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Flow physics of Reynolds number effects and stress-balance modeling of
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This study investigated inner-layer turbulence modeling (wall modeling) for
high-fidelity LES at practical high Reynolds numbers. The flowfields considered are (1) separated
and reattached non-equilibrium turbulent boundary layers and (2) thermal turbulent boundary layers
with heated and cooled walls. High-fidelity large-scale wall-resolved LES were first conducted to
clarify the stress balance of inner-layer turbulence and its flow physics. Then, based on the
physical laws and flow physics identified, a simple, general-purpose, non-time evolving, and
ordinary-differential-equation-based inner turbulence modeling was proposed.
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1 Schematic of separated and reattached flat-plate turbulent boundary layer induced by pressure
gradient.
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2 A priori test of modeled non-equilibrium convective and pressure-gradient terms. Circles, reference
wall-resolved LES data; red lines, modeled non-equilibrium terms.
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(a) Mean streamwise velocity (b) Reynolds shear stress

3 (a) Mean streamwise velocity and (b) Reynolds shear stress obtained by the LES of the proposed
non-equilibrium wall model. Circles, reference wall-resolved LES data; red lines, wall-modeled LES
with proposed non-equilibrium model.
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4 Schematic of quasi-adiabatic, heated, and cooled flat-plate turbulent boundary layers.
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5 Instantaneous near-wall streamwise velocity fluctuations at y* = 15 in quasi-adiabatic, heated,
and cooled flat-plate turbulent boundary layers. Left figures, ideal gas cases; right figures, constant Re;
cases. (a)(b) quasi adiabatic wall, (c)(d) heated wall, (e)(f) cooled wall.
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6 Mean streamwise velocity (left) and mean temperature (right) distributions in quasi-adiabatic,
heated, and cooled flat-plate turbulent boundary layers. Circles, reference wall-resolved LES data; solid
lines, proposed wall-modeled LES; dashed lines, existing wall-modeled LES[1].
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