low- and high-resolution grids within AWAE_US rather than within AWAE_CO.


�Should we check that the spatial discretization hasn’t changed between files?


�Note: we always loop through N^High/Low+1 (instead of N^High/Low) high-resolution domains within a given low-resolution time step to ensure that we always have enough data within FASTWrapper (the last high-res file is processed again at the next low-resolution time step, n+1, but with different inputs/wakes to AWEA.


�For Mod_AmbWind=3, each call to InflowWind_CO will involve separate InflowWind parameter types.


�This variable is not actually stored in full, but is computed as part of the algorithm, and is useful nomenclature for explaining the approach.


�These variables are never actually stored in full, but are computed as part of the algorithm, and are useful nomenclature for explaining the approach.


�These variables are never actually stored in full, but are computed as part of the algorithm, and are useful nomenclature for explaining the approach.


�These variables are never actually stored in full, but are computed as part of the algorithm, and are useful nomenclature for explaining the approach.


�These variables are never actually stored in full, but are computed as part of the algorithm, and are useful nomenclature for explaining the approach.


�These variables are stored without the first dimension (n_XYZ).  The arrays can be allocated up to size N_t*(N_p-1) because N^Wake <=N_t*(N_p-1).  Including n_XYZ is useful nomenclature for explaining the approach.


�These variables are stored without the first dimension (n_XYZ).  The arrays can be allocated up to size N_t*(N_p-1) because N^Wake <=N_t*(N_p-1).  Including n_XYZ is useful nomenclature for explaining the approach.


�In the source code, this array is ALLOCATEd as size (3,N_rpsi^Max)


�These variable are never actually stored in full, but are computed as part of the algorithm, and are useful nomenclature for explaining the approach.


�Instead of interpolating V^Low_Amb[n_rpsi,0,n_t] to the polar grid, we’ve implemented the TI calculation to use wind velocities at the 8 points from the low-resolution domain that surround the polar grid point.  See below for details.


�For large numbers of data points, is there a more numerically robust way of calculating these averages to avoid numerical round off in floating point precision.


�The incorporation of wake-added turbulence is left for future work.  Could a simple way of incorporating some part of this effect be to use the disturbed wind here in place of the ambient wind?


�Only consider the points within the low-resolution domain


�The if test is true when the wake planes are not parallel.  These terms do not need to be calculated if the starting and ending wake planes for a given wake volume are parallel.  When not parallel, these terms are used to compute a curved wake centerline.





The 100 is somewhat arbitrary, but if the radii from the intersecting line are much larger than 100y[N_r-1], then the solution for the curved wake centerline will be numerically challenging and the wake centerline might just as well be considered straight.


�The average orientation could be more sophisticated through the use of exponential mapping, but I doubt that is necessary because the y axis is always kept horizontal and because the proposed approach, using renormalization, is likely accurate enough.


�Now that we are interpolating in x, will this cause a problem if there are “humps” in the Vx, Vy, or Vz solution that shift radially between wake planes—leading to a double “hump” solution in the interpolated planes?


�The average orientation could be more sophisticated through the use of exponential mapping, but I doubt that is necessary because we only need xhat instead of the full DCM and because the proposed approach, using renormalization, is likely accurate enough.





If all axial wake deficits at the wind data point are zero, the denominator is zero, and we don’t really need to define the mean axial vector, hence it is set to zero.


�These are computed independently for both the low- and high-resolution domains.


�The equations for the polar grid are defined above.


�The weighting is either (1) uniform, (2) a truncated jinc (truncated at the first root of jinc), or (3) a windowed jinc (windowed based on a jinc of half the argument, based on Lanczos filtering (extended from 1D to 2D polar) with a parameter of 2 (which is zero beyond the second root of jinc).  Uniform weighting is consistent with Larsen et al Wind Energy 2008 (Wake Meandering-A Pragmatic Approach), but this results in a large reduction of energy below the cutoff and some energy about the cutoff (a jinc in the wavenumber domain).  The other two approaches provide a better filter, with the windowed jinc better than the truncated jinc, but requiring more points in the spatial averaging.


�Only consider points within the low-resolution domain.


�In Larsen et al Wind Energy 2008 (Wake Meandering-A Pragmatic Approach), V_Plane is calculated as:





V_Plane = 1/Area*INTEGRAL( V_Wind, dArea, Area)





Because of the uniform polar grid, each point is given equal dArea, and so, the area cancels out of the equation


�The loops included below could probably be made very efficient through the use of parallelization or GPUs.


�Wake planes that complete leave the low-resolution domain are given zero velocity.


�When, Mod_Deficit = 0, this loop could be drastically simplified because then the disturbed and ambient wind fields are the same.  I didn't add that here though because I'm not sure Mod_Deficit = 0 is very useful.





Note that with Mod_Deficit = 0, it is not possible to visualize the wakes in the low-resolution domain.  And with Mod_Deficit = 2, it is not possible to visualize the transverse components of the wake deficit in the low-resolution domain.


�The last fatal error at the bottom is also because � EMBED Equation.DSMT4  ���


�I’m only hand-waving here because the implementation approach should be clear.  Basically, we need to perform a 1D linear interpolation between two planes for all points in that plane, then write out the file.





Setting OutDisWindX, OutDisWindY, or OutDisWindZ outside of the low-resolution wind domain should result in a fatal error.


��Nicholas added an option to say if a wind speed at a given point in the domain is stored as a NaN, then this represents a point outside of the valid domain (to handle complex terrain).  He then traps this point by setting Within = False.  This way of handling complex terrain could be improved at some point.
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