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ABSTRACT

In the computational investigations of atmo-
spheric flows in urban environments, steady-state
Reynolds-averaged Navier-Stokes (RANS) simula-
tions are still preferred to transient scale-resolving
ones due to their relatively low computational de-
mand and fast turnover times. An extensively doc-
umented challenge associated with RANS models
in atmospheric applications is the unwanted altera-
tion of the prescribed velocity and turbulence pro-
files in the streamwise direction, caused by the in-
adequate treatment of solid wall boundaries and the
well-known inconsistencies between the atmospheric
boundary layer (ABL) profiles and general-purpose
turbulence models. Although several methods have
been proposed to preserve the streamwise homogen-
eity of the neutral ABL, previously, most of these
have been developed for the k-& model family, which
is known to perform poorly in impinging and separ-
ated flows, making its applicability in building aero-
dynamics questionable. The present work proposes
and benchmarks two approaches, namely custom
wall functions and the sand-grain-roughness-based
boundary condition, aimed at maintaining the pre-
scribed atmospheric boundary layer inlet profiles in
steady-state calculations using the k-w SST model,
which is better suited for investigating flows around
bluff bodies. The same approaches are also applied to
the standard k-& and realizable k-& models for com-
parison. The proposed methods are implemented in
both Ansys Fluent and OpenFOAM and the results
from a test case with a surface-mounted cube are
compared. Simulations in an empty domain show
significant improvements in the homogeneity of the
ABL, with the best performance achieved by a log-
arithmic atmospheric wall function formulation. The
accuracy of the proposed methods is quantified by
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reproducing the surface pressure distribution of a
cuboid building model subjected to an ABL-like ap-
proach flow in a wind tunnel.

Keywords: Atmospheric boundary layer, Ansys
Fluent, k- SST, OpenFOAM, Surface-mounted
cube, Wall function

NOMENCLATURE

ap [-] blending function parameter
Ay [m*/s*]  TKE profile parameter

By [m*/s?]  TKE profile parameter

Ck [m?/s*]  TKE profile parameter

cp [-] static pressure coefficient

Cy [-] roughness constant

Cu [-] turbulence model constant
Dy [m*/s*]  TKE profile parameter

E [-] empirical constant

fr [-] blending function

H [m] height of the cube

k [m?/s%] turbulent kinetic energy

K [m] sand-grain roughness height
N [-] number of pressure probes

0] [-] observed (measured) data set
P [—] predicted (simulated) data set
p [Pa] static pressure

q [-] hit rate

R [-] correlation coeflicient

u [m/s] x-velocity

u* [m/s] friction velocity

v [m/s] y-velocity

w [m/s] z-velocity

z [m] vertical coordinate

20k [m] TKE profile reference height
Zow [m] aerodynamic roughness height
20 [m] aerodynamic roughness height
Zimod [m] modified vertical coordinate
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a [-] power-law exponent

B [-] turbulence model constant
0 [m] boundary layer depth

Aubs [-] absolute error

Ayl [-] relative error

K [-] von Karman constant

% [m?/s] kinematic viscosity

w [1/5] specific dissipation rate

0 [kg/m?]  density

o [-] standard deviation

T [Pa] wall shear stress

€ [m?/5°] turbulence dissipation rate

Subscripts and Superscripts

i element index of the observed and meas-
ured data sets

in inlet variables

w values used in the wall function

p values at the first cell centre

ref reference values

+ nondimensional values

1.INTRODUCTION

A crucial challenge in using Reynolds-averaged
Navier-Stokes (RANS) models in atmospheric simu-
lations is creating a so-called horizontally homogen-
eous atmospheric boundary layer (HHABL) flow by
avoiding the unintended streamwise alteration of the
prescribed velocity and turbulent kinetic energy pro-
files as they travel along the numerical domain. This
alteration otherwise results in a mismatch between
the inflow and approach flow profiles and the flow
reaching the area of interest will therefore be differ-
ent to the intended one — which is a well-documented
problem, impacting the fidelity of numerical simula-
tions [, 12,13} 14]. This problem stems from the form-
ation of an internal near-wall boundary layer due to
inconsistencies between the wall treatment, the trans-
port equations and the inflow profiles|[1} 4} 5]

