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Summary One-dimensional turbulence (ODT) modeling is used to investigate the boundary layer in high-Rayleigh-number thermal
convection for a notionally infinite horizontal layer of fluid. The model formulation distinguishes between turbulent advection, which
is modeled by a stochastic process, and deterministic molecular diffusion to capture relevant vertical transport processes (including
counter-gradient fluxes). For this study, statistical homogenization is applied to the two horizontal dimensions so that we use ODT as
stand-alone tool. We show that the model yields mean and fluctuation temperature profiles that are in several respects consistent with
available reference data. Furthermore, the profile of a surrogate for the fluctuation velocity is reminiscent of canonical wall turbulence.

INTRODUCTION

Turbulent thermal convection manifests itself by irregular fluid motions on a range of scales, which are the results of
a nonlinear interplay of buoyancy, inertial, and viscous forces as well as thermal diffusion. The fluid-surface coupling is
achieved by shallow boundary layers so that it is mandatory to accurately capture their dynamical properties in numerical
simulations if one wishes to quantitatively predict, for instance, the heat transfer or the induced flow velocities. For typical
control parameters found in applications, the resolution requirements are far too high as direct numerical simulation (DNS)
would be possible in the foreseeable future (e.g. [1]). Unfortunately, widely used and economical gradient-diffusion
closures for modeling the sub-filter scale dynamics will not be sufficient to be predictive (e.g. [2]). We address this
dilemma by utilizing the stochastic one-dimensional turbulence (ODT) model [3] for the simulation of nonstationary
boundary layers in thermal convection problems. The objective is to investigate the turbulent boundary layer properties
up to very high Rayleigh numbers with a physics-based but feasible numerical model.

In the following we, first, describe the flow configuration and model application. After that, we present some key re-
sults for the temperature and velocity statistics including a surrogate analysis. Finally, we close with our main conclusions
and an outlook to what will be presented at the conference.

OVERVIEW OF THE FLOW CONFIGURATION AND MODEL FORMULATION

Figure 1(a) shows a sketch of the canonical Rayleigh–Bénard set-up investigated together with the ODT computational
domain (ODT line). A Boussinesq fluid is confined between two smooth horizontal isothermal no-slip walls that are
located at z = 0 and z = L. The heated and cooled walls have prescribed temperatures Thw and Tcw, respectively, with
constant difference ∆T = Thw−Tcw. The flow properties are governed by the Rayleigh number, Ra = g β∆T L3/(νκ),
and Prandtl number Pr = ν/κ, where g is the background gravity and β, κ, ν denote the fluid’s thermal expansion
coefficient, thermal diffusivity, and kinematic viscosity, respectively.

Figure 1(b) shows statistically representative vertical profiles of the temperature, T (z, t), and a horizontal velocity
component, u(z, t) (inset). Deterministic molecular diffusion is directly resolved along the ODT line whereas the effects
of turbulent advection are modeled by a stochastic process. The computational domain is thus a single vertical line along
which flow profiles are evolved in time as described in [3, 4, 5, 6]. In contrast to the original model formulation [3, 4], we
incorporate the vector velocity, u = (u, v, w)T as in [5, 6].
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Figure 1: (a) Sketch of the Rayleigh–Bénard configuration investigated. Here, the vertical spacing, L, is fixed, whereas the horizontal
dimension, D, is taken to infinity (D → ∞). A stochastic ODT simulation aims to capture the nonstationary vertical transport and
is carried out on a one-dimensional computational domain (ODT line). (b) Representative instantaneous and time-averaged vertical
profiles of the temperature, T , and a horizontal velocity component, u, for Ra = 1010, Pr = 0.7 (air). The velocity reference scale is
the free-fall velocity, Uf =

