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Abstract: Computational fluid dynamics (CFD) is an effective technique to investigate atmospheric
processes at a local scale. For example, in near-source atmospheric dispersion applications, the
effects of meteorology, air pollutant sources, and buildings can be included. A prerequisite is to
establish horizontally homogeneous atmospheric conditions, prior to the inclusion of pollutant
sources and buildings. This work investigates modelling of the atmospheric surface layer under
neutral and stable boundary layer conditions, respectively. Steady-state numerical solutions of
the Reynolds Averaged Navier-Stokes (RANS) equations were used, including the k-¢ turbu-
lence model. Atmospheric profiles derived from the Cooperative Atmosphere-Surface Exchange
Study-99 (CASES-99) were used as reference data. The results indicate that the observed profiles
of velocity and potential temperature can be adequately reproduced using CFD, while turbulent
kinetic energy showed less agreement with the observations under the stable conditions. The
results are discussed in relation to the boundary conditions and sources, and the observational
data.
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1. Introduction

Computational fluid dynamics (CFD) is an effective technique to investigate at-
mospheric processes at a local scale. For example, in near-source atmospheric dispersion
applications, the effects of meteorology, air pollutant sources, and buildings can be in-
cluded. In order to investigate local processes in CFD it is necessary to simulate an at-
mospheric surface layer. A prerequisite is to establish horizontally homogeneous at-
mospheric conditions, prior to the inclusion of pollutant sources and buildings.

Compared to neutral atmospheric conditions, a stable boundary layer (SBL) can
suppress dispersion of emissions due to negative buoyancy effects, while an unstable
boundary layer can enhance dispersion. This work investigates modelling of the at-
mospheric surface layer under neutral and SBL conditions, respectively.

It is a difficult process to model a realistic atmospheric boundary layer in CFD [1-3].
In addition, difficulties can arise due to unknown profiles of turbulence properties
needed for modelling [4]. Under a SBL, shallow surface layers can occur, perhaps less
than 10 m in depth, and it may be necessary to consider a much deeper layer. Several
processes in the SBL can make this case much more difficult to investigate than neutral
or unstable situations, including weak and intermittent turbulence, the production of
elevated turbulence, and other phenomena [5-7].

The objective here was to attempt to establish a horizontally homogeneous atmos-
pheric surface layer with the numerical model; whereby the inlet velocity and turbu-
lence profiles, the ground shear-stress and turbulence model are in equilibrium. An ap-
proach for this under a neutral atmosphere is well established [4] and is adopted here.
An attempt is also made here to apply a similar approach to a SBL. For both neutral and

Proceedings 2021, 65, x. https://doi.org/10.3390/xxxxx

www.mdpi.com/journal/proceedings

25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47



Proceedings 2021, 65, x FOR PEER REVIEW 2 0of 8

stable atmospheres, the assumption was made that pressure was constant in the domain,
and flow was driven by a shear stress at the top of the surface layer.

This paper is structured as follows. First, the CFD equations describing the situation
are described. The numerical methods and the boundary conditions are then summa-
rized. The CASES-99 data are described, as is the Monin-Obukhov similarity (MOS) the-
ory which is used to provide profiles of velocity and temperature as upwind boundary
conditions for CFD. Details of the approaches used to simulate both the neutral and the
stable surface layers are given, followed by the results and discussion.

2. Materials and Methods

2.1 CFD equations and numerical methods

A steady-state numerical solution has been used in CFD modelling of the surface
layer [1-4]. For this work, the OpenFOAM steady-state solver for turbulent compressible
flows was adapted, which includes solution of the conservation, momentum, turbulence,
and enthalpy equations respectively [8]. Temperature is calculated from enthalpy using
a numerical scheme [9]. The momentum and turbulence equations are given below, in
order to show the specific terms used here.