Several studies have proposed methods for the
preservation of the inflow profiles of a neutral ABL
when using the k-& model family. These include the
modification of model constants [4], |6} (7, 8], the use
of corrective source terms [4, [7, [8, [9]], and custom
wall functions [4} 7, [8} [10] among others. However,
the commonly used standard and realizable k-& mod-
els are known to underperform in wall-bounded flows
compared to the k-w SST model [11]]. This is ap-
parent in flows around bluff bodies, where the over-
prediction of k by the k- models reduces or even
eliminates the separation behind the windward edges
of obstacles [11} [12, [13]]. The k-w SST model per-
forms significantly better in impinging and separ-
ated flows, making it a preferable alternative for bluff
body flow simulations [[11].

However, the commonly used Ansys Fluent CFD
solver — hereinafter referred to as Fluent — does not
provide an option to employ user-defined wall func-
tions when using w-based turbulence models. In-
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stead, the user must rely on the rough wall boundary
condition based on the sand grain roughness model.
While formulations for a consistent set of rough-
ness parameters and inlet conditions have already
been proposed, these either rely on the drastic modi-
fication of model constants [14], or must employ
overly large cells near the wall to abide by the re-
quirements for creating a HHABL flow, originally
formulated by Blocken et al. [3] [15]. As an ex-
ample, the optimal set of roughness parameters for a
high-roughness ABL flow determined by Townsend
et al. [15] requires roughly 29 m high first cells at
full scale, which is in itself larger than many low-rise
buildings.

The current work proposes a new formulation
for obtaining an optimum set of roughness paramet-
ers using this boundary condition and shows how the
well-known contradiction in the requirements for a
high-fidelity HHABL simulation [3] can be circum-
vented with the current version of Fluent (version
2023 R1). Comparisons are drawn between the ap-
plicable wall treatment methods in OpenFOAM and
Ansys Fluent as well as between the implementations
available for the k-& and k-w SST models. The per-
formance of the new method for prescribing appro-
priate surface roughness for neutral HHABL flows
is assessed based on the velocity and TKE profiles
in a two-dimensional empty channel and the surface
pressure distribution of a surface-mounted cube in a
three-dimensional channel.

2. METHODOLOGY
2.1. Inflow conditions

The inlet boundary conditions are determined
based on the wind tunnel measurements of [16],
with auxiliary data supplemented from [17] and are
identical in the OpenFOAM and Fluent simulations.
A neutrally stratified, hydrostatic ABL is assumed,
where the balancing buoyant and gravitational forces
are subtracted from the equation of motion, and the
problem is regarded as incompressible. The thermal
stratification is therefore not considered in this work.
For the velocity profile, a power-law function is fitted
to the entire data set. A horizontally homogeneous
flow is assumed, with zero mean vertical and lateral
velocity components (v = 0; w = 0), in the form of

W) =ty (Z = Z”f) ey, ()
Zref

where u,.; denotes the reference velocity, z,.r is the

reference height and « is the exponent of the power-

law profile. For the fitted values of the above para-

meters, see Table[T]

A four-parameter logarithmic-polynomial pro-
file is used for the turbulent kinetic energy (TKE)
profile. This generally offers more flexibility for fit-
ting to wind tunnel data than the commonly used pro-
file proposed by Parente et al. [7]] and ensures a zero

Copyright© Department of Fluid Mechanics, Budapest University of Technology and Economics and the Authors



Table 1. Fitted parameters for the power law and logarithmic mean x-velocity profiles, the logarithmic-
polynomial TKE profile and the f; blending function.

