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Cost factor?
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Single-column equations RANS is cheap, but
sensitive to turbulence

For horizontally homogeneous flows. model.
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Turbulence model classes
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EARSM in EllipSys

Buoyant EARSM in
Python 1d-solver
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What is EARSM?

There are two elements:

1) Scale-determining equations — K, T and K,

2) Constitutive relations — u;u; and u;0
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Scale-determining equations

We use a K — ¢ — K, model: oK _oU __ 0oV g— 0 (v 0K
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Constitutive relations for 1D

Stresses and fluxes are obtained:
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EARSM in practice Complicated to derive, but easy to use.
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i} ® [|=N
Numerical solver AN
® |i=N- \
* Python 1d-solver o BCs applied at faces
« General 1D transient PDE solver )
* Implicit Euler time-stepping ® =2 /
- Central difference scheme o ; 4 f 4

Grid and time stretching possible
Equations and BCs defined symbolically




Case description
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* Previous studies'.23 used a Maple-Fortran code
* Verify correctness of Python 1d-solver with GABLS1 case3
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Case study: conventionally neutral boundary layer (CNBL)

* Popular ABL type for wind farm
simulations1.2.3:4,

* The buoyant EARSM has not been tested
for CNBLs yet.
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CNBL reference data

* Reference LES data from Stockholm University
and NCAR.

* Two codes (Nek5000 and NCAR spectral)

Large eddy simulation data of quasi-stationary
atmospheric boundary layers with the fluid

dynamics code Nek5000

Linnea Huusko, Timofey Mukha, Lorenzo Luca Donati, Peter Sullivan, Philipp Schlatter, Gunilla
Svensson

https://bolin.su.se/data/huusko-2025-les-nek5000-1 .
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Grid convergence

I' =3 K/km case
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Results (velocity)
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Time evolution of friction velocity

u, [m/s]
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Velocity components
(a) I'=1Kkm () I'=3 Kkm © I =9 Kkm
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Wind direction
(a)
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Shear stresses
(a) (b) (c)
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Streamwise and vertical velocity variances
(b) (0)
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Experimental data: Vertical velocity variance

Data from Asmuth et al. (2022)1

- Vertical velocity variance, ww, should not go to f
zero in the surface layer. L
. ww
 Classic surface layer theory?2: — ~ 1.2 0 |
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A5 [ sone
z[m] | X
o 4
v/ DWM
. LES
:‘,.‘.l. ?.<
i 4
s )’ -
O 1 1
0.002 0.004

Lisil 2
[


https://doi.org/10.1016/j.renene.2022.04.047
https://doi.org/10.1017/CBO9780511840524
https://doi.org/10.1017/CBO9780511840524

IMoser, Robert D., John Kim, and Nagi N. Mansour. “Direct Numerical Simulation of Turbulent Channel Flow up to Ret=590.”
Physics of Fluids 11,n0. 4 (1999): 943—-45. https://doi.org/10.1063/1.869966.

UNIVERSITY OF

OXFORD

Analogy with |OW-R€ DNS Atmospheric LES (very high-Re) behaves as a

low-Re DNS1!
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Another evidence: Streaks in the near-wall layer

 Elongated structures of high- and low-speed streamwise velocity (Robinson 1991) exist in
the buffer layer of low-Re flows.

* Universal mean spanwise spacing of approximately 100 viscous lengths (Robinson 1991).
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0 0.00
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Near-wall TKE peak conclusion

|Near-wall TKE peak in LES comes from artificial buffer layer — Not physical!

800 -
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z [m] 400 i

200 -

\

31
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TKE peak in inversion layer

Why is there a peak in the LES data? 800

Code? 600 _
SGS modelling? )
* |nsufficient resolution? z [m] 400

Slow non-turbulent oscillation?

200 -
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Ghobrial et al. (2025)
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Liu et al. (2024)
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Non-turbulent oscillation?

« Time history of LES is not in the dataset.

* However, the snapshot of the last time step is.

Sketch (not real data!)
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Non-turbulent oscillation in space?

* The ABL interface is thin and non-planar.
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Non-turbulent oscillation in space?

» 3D view of ABL interface (isocontour of temperature).

The interface has large-scale oscillation

Maybe statistics
should be taken over
an undulating surface?
Spectral analysis?

Or maybe the peak is
real?



Results (buoyancy)
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Temperature
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Vertical heat flux
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Half temperature variance budget

* For horizontally homogeneous flow:

oKy 6_66 00" 00" 1 ow'6'0'

— W__ ____

or 07 ox dx; 2 0z

. Data of w'@’'0’ is available in the NCAR data.

* Assume transient term is negligible and calculate
dissipation as residual.
. Kyqe
. Alternatively calculate as £y = —.
rK

LES: EARSM:
Po Po
— —gyp (m1) —&g
E— Dg D0
(a) —e9 (M2)
1.2
i
0.8 A
<
7 0.6
0.4 - E’
0.2 - |
|
0.0 I T 1
—1 0 1

Ky budget [10°>x K? s7!1]




OXFORD

Estimate of » from LES

- In RANS, we model dissipation of K, as
Kye
Ey = ——
T K

* Re-arrange
Kye

r =
EQK

 Each term term on the RHS can be evaluated
from LES.

(b)) — LES  ---- EARSM

1.2
1.0 -
0.8 -

= 0.6 -
0.4 -

0.2 -

0.0

0.00 0.2

5 0.50 0.75

r

1.00



00
axl' ,
hence no horizontal fluxes.

EVMs have 1.0 = — k,

(c)

w0 [1072x Km s™!]



thttps://online kitp.ucsb.edu/online/blayers-c18/sullivan/ at time 29m30s.
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Sullivan’s explanation of horizontal heat fluxes

* Horizontal fluxes also appear in the SBL=2.
* For horizontally homogeneous flow:

oud —oU 00 oduwf 1 op
— = —Wl— —uw— — ——0—
ot 07 0z 0z p Ox
« Say the transient, buoyant and turbulence transport terms are small.
—oU 1 o
0~ — Wo— — —0L

dz p Ox \
* Use Rotta model for the pressure transport term 10 ~ Tw_ga_U

1 op _9 / 0z
1 op ub



http://online.kitp.ucsb.edu/online/blayers-c18/sullivan/
https://doi.org/10.1175/JAS-D-15-0339.1
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A simpler explanation of horizontal heat fluxes

» Consider an upward perturbation of a particle

7 A ub > 0 7 A ud < 0

u<0 0 <0 u>0 6<0

d b
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Conclusions

Future work

\ 4

0 OpenFOAM implementation of
buoyant EARSM

o A simplified constitutive relation

Better understanding of K and K,
peaks in inversion layer

Buoyant EARSM has good predictions
for most variables in CNBLs. It is

O(10°) faster than LES.

0 LES ABL can behave as low-Re fluid
near the wall — be careful with
comparisons!




