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Abstract

Contaminant gas dispersion is of great concern to public health and social security. In the atmosphere, heating and cooling within
a boundary layer due to the daily solar cycle result in a temperature differences, which introduces buoyancy forcing. Especially, a
convective boundary layer (CBL) capped by a temperature inversion is one of the common cases in the atmospheric boundary
layers during daytime conditions. Wind tunnel experimental studies have focused on the characteristics of plume dispersion
under a certain thermal condition in a CBL flow. However, CBL flows have shear- and/or buoyancy-driven flows depending on
atmospheric stability conditions and the influence of CBLs on plume dispersion behaviours has not been fully discussed. In this
study, we performed numerical simulations of CBL flows capped by a temperature inversion with a wide range of atmospheric
stability conditions and categorized distribution patterns of plume concentrations. It is found that the critical value of u+/w in
which the patterns of plume dispersion are different is around 0.4.
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1. Introduction

Contaminant gas dispersion resulting from accidental release from industrial areas or intentional release of
CBRN (chemical, biological, radiological, or nuclear) agent is of great concern to public health and social security.
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In the atmosphere, heating and cooling within a boundary layer due to the solar cycle during a day results in
temperature differences, which introduce buoyancy forcing. Especially a convective boundary layer (CBL) capped
by temperature inversion is one of the common cases of atmospheric boundary layers during daytime conditions.
For simulating plume dispersion under various thermal conditions, there are typically two approaches: one is a wind
tunnel experimental technique, and the other is a numerical simulation based on computational fluid dynamics
(CFD). It is well known that wind tunnel experiments are a reliable tool. Recently, wind tunnel experiments have
been conducted to investigate the influence of a convective boundary layer capped by a temperature inversion on
plume dispersion behaviours of a contaminant gas and relative release height to the capping inversion height on the
longitudinal distribution patterns of concentration (Fedorovich and Thater, 2002). However, these studies have
focused on the characteristics of plume dispersion under a certain thermal condition. CBL flows have shear- and/or
buoyancy-driven flows depending on atmospheric stability conditions. The influence of CBLs on plume dispersion
behaviours has not been fully discussed depending on thermal conditions.

On the other hand, with the rapid development of computational technology, the CFD using large-eddy
simulation (LES) technique has been evolving as an alternative to wind tunnel experiments. LES models resolve
large-scale turbulent motions and model only small-scale motions, which has been recognized as a helpful tool for
providing a better understanding of the physical mechanism of airflow motions, heat and mass transfer.

In this study, we perform CFD simulations of various CBL flows capped by a temperature inversion using LES
technique and compare the computed results with the experimental wind tunnel data. Then, we categorize
distribution patterns of plume concentrations depending on various atmospheric stability conditions.

2. Numerical method
2.1 Dataset of wind tunnel experiments

In this study, we compare four types of CBL flows with a temperature inversion by Ohya and Uchida (2004) with
experimental data. The experimental conditions are shown in Table 1. The Reynolds numbers Re defined as
U,Z;/v are 28,000, 25,000, 19,400, and 18,400 for casesl, 2, 3, and 4, respectively. Here, U, Zl. ,and v are the
free-stream velocity, inversion height and kinematic viscosity coefficient, respectively. The bulk Richardson
numbers Rib defined as ng-AG)/QOU; are —0.23, -0.28, -0.45, and -0.74 for the four cases, respectively. Here, g,
®,, and AO are gravitational acceleration, average absolute temperature in the boundary layer and temperature
difference between temperature of ambient air ®_, and surface temperature O, .

In their experiments, first, air flow with a temperature profile was imposed at the entrance of the test section. The
convective boundary layer was produced by an obstacle and the entire floor was heated. In their study, turbulence

characteristics obtained at a downwind distance of 24.1 Z; from the text section was investigated.

Table 1. Experimental and computational conditions.

Method Parameter Casel Case2 Case3 Case4

. Re,i 28,000 25,000 19,400 18,400
Experiment

Re;i -0.23 -0.28 -0.45 -0.74
LES Re 26,000 24,000 19,000 18,000
Re,;i -0.21 -0.26 -0.42 -0.69

2.2 Numerical model

The model used here is a LOcal-scale High-resolution atmospheric DIspersion Model using LES (LOHDIM-
LES) developed by the Japanese Atomic Energy Agency (Nakayama et al., 2014). The basic equations are the
filtered continuity and Navier-Stokes equation, the temperature transport equation under the Boussinesq
approximation and concentration transport equation. The subgrid scale (SGS) turbulent effect is represented by the
standard Smagorinsky model (1963) with a constant value of 0.1.
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The SGS scalar flux is also parameterized by an eddy viscosity model and the turbulent Prandtl and Schmidt
numbers are both constant values of 0.71.

The coupling algorithm of the velocity and pressure fields is based on the marker-and-cell method with the
second-order Adams-Bashforth scheme for time integration. The Poisson equation is solved by the successive over-
relaxation method. For the spatial discretization in the basic equations, a second-order accurate central difference
scheme is used. However, for the advection term of the concentration transport equation, cubic interpolated of
pseudo-particles (Takewaki et al., 1985) is used.

2.3 Computational settings

The approach to generate CBL flows by a temperature inversion is the same as in our previous study (Nakayama
et al., 2014). First, a driver region is set to generate a basic turbulent boundary layer flow by a recycling technique
of Kataoka and Mizuno (2002) at the upstream part of the model domain. At the inlet boundary, a mean wind
velocity profile of the power law 0.14 is imposed. At the recycle station, a nearly target temperature profile is
imposed, and CBL flows are spatially developed.
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Fig. 1. Numerical model for plume dispersion in thermally stratified boundary layers.