ul, [m/s] uy, [m/s]
0.4472 1.493 x 1073 0.2707 0.3839 0.3759 1.060 x 1073
Zok [m] Ay [mz/sz] By [mz/sz] Cy [mz/sz] Dy, [mz/sz] 0 [m] ap [-]
5% 1073 0.1149 -5.453x 1072 5.699 x 1073 0.4912 0.4819 7.591

gradient at the wall [18]]:

k(z) = Ay In® (M) + B, In® (M)+
20k 20k
()

Z+ Zok

Cy In* (
20k

) + Dy,
where the value of zo, Ag, By, Cr and Dy parameters
are listed in Table [I] The inflow profiles of & and
w for the respective RANS models are determined
based on the profiles of u and k:

0
60 = Gk (0 2

and w can be expressed from ¢ via the transformation
of Wilcox [19], adopted by Menter [20]:

() 1 Ou(z)
w(z) = = ,
Bk(z) \JC, 0z
where 8" and C,, model constants are both kept at the
Fluent default value of 0.09 [18]].

In the wind tunnel measurements, the appro-
priate velocity profile was created using physical
obstacles, including tripping fences and turbulence-
generating spires. These elements did not extend to
the top of the wind tunnel and the flow above them
remained uniform. To model this effect, a modified
Zmod Vertical coordinate is introduced, expressed as

Zmod (2) = 2(1 = f (2)) + 6 (2), ®)

where ¢ is the depth of the boundary layer in the wind
tunnel and f} (z) is given as

fo (@) =
% (1 + sin(g max (=1, min (ap, (z — 9), 1)))),
(6)

where g, is a fitted blending parameter. The values
of § and ay, are listed in Table[T}

3)

“)

2.2. Wall treatment
2.2.1. Wall treatment in OpenFOAM

In the case of the OpenFOAM simulations, a log-
arithmic law of the wall is employed. The friction
velocity u;, and aerodynamic roughness height zg,, in
Equation [7] are determined by fitting a logarithmic
profile to the velocity measurements in the range of

3

4x103m<z<6x102m.
Z+Zow)
m ’

Uy @) = = log( )
where « is the von Kdrman constant, with slightly dif-
ferent default values in the two solvers (OpenFOAM:
k = 0.41, Fluent: « =0.4187), hence the different
friction velocities used in the implementations in the
respective solver (see Table/[I)).

2.2.2. Wall treatment in Fluent

As mentioned in Section [I} user-defined wall
functions are not available for the k-w SST model
in Fluent. Therefore, the logarithmic wall function
is only used with the standard k- and realizable k-
& models, while the rough wall condition is used for
the k-w SST model instead. For fully rough bound-
ary layers — as is the case in ABL flows in general —
the velocity in the first cell centre next to the wall is
calculated as
uut 1 ln(

1 Ez), ) ®

Tw/p Tk 1+ C,K}

where, from here on, subscript p denotes the val-
ues in the first cell centre, at the height of z = z,,.
Furthermore, E = 9.793 is an empirical constant,
u = Cf/ 4k,l,/ 2 is the friction velocity, 7,, is the wall
shear stress, p is the density of the fluid and the
C, roughness constant and K sand grain roughness
height are provided by the user. The z, and K7
values are nondimensionalized as z;; = zpu"/v and
K; = Ku* /v respectively, where v is the kinematic
viscosity. In the current work, the value of C; is
kept constant (at the Fluent default value of 0.5 [21])),
while K is chosen so that Eqgs. (7) and (8) give the
same velocity values for the first cell centre, meaning

):ﬁlog(—Z+Zow). ©)

K m

Tw/p l
u* K

%
n
1+ CK}
By rearranging Eq. (9), the roughness height can be
expressed as

Ez,z00 1
K, = ——fw (10)

Cs (Zp + ZOW) C-VF

where C{ contains the approximate values of the
various formulations of the friction velocity found in
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Eqs. (7) and 8):

v+ ¢k,
/P C. ~ 2

Cct = N
- 1/4,1/2
uv C/ k) v

s

C,. (11)

