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Abstract The computational cost of wall-resolved large-eddy simulations (LES) rapidly becomes prohibitive with increasing Reynolds
number. Wall-modelled LES attempts to significantly reduce the computational cost of simulating wall-bounded turbulent flows by
modelling the effect of the near-wall small-scale motions, rather than fully or partially resolving them. The present study concentrates
on a new wall-model that is able to predict fluctuating wall-shear stress given a large-scale velocity input. The velocity input for the
model is affected by the choice of subgrid-scale (SGS) model. Therefore, this study also focusses on the impact of the SGS-model on
the distribution of quantities at the wall. Results show that the new wall-model is able to resolve more of the wall shear-stress variance
than a standard wall-model; and that the SGS-model affects the distribution of fluctuations of both wall-shear stress and wall-pressure.

INTRODUCTION

Subgrid-scale (SGS) models are required in large-eddy simulations (LES) since the grid spacing is typically far greater
than the viscous length scale at which kinetic energy is dissipated [2]. The scales of motion that are not resolved by the
grid are responsible for mixing and energy transfer, typically from larger- to smaller-scales in the turbulent energy cascade.
SGS-models therefore account for the scales of motion that are not resolved by the grid by introducing a ‘viscosity’ to
reproduce the expected energy transfer. This viscosity must be chosen carefully to avoid overdamping the resolved scales.
Two SGS-models are used in this study—the Smagorinsky model [12] and the o-model [9]. Both are eddy-viscosity
models with the general formulation: pg = p (C’mA)2 D, where pi is the SGS viscosity, p is the density, Cy, is a
model constant, A is the SGS length scale, and D,,, is the frequency operator based on the resolved velocity field. For the
Smagorinsky model, C,,, = 0.18 and D,,, = /2(S,;)(S;i;), where (-) denotes a large-scale quantity. For the o-model,
Cp = 0.15 and D,,, = o3(01 — 02)(09 — 03) /0%, where 01 > g9 > 03 > 0 are the singular values of the velocity
gradient tensor. The Smagorinsky model is known to not behave well in wall-bounded flows, but is used here as a baseline
for comparison. The o-model has many interesting characteristics and behaves well near solid-boundaries.

In wall-resolved LES, over 90% of grid points are used to resolve the inner-layer, which covers only 10% of the boundary
layer thickness [11]. In wall-modelled LES, however, turbulence away from the wall is computed with LES and flow
near the wall is computed using a reduced-order model, typically based on the law-of-the-wall and RANS equations [10].
These models are generally only able to predict mean quantities at the wall. Indeed, there are very few models that are able
to predict fluctuating quantities at the wall. The wall-model used in this study is able to predict the fluctuating component
of the wall-shear stress, and is based on the coupling that exists between the small-scale structure of turbulence in the
vicinity of the wall and the large-scale motions of the logarithmic layer. This interaction can be well described by a
superposition mechanism [3] and an amplitude modulation effect [6]. Based on these phenomena, Marusic et al. [5, 7]
proposed a model capable of predicting time-series of the streamwise velocity fluctuations near the wall given a large-
scale single-point input taken away from the wall. Recently, Mathis et al. [8] extended the original model to predict the
wall-shear stress fluctuations. The input requirement for large-scale information taken away from the wall makes this
model well suited to LES. The model is defined as:
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where T{U}m is the predicted streamwise fluctuating wall shear-stress normalised by wall variables; T;*x is the ‘universal’
streamwise wall shear-stress signal that would exist in the absence of any inner-outer interactions [8]; « is the superpo-
sition/modulation coefficient (o« = 0.1 [8]); and ulgL is the fluctuating streamwise velocity normalised by wall variables.
The O-subscript denotes a variable taken in the outer- or log-region and the L-subscript denotes a variable that has been
filtered to only contain large-scales.

The wall-pressure is calculated with a similar model to that shown in eq. (1). However, the model for the pressure is used a
posteriori. That is, the wall-pressure is not calculated during the simulation, but is found during post-processing using the
large-scale pressure input from the logarithmic region. The model for the wall-pressure is: (pup) = (Pup) + CUPrig10g)>
where (p,,) is the predicted instantaneous wall-stress, (D) is equal to the free-stream mean pressure, C is a correction
factor to correct the location of the input to the model, and (pj,q,) is the fluctuating pressure in the middle of the
log-region.
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Figure 1. Effect of SGS-model and wall-model on variance of wall-shear stress—(a) & (d) (dashed black line indicates the recon-
structed variance profile using the full inner-outer scale-interaction wall-model and experimental data [1], shaded area represents region
that is relatively independent of large-scales)—and frequency power spectra of wall-pressure—(b), (c), (e) & (f) (dashed black lines
show the empirical prediction of Goody’s model [4]; (b) & (e) show scaling by inner variables (7., as the pressure scale and v/u2
as the time scale), and (c¢) & (f) show scaling by outer variables (7, as the pressure scale and §/Us as the time scale)). (a)-(c)
show results with the Smagorinsky SGS-model; and (d)-(f) show results with the o-model. Results from channel flow simulations
are shown at two Reynolds numbers: —, Re, ~ 10, 100; —, Re, 21,000. Dashed colour lines indicated cases with the ‘standard

wall-model’; solid colour lines indicate results with the ‘new’ wall-model.

RESULTS AT THE WALL

The results in Fig. 1 (a) and (d) show that both the SGS-model and the wall-model significantly influence the predicted
wall-shear stress variance profile. Results in Fig. 1 (b), (¢), (¢) and (f) show that the difference between the results
of wall-pressure spectra from the ‘standard’ and ‘new’ wall-models is ostensibly indistinguishable given the same SGS-
model. This suggests that the truncation error of the SGS-models dominate over the truncation error of the wall-models
and that the wall-model has no significant influence on the flow away from the wall.
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