


SIDE NOTE: Top-down model enables us to understand fate of 
mean kinetic energy in the WTABL:

Instead of being dissipated 
entirely in BL, mean KE 
extracted by turbines 
and dissipated
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Stevens, Gayme & CM, Wind Energy 19, 2023-2040 (2016)

Coupled wake boundary layer model (CWBL)
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CWBL model: distinguishes well between  
aligned & staggered cases
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Stevens & M, Annu Rev Fluid Mech (2017)

Model comparisons with LES and field data (Horns Rev) 



Temporal fluctuations in power:

LES (Stevens & CM 2014, JRSE)

Visualization courtesy of D. Brock 
(Extended Services XSEDE)

Simulations: R.J.A.M. Stevens et al, 
JRSE 6, 023105 (2014), using ADM 

in JHU-LES code
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Wind tunnel tests in a “micro-windfarm” in the 
Corrsin wind tunnel: (Juliaan Bossuyt’s thesis, KU Leuven)

J. Bossuyt, CM & J. Meyers (Exp Fluids 2016, JFM 2017)



100  wind turbines: 20 rows – 5 columns
7D streamwise spacing – 5D spanwise spacing

Flyby over micro-windfarm in Corrsin 
wind tunnel at JHU (staggered) 
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(~ valid in region II)
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aligned
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Power-spectral density of “power” fluctuations:

Bossuyt et al. JFM (2017)

Total, randomized phase



• Spectral properties of fluctuations delivered to grid 

Ptot (t;s,D, zh ,CT , layout..)= 1
2 cpρA Uh (t)( )3∑

EP (ω;s,D, zh ,CT , layout..)= PSD(P ')

We seek analytical models of spectral properties as 
function of wind farm design parameters (spacing, etc..)

Temporal fluctuations in power:
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EP ' (ω)= ĝ(k1,k2 ) 2 E11(k1,k2,ω, zh )
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“Transfer function”:

Pi (t)= Pi +Pi '(t) ≈U
3 + 3U 2u '(t)+h.o.t.

(linearlization, but see Bandi (PRL 2017)

Needed: 

Interpret power as discrete sampling of TBL:

Boundary layer 
structures
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Transfer function of turbine array (spacing, layout)



Model
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LES data (at z/H=0.15)

Analytical model for 
wave#-freq spectrum of BL turbulence E11(kx,ky,w;zh):

Wilczek et al. JFM 2015



Aligned array  (lines: data, dashed line: model)

Comparisons of measured and model spectra

Bossuyt et al. JFM (2017)
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Staggered array  (lines: data, dashed line: model)

Comparisons of measured and model spectra

With this model, fluctuations can be included in cost function (e.g. 
power smoothing properties of various array configurations)
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• We are in the process of a major energy infrastructure shift –
50% wind electricity in a few decades possible – must get it right

• LES provides unprecedented fidelity of complex processes 
(Dynamic model: “applied RNG method”, using scale-invariance)

• Still too expensive for design – not used routinely, even RANS 

• At least we can provide simulation-informed simpler models 
(e.g. analytical or reduced dimension) to improve design/control tools 
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Closing: 
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