The momentum conservation equation is given by [9]:

20e (pun)=- 7 pglo- )7 (0 D)) 7 Giag (7 )
where u is the velocity vector; p is the density; p is the pressure; and Ll is the sum of the
molecular (W) and turbulent viscosities (ut), respectively. The second term on the
right-hand-side of Eq. (1) is the buoyancy source term applied here, in which g=[0, 0, -9.8
m s2]; po is the reference density at ®o(z), given by the lapse-rate of potential tempera-

ture. For neutral conditions, ®o is constant. The rate of strain tensor D(u) is defined as:

D(w)=2((v u)+(v u)")
The standard k-& model was used to model turbulence [10]. k is the turbulent ki-

netic energy and ¢ is the turbulent dissipation rate:
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where, P« is the volumetric production rate of k by shear forces; Go is the volumetric
production rate of k by buoyancy forces; othis the turbulent Prandtl number (on=1.0,
[11]); oxis the turbulent Prandtl number for k (ok=1.0); otis the turbulent Prandtl num-
ber for € (0:=1.31). The constants are: C;=0.09, Ci=1.44, C>=1.92. G» is negative for stably
stratified flows, so that k is reduced and turbulence damped. For unstably stratified
flows, Gb is positive and k increases [12]. The coefficient Cs depends on the flow situa-
tion. In this work, a value of Cs=-0.8 was used [4].

OpenFoam uses the finite-volume method, whereby the terms in the conservation
equations are discretized by integrating over the cell volume. The upwind-differencing
scheme was used for the convective terms [13]. The discretized equations were solved
using standard linear solver methods in OpenFoam. Pressure and velocities were cou-
pled in the solution process using the SIMPLE algorithm [13]. The imbalances in the fi-
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nite volume equation (the residuals) were used as a measure of the quality of the solu-
tion at each step in the iterative process. Iterations stop when the residual errors sum to
less than user-set tolerances.

The key boundary conditions included: (i) upwind boundary: the appropriate ver-
tical profiles of the relevant variables were set here, including velocity, potential tem-
perature, k, and e. (ii) downwind boundary: a fixed-pressure condition was applied,
with an inlet-outlet condition for velocity. The inlet-outlet condition provides a ze-
ro-gradient condition for velocities, if outflow occurs, and fixed-value conditions on in-
flow. A fixed-pressure condition was applicable, since the variation of pressure due to
hydrostatic effects was not included. (iii) ground surface: an atmospheric rough-wall
function was applied. (iv) upper boundary: a fixed-pressure condition with an in-
let-outlet condition for velocities was applied.

Simulations based on the finite volume method with flux defined boundary condi-
tions (Neumann type) usually encounter numerical problems due to the backwards
propagation of physical characteristics during the simulation procedure [4].
Fixed-temperature values (Dirichlet type) on both boundaries have been suggested as a
compromise solution [4]. Fixed-temperature boundaries were used here at ground sur-
face and at the upper-boundary, respectively. In a stably stratified condition, the heat
flux is oriented downwards from upper to lower boundary and the value of the heat flux
at the ground surface is negative.

2.2 CASES-99 data

Near-surface profile data from CASES-99 [14] were used in this work. Data were
obtained in netCDF format from EOS/NCAR [15]. The data were from the main CAS-
ES-99 60 m flux tower, and comprised 5-min averages of means, variances and covari-
ances of the ISFF variables. Wind and temperature measurements on the 60 m tower
were conducted by sonic anemometers at heights of 1.5, 5, 10, 20, 30, 40, 50, and 55 m [6].
This provided 3-component wind and temperature data at a sampling rate of 20 Hz. A
number of low surface wind-speed situations were examined, and the profile data se-
lected for the present work were from 18/10/1999 0900-0930 UTC, using a 30 min aver-
age. Wind-speed at a height of 1.5 m was 1.3 m/s, and a distinct temperature inversion
existed. Wind and temperature profiles were found to be relatively steady over the
course of the selected period. The virtual temperature profile data were adjusted by the
dry adiabatic lapse-rate, to obtain potential temperature (®) values. Dry air was as-
sumed in the modelling. The roughness length used for the tower site was z0=0.03 m
[16]. Wind vectors from the sonic anemometers were provided as rotated from instru-
ment coordinates to normal meteorological coordinates. These data were converted to
give the mean wind speed. Friction velocity (u=0.12) and temperature scale (©-=0.07)
were also needed for this work, and were obtained using the respective covariance val-
ues measured at the surface as follows [7]:

s =1(= 0w (= 57T

__ @)
estar = = 6
~ Uy (8)
Turbulent kinetic energy (k) was obtained as:
kzl(u Py’
2 )

2.3 MOS

It was attempted to reproduce the measured profiles of wind speed and ® using
MOS flux-profile relationships [5]. The aim was to apply the MOS derived profiles as
upwind boundary conditions. Flux-profile relationships relate the surface turbulent flux
of momentum and heat to their respective profiles of mean wind speed and temperature
[6]. When the turbulence covariances are not available, then turbulent fluxes of momen-
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tum and heat can be estimated from vertical profiles of mean values of wind speed and ©
using MOS [2, 17]. The MOS profiles of wind speed and © are, respectively [5]:

Uiar z z
=g (24w, (2
)= (20w, () .
0
0z)=2e (2w, (2)
0 (11)
_ B
ngstar (12)

where, Wm= Wr=4.7 z/L; L is the Monin-Obukhov length; x¥=0.41 is the von Karman con-
stant; u(z) is wind speed; ©(z) is the potential temperature; and ©: is the surface temper-
ature. For the case of neutral stability, only Eq. (10) is relevant with Wnm =0.

L is a measure of the height of the dynamical influence layer where surface proper-
ties are transmitted [7]. The surface layer height of a stable stratification is the same or-
der as L [18]. For z > L, thermal influences are the dominant factor. In the present case,
the value of L obtained was 14 m. Thus, the CASES-99 measurements taken at 20 m and
above were not in the immediate surface layer, so may have been decoupled from surface
influences to some extent. MOS assumes that the shear stress and heat flux are constant in
the surface layer [2].

The MOS estimated profiles of horizontal velocity and © for the SBL are shown be-
low in Figure 2 (a) and (b), respectively. A reasonable agreement between MOS and the
measurements was obtained. It can be seen that the vertical structure of ® was more
complex than the MOS profile. The numerical simulations described next, are an attempt
to replicate the MOS profiles.

2.4 Experimental procedure

The simulations were carried out in 2-D since the flow properties were invariant in
the y-direction, but results were also confirmed in 3-D for selected cases. The test do-
main size was based on a scale suitable for near-surface dispersion modelling being 3000
m in length and 100 m in height. For the 3-D cases, a 40 m wide domain was used. The
number of grid cells was: x (200), y (10), z (50), with gradation in the z-direction used to
give greater resolution near the ground surface. The first cell centre was located at a
height of 0.15 m.

For the neutral case, the whole 100 m depth of the domain was contained in the
surface layer, and the shear stress was assumed constant through the layer, equalling the
shear stress at the surface. The approach taken for the neutral atmosphere applies ana-
lytic solutions to the momentum and turbulence equations as the upwind boundary
conditions; and maintains a horizontally homogeneous atmosphere through the use of
sources of momentum and &, applied at the upper boundary, and a rough wall function
applied at the ground surface [1]. In order to satisfy the analytic solution, a different
value of 0:==1.11 is used [1]. This approach ideally results in a logarithmic wind profile, a
zero-vertical velocity, and constant values of k, ®, and pressure, respectively, every-
where in the domain. For the neutral case, the value of u- = 0.12 obtained above for the
SBL, was used to provide the required value of ur, which determines the upwind profiles
of wind speed, k, and epsilon [1]. This allowed both neutral and stable cases to be put on
a common reference scale. However, u- reflects different relative magnitudes of me-
chanically- and buoyancy-driven turbulence in each atmosphere.

For the SBL case, the approach taken was similar, with the upwind boundary con-
ditions given by MOS, and a rough wall function applied at the ground surface. How-
ever, two difficulties existed compared to the neutral case. First, with the surface layer
depth of only 14 m, the way to model the situation was less clear. One possibility was to
attempt to model only the lower 14 m or so in the SBL case; however, this would not be
of much practical use in applications, where buildings are often higher than this for ex-
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ample. The turbulent shear stress at the top of domain was not known, but the CAS-
ES-99 observation data indicated it may have been zero. Figure 2 (e) shows that the ob-
served shear stress fell from its surface value to zero at about 40 m. Thus, for the SBL, no
source of momentum was applied at the upper boundary.

Second, known profiles for k and & were not available for the SBL. If the measured
profile of k was used, it was not sustained by the current model configuration which in-
cluded the k-&¢ model, the boundary conditions, and numerical methods used. Thus, a
different approach was taken in order to estimate the upwind boundary conditions for k
and e. The most consistent boundary conditions with respect to the applied equation
system are the numerical results [4]. For a fixed bulk velocity, the turbulence characteris-
tics can be obtained from the equilibrium state, as it results from the interaction of tur-
bulent shear and inertial force [4]. Equilibrium profiles for k and € were obtained here by
running simulations on a domain 10 km in length, that is, beyond the distance where
profiles were changing downwind. The resulting profile of k is shown in Figure 2 (c).