For the velocity field, the Sommerfeld radiation condition is applied at the exit. At the top, a free-slip condition is
imposed for streamwise and spanwise velocity components, and the vertical velocity component is set to be zero. At
the side, a periodic condition is imposed. At the ground surface, a no-slip condition is imposed for each velocity
component. For temperature and concentration fields, a zero-gradient condition is imposed at all boundaries.
However, for the temperature field, the surface temperature is set to ©,, . The time step interval AtU,,/Z; is about

0.003 ( At : time step). The length of the simulation run to calculate the time averaged values TU, /Z; (T: averaging

time) is 200. The length of the simulation run before releasing a plume is 300.
The model size and the number of grid points are 23.0 Z, x5.0 Z, 3.0 Z, and 1150x250x114 in the streamwise,

spanwise and vertical directions, respectively. The streamwise and spanwise grid spacing is uniform and the vertical
grid spacing is stretched from 0.002 Z; to 0.09 Z, for each case. Re and Rij are set to nearly the same values as

those of the experiments shown in Table 1. The release point of a tracer gas is set at a downwind distance of 12.0 Z;

downstream from the inlet boundary and elevated with a height of z/Z; =1.0 for each case.

3. Results
3.1 Flow field

Figure 2 compares the LES results of turbulence statistics with the experimental data shown by Ohya and Uchida
(2004). U,, and ©,, are mean wind velocity and temperature in the range where those values are constant in the

middle part of the CBL. W, is the convective velocity scale defined as (gQS5 /0, )l/ ? . Here, O, is the maximum

value of vertical heat flux w'6" near a ground surface. The characteristics such as a nearly constant profile of mean
velocity and temperature in the main part of the CBL are in good agreement with the experimental data. The LES
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results of Reynolds stress are underestimated especially for cases 3 and 4. However, the tendency to decrease with
decrease of Ri, is the same as the experimental data. The LES results of vertical heat flux increase in the main part

of the CBL with decrease of Ri, . This tendency is also the same as the experimental data. These facts indicate that
the LES model provides physically reasonable results depending on atmospheric stability conditions.
In identifying turbulence regime in the CBL flows with shear- and/or buoyancy-driven flows, the ratio of U, to

W, is usually estimated. Here, u. is the friction velocity and estimated from the maximum value of the Reynolds
stress near the surface. For example, Fedorovich et al. (2001) mentioned that shear-free convective flows become
dominant for u, / W, < 0.3 and longitudinal rolls that are often observed in the shear-driven flows begin to form for

U, / W, > 0.35. Ohya and Uchida (2004) also mentioned that the critical value that can divide CBL flows into two

turbulence regimes is around 0.4 from experiments. In our LES, the values of u*/w* are 0.51, 0.47, 0.39, and 0.33

for cases 1, 2, 3, and 4, respectively. Therefore, from the critical value shown by Ohya and Uchida (2004) we
consider the simulated CBL flows to be weakly unstable where shear-driven flows are dominant for cases 1 and 2,
and strongly unstable where buoyancy-driven flows are dominant for cases 3 and 4.
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Fig. 2. Vertical profiles of (a) mean velocity, (b) Reynolds stress, (c) mean temperature, and (d) vertical heat flux.

3.2 Dispersion field

Figure 3 shows instantaneous plume dispersion fields for each case. In each case, the upward spreads of the
plume are found constrained by blocking effect of the capping inversion. However, the plume is rapidly dispersed
downwards for strongly unstable conditions (cases 3 and 4) while the downward spreads are comparatively small for
weakly unstable conditions (cases 1 and 2). Figures 4 and 5 show vertical profiles of mean concentrations and
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vertical concentration fluxes at each downstream position. For weakly unstable conditions, the downward spreads of
the plume gradually become large with downwind distance. The shape of the vertical concentration fluxes is nearly
non symmetric and shows sharp peak at the release height at each downstream position. On the other hand, for
strongly unstable conditions, the downward plume spreads rapidly become large with downwind distance and the
touchdown is observed for x/z>8.0. The shape of vertical concentration fluxes becomes nearly uniform in the main
part of the CBL for x/z:>8.0 due to the active vertical turbulent transport.
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Fig. 4. Vertical profiles of mean concentrations at each downstream position.
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Fig. 5. Vertical profiles of vertical concentration fluxes at each downstream position.
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4. Conclusions

We performed LESs of CBL flows capped by a temperature inversion with a wide range of atmospheric stability
conditions and compared it with wind tunnel experimental data. Although some of the turbulence characteristics are
quantitatively different from the experimental data, the distribution patterns depending on atmospheric stability
conditions are generally the same as those of the experiments. Then, we investigated the influence of stability

conditions on plume dispersion behaviours. For weakly unstable conditions with u*/ w, > 0.4, the downward

spreads of the plume gradually become large with downwind distance. The shape of vertical concentration fluxes is
nearly antisymmetric at the release height at each downstream position. On the other hand, for strongly unstable
conditions with u«/w+< 0.4, those rapidly become large with downwind distance. The touchdown of the plume is
observed for x/zi>8.0. The vertical concentration flux profiles become nearly uniform in the main portion of the
CBL due to the active vertical turbulent transport. It can be concluded from these results that the critical value of
u+/w+ in which the patterns of plume dispersion are different depending on atmospheric stability conditions is around
0.4.
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