With C; being fixed at 0.5, the resulting roughness
height is K, = 3.818 x 1073 m. This value is higher
than the first cell centre height z, = 3 X 1073 m and
therefore does not satisfy the minimum cell height
criterion formulated by Blocken et al. [3]. However,
the authors noted that this limitation was posed by the
available 6.2 version of Fluent at the time, and in case
of future developments in this regard, this require-
ment might need to be reconsidered. Indeed, since
version 14, Fluent does not restrict the wall-normal
mesh resolution based on the roughness height (see
section 7.4.15.3.1 in the Ansys Fluent User’s Guide
[21]]). Thus the above-presented parameter values
can be employed with no apparent conflict.

2.3. Numerical setup
2.3.1. Empty channel

The wall functions and optimized roughness
parameters are first assessed using a two-dimensional
empty channel with a length of 1.2 m and a height of
1 m, matching the wind tunnel in the experimental in-
vestigations [[16]. (While this domain will be referred
to as a two-dimensional, it is effectively a single-
cell-wide three-dimensional domain, as OpenFOAM
uses three-dimensional meshes exclusively. For a dir-
ect comparison of the results, the same mesh is em-
ployed in Fluent.) The numerical mesh consists of
6360 (60 x 106) hexahedral cells, with uniform hori-
zontal spacing, a first cell layer height of 6 x 1073 m
and a wall-normal grading with a reference cell ex-
pansion ratio of 1.14.

The inflow profiles described in Section [2.1] are
imposed at the inlet, while zero gauge pressure is pre-
scribed at the outlet. The wall treatment methods are
applied to the channel floor, and a symmetry con-
dition is applied to the top boundary. In the Open-
FOAM implementation of the 2D channel, the lateral
boundaries are set to "empty", while a symmetry con-
dition is applied to them in Fluent.

2.3.2. Surface-mounted cube

After the preliminary 2D simulations, the meth-
ods are employed for a 3D channel containing
a surface-mounted cube with an edge length of
H =0.2m. The vertical and lateral dimensions of
the domain match the cross-section of the wind tun-
nel, while the longitudinal dimensions upwind and
downwind of the cube are set in accordance with the
guidelines of Franke et al. [22]. For the domain di-
mension, see Figure[I] The mesh is fully structured
and uses the same first cell height and vertical grad-
ing as the 2D mesh outside the vicinity of the cube,
resulting in 1.15 million hexahedral cells. At the sur-
face of the cube, 26 cells are located along the ho-
rizontal edges and 23 along the vertical edges. The
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Figure 1. Top: sketch of the 3D computational
domain with the surface-mounted cube. Dimen-
sions are displayed relative to the cube height
(H = 0.2 m). Bottom: close-up image of the mesh
at the surface of the cube.

3D simulation uses the same boundary conditions as
the 2D channel, except for the "empty" conditions
at the lateral boundaries in OpenFOAM, which are
replaced by the slip wall boundary condition. Addi-
tionally, the faces of the cube are treated as smooth
walls.

2.3.3. Solver settings

Air density was set to 1 kg/m?> and the kinematic
viscosity accordingly to 1.5x 107> m?/s in the Fluent
simulations for direct compatibility with the Open-
FOAM calculations. (OpenFOAM solves for the kin-
ematic pressure p/p instead of the static pressure in
incompressible cases, assuming unit density.)

Table 2. Naming convention of cases. The last
character denotes the solver used in the specific
case (O- OpenFOAM, F-Fluent)

Notation Turbulence model Wall treatment
SSTKW-F k-w SST Rough wall
SSTKW-O k-w SST Log-law
SKE-F Standard k-& Log-law
SKE-O Standard k-& Log-law
RKE-F Realizable k-¢ Log-law
RKE-O Realizable k-¢ Log-law

The simulations were performed using steady-
state incompressible solvers in both software with
a second-order spatial discretization of the pres-
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Figure 2. Vertical profiles of u (top) and k (bottom) with their relative errors to the prescribed inlet profiles
below z = H height at the outlet, with a distance of x = 6H from the inlet.

sure, second-order upwind discretization for the mo-
mentum and first-order upwind discretization for the
turbulent variables. All 3D simulations are per-
formed on the CPU partition of the Komondor High-
Performance Computer (HPC), using 24 processor
cores of an AMD EPYC™ 7763 processor.