√
g β∆T L.
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Figure 2: Boundary layer profiles over the heated wall forRa = 3×1010 and Pr = 0.7 from ODT together with reference DNS data
from [7] for the axis of a cylindrical set-up of aspect ratio one. (a) Normalized mean temperature, Θ; (b) normalized standard deviation
of the fluctuation temperature, σT /σ̂T ; and (c) normalized standard deviation of the fluctuation horizontal velocity, σU/σ̂U . The cap
(̂·) denotes the maximum value. In ODT, a ‘mean boundary-layer downstream velocity’, 〈ud〉, is used as a surrogate for the fluctuation
velocity, σU , that is, we take 〈ud〉 ∼ σU . Linear and logarithmic regions, as well as the thermal, δT , and viscous, δU , boundary-layer
thicknesses (slope method) are indicated. Logarithmic profiles have been fitted across 10−2 ≤ z/L ≤ 4× 10−2 (shaded region).

KEY RESULTS

Figure 2(a) shows the normalized mean temperature, Θ = (〈T 〉 − Tb)/∆T , where Tb = (Thw + Tcw)/2 is the bulk
temperature and 〈·〉 a conventional temporal average. ODT reproduces the near-wall structure, but Θ departs from the
reference data towards the bulk. It is remarkable that the present ODT results suggest the onset of a logarithmic region,
Θ(z) = A ln(z/L) + B, which is in general consistent with [8]. The ODT solution exhibits approximately the same
prefactor, A, as the reference data but a larger additive constant, B, due to the earlier departure from the sublayer.

Next, figure 2(b) shows profiles of the standard deviation of the fluctuation temperature, σT =
√
〈T 2〉 − 〈T 〉2.

Reasonable agreement between ODT and the reference data is observed close to and far from the wall. However, an
unphysical bimodal structure can be discerned around z ≈ δT , which is precisely where Θ departs from the linear sublayer.
This structure is presumably of the same origin as a similar one in the ODT fluctuation velocity observed in turbulent
channels [5]. Here, the responsible modeling error manifests itself primarily in the driving Boussinesq temperature.

At last, we consider a surrogate analysis for the fluctuation velocity since ODT exhibits zero-mean velocity (see fig-
ure 1(b)). This differs from available reference data, which exhibits a large-scale circulation (e.g. [7]). We therefore con-
sider a synthetic ‘boundary-layer downstream velocity’, ud(z, t) = u(z, t) ·ed(t) ≥ 0, which is a projection of the vector
velocity, u, on an instantaneous ‘boundary-layer downstream direction’, ed = [ex(∂zu)hw + ey(∂zv)hw]/[(∂zu)2hw +
(∂zv)2hw]1/2. The temporal mean, 〈ud〉, of instantaneous positive semi-definite ud(z, t) profiles is used as surrogate for
the positive semi-definite horizontal fluctuation velocity, σU =

√
〈U2〉 − 〈U〉2, where U =

√
u2 + v2|axis is evaluated

at the axis of a cylindrical set-up [7]. Figure 2(c) shows profiles of the reference horizontal fluctuation velocity, σU , in
comparison to the ODT surrogate, 〈ud〉. There is good qualitative agreement between both quantities and there is no
bimodal structure in 〈ud〉 obtained by ODT. Furthermore, the profile of 〈ud〉 is reminiscent of the streamwise fluctuation
velocity in canonical wall turbulence (e.g. [9]). Note that the profile seems to exhibit the onset of a logarithmic region but
the vertical extend is small which suggests further analysis at higher Ra numbers.

CONCLUDING REMARKS AND OUTLOOK

The capabilities for economical but also reasonably accurate and robust modeling of transient boundary layers in
turbulent thermal convection have been addressed by utilizing the stochastic one-dimensional turbulence (ODT) model.
We have shown that point-wise temperature and velocity statistics (at least up to second order) exhibit reasonable agree-
ment with available reference data. We have furthermore suggested a ‘boundary-layer downstream velocity’ surrogate for
the fluctuation velocity. Vertical profiles of this surrogate are reminiscent of the streamwise fluctuation velocity in wall
turbulence which is currently further investigated.

In the talk, we will outline the model formulation. After that, we will discuss the boundary-layer properties. At last,
we will address the Ra number dependence and scaling properties by making use of the model’s predictive capabilities.
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