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Abstract

The simulation of scalars in the atmospheric boundary layer (ABL) is of great significance for un-
derstanding the distribution of temperature, humidity, and other factors in the atmosphere, as well
as the diffusion patterns of pollutants and the prediction of rain generation. Large-Eddy Simulation
(LES) is currently the main method for ABL turbulence simulation, and the key is how to construct
sub-grid-scale (SGS) stress model and flux model by using the velocity and scalar field information
of analytic scale. For ABL turbulence, a typical non-isotropic turbulence under high Reynolds num-
ber conditions, the viscous SGS model based on the Boussinesq hypothesis has many problems, such
as large prior errors and strong posterior dissipation. This study introduces a new nonlinear SGS
flux model, which simulates the structure of SGS flux (relative magnitude of vector components)
based on velocity and scalar gradients without assuming the direction of energy transfer. In addi-
tion, the local equilibrium hypothesis is discarded, and kinetic equations are adopted to consider
the reverse energy transfer and predict the dynamic evolution of SGS flux intensity. The study
used a neutral ABL benchmark operating condition and systematically evaluated the model by
comparing it with existing theoretical predictions and various flow statistics, as well as comparing
its performance with traditional viscous SGS models. Specifically, when LES reaches statistical sta-
bility, we focus on the prediction results of the model for dimensionless velocity gradient, dimen-
sionless scalar gradient, energy spectrum, and flow field structure under different grid conditions.
The results show that in addition to obtaining reliable flow field structure, compared with the tra-
ditional viscous SGS model, the new model significantly improves the accuracy of dimensionless
gradient prediction and turbulence energy spectrum prediction. In addition, we discussed the rea-
sons for the improved prediction performance of the new model. Compared with the traditional
viscous SGS model, which has a strong dissipation problem, the new model adopts a dynamic non-
linear modeling method, which can predict the reverse energy transportin ABL turbulence and bet-
ter capture small-scale vortices.
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Figure 1. Transient flow velocity cloud map obtained from 64° LES
on a horizontal plane with a height of z/H = 0.1
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Figure 2. Non-dimensional velocity profile
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Figure 3. Non-dimensional vertical velocity gradient map
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Figure 4. Non-dimensional scalar gradient simulated by two models: (a) SM; (b) GDSM
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Figure 5. One-dimensional flow velocity energy spectrum simulated by two models: (a) SM; (b) GDSM
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Figure 6. One-dimensional vertical velocity energy spectrum simulated by two models: (a) SM; (b) GDSM
[E 6. MIREEFIS—HEEREREILE: (a) SM; (b) GDSM

_ @ K-5/3

N

A

D

“— 10°

)

=

(NN]

1072 ‘ ‘
1072 10° 1072 10°

k1 y4 k1 y4
(a) SM (b) GDSM

Figure 7. One-dimensional scalar energy spectrum simulated by two models: (a) SM; (b) GDSM
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Figure 8. GDSM simulation results: (a) shear stress diagram; (b) wall-normal flux diagram
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