{a) Horizontal velocity (b) Temperature
100 100
—_ A5 —_ A5
75 e NS ] e NS
E 50 E 50
] ]
25 5
0 ” T 0 T T T
] 1 2 3 270.0 2725 275.0 2775 280.0
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Figure 1. Comparison of the numerical solution (NS) with the analytic solution (AS) for the neutral
atmosphere. (a) horizontal velocity; (b) potential temperature; (c) turbulent kinetic energy; (d)
turbulence dissipation rate; (e) vertical velocity; (f) friction velocity. The numerical results are
shown for a position 2000 m from the upwind boundary of the domain.

3. Results

Figure 1 shows the results for the neutral atmosphere. It can be seen that the nu-
merical results compare well with the analytic solutions for all variables. The velocity and
O profiles were maintained along the whole 3 km domain length. Although the analytic k
profile was used as the upwind boundary condition, the k profile took some distance to
stabilise to its equilibrium form, but was sustained thereafter along the remaining length
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of the domain. Work is being aimed at better understanding this situation, including the
initial values used and other numerical factors. The results indicated that the velocity and
© profiles were relatively insensitive to the specific form of the k profile. This may be
because turbulence is a second order effect.

Figure 2 shows the results for the SBL. The numerical results compare well with the
MOS profiles for horizontal velocity and ® in Figures 2 (a) and 2 (b), respectively. In ad-
dition, k matches its reference profile reasonably well in Figure 2 (c). At equilibrium,
turbulence production and destruction should be in balance, that is € = Px + Gb , and it
can be seen in Figure 2 (f) that the vertical profile of ¢ follows closely the produc-
tion/destruction rates of k, indicating that equilibrium was attained. In summary, the
numerical results generally were able to replicate the profiles derived from MOS based
on the surface flux data.

{a) Horizantal velocity (b} Temperature
100 100
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Figure 2. Comparison of the numerical solution (NS) with the reference profiles for the stable at-
mosphere. (a) horizontal velocity; (b) potential temperature; (c) turbulent kinetic energy. PS refers
to the precursor simulation result; (d) vertical velocity; (e) kinematic heat flux and shear-stress; (f)
numerical production and dissipation of k. The numerical results are shown for a position 2000 m
from the upwind boundary of the domain. Also shown are the CASES-99 data, where applicable.

4. Discussion

In contrast to the neutral case, it was found that the SBL profiles of horizontal ve-
locity and k could be maintained without a shear stress applied to drive the flow. The
reason for this is not fully understood at this point, however a small negative vertical
velocity was found in the solution in the top of the domain (Figure 2 (d)) — so air at the
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top velocity was being drawn into domain through the upper boundary. This advection
appears to be balancing the shear stress convergence in the lower part of the domain.

The numerical k profile is quite different compared to the CASES-99 measure-
ments, being under-predicted below 20 m and over-predicted above this height (Figure 2
(c)). It is not surprising that k does not capture the finer structure of the observations. No
attempt was made to capture the specific detail of the observation at this stage; indeed
such an attempt may be too ambitious, using the current approach.

Figure 2 (e) shows the modelled profiles of heat flux and shear stress, respectively.
The CASES-99 observations of heat flux and shear stress are also shown. To some extent,
a constant flux layer may be seen in the numerical results though it is deeper than the 14
m predicted by MOS, being around 40 m depth. This difference appears to be due mainly
to the over-prediction of k centred at a height of around 40 m. Nevertheless, the result
seems encouraging and suggests that with further refinements to the current approach, it
may be possible to model the depth and nature of the surface layer more accurately.

A number of factors are being considered that might lead to a better prediction of k.
The observations indicate that ® increases with height at a greater rate than that pre-
dicted by the MOS-derived profile, as shown in Figure 2 (b). The magnitude of Go may
thus have been under-estimated, which could have led to greater modelled levels of k
higher up in the domain, than were measured. This is one aspect that will be tested in
further work. Another factor being considered is the value used for C3, which affects the
impact of the destruction rate in the k-¢ model. Significant existing work has gone into
optimising the value of C3 [2]. Initial experiments in which different values of C3 were
used has not yet shown any notable improvements in results for k.
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