3. RESULTS
3.1. Empty channel

The velocity and its relative error at the outlet
(at x 6H) of the 2D channel (Figure [ show
that all five implementations utilizing a logarithmic
wall function behave similarly, with error values gen-
erally below 10% in the most critical, near-ground
region. Out of these cases, those using the stand-
ard k-& model produce the highest relative error at
the first cell centre, at 9.6% and 9.3% for the Flu-
ent and OpenFOAM implementations respectively.
It should also be noted, that the OpenFOAM simu-
lations using the standard and realizable k-& models
result in marginally smaller relative errors than their

5

counterparts in Fluent (average absolute deviations
from the prescribed profile below z = H: SKE-F -
2.02%, SKE-O - 1.70%, RKE-F - 1.88% and RKE-O
- 1.74%). Meanwhile, the rough wall implementa-
tion in Fluent (case SSTKW-F) produces noticeably
larger errors at almost all locations below z = H, with
a peak relative error of 32.3% immediately next to
the wall (average absolute deviations from the pre-
scribed profile below z = H: SSTKW-F - 5.49%
and SSTKW-O - 1.84%). This points to the rough
wall function behaving differently to the formulation
shown in Eq. [§] likely due to the compensation for
the cell centre height being smaller than the rough-
ness height [21]]. This produces a different velocity
at the first cell centre compared to the other simu-
lations, indicating that the local near-wall speedup
of the flow may still compromise the results at this
height.

The resulting TKE profiles at the outlet show
considerable deviations from the inlet profile in all
cases. The maximum relative errors to the fitted pro-
file range from 16.19% to 24.61%, with the highest
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Figure 3. Distribution of the pressure coefficient along the horizontal and vertical centre lines of the cube.
Error bars correspond to rms measurement values. s/H denotes the nondimensional distance along the
centre lines. (For the orientation, see the sketches in the top right corners of the plots, where the black

arrow shows the wind direction.)

error once again produced by the SSTKW-F case, us-
ing the rough wall condition. Despite the improved
formulation of the TKE profile, the fit to the ex-
perimental data is far from ideal and the measured
values themselves deviate from this profile consid-
erably, with errors comparable to those produced by
the simulations.

3.2. Surface-mounted cube

The results of the simulations in the three-
dimensional domain are validated with the experi-
mental surface pressure data from [16]. For this
purpose, the static pressure values are presented as
pressure coefficients, calculated as

¢, = P - Po’
2PUy
where uy = 5.412 my/s is the prescribed inflow velo-
city at z = H and the py reference static pressure is
sampled in the numerical domain at the same loca-
tion as in the measurement; at the channel wall, in

the lateral midplane of the cube and at the height of
0.25m.

12)
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Figure [3] shows the distribution of the pressure
coefficient along the horizontal and vertical centre
lines of the cube. The depression on the sides of
the cube (s/H between 1-2 and 3-4 in the top plot
of Figure[3) is underpredicted by both k-w SST sim-
ulations, while it is only significantly underpredicted
behind the top leading edge (s/H = 1 in the bottom
left plot of Figure[3)) by the Fluent implementation of
the k-w SST model. As this location is sufficiently
far from the channel floor, it is likely that this dis-
crepancy between the two simulations is not the res-
ult of the different wall treatment methods but rather
a difference in the implementations of the k-w SST
model itself in the two solvers. The Fluent and Open-
FOAM simulations, which use the standard k-¢ and
realizable k-& models, produce largely similar pres-
sure distributions, invariably overestimating the mag-
nitude of the front overpressure and the depression
behind the top leading edge. All turbulence mod-
els generally overestimate the pressure on the wind-
ward, side and leeward walls, with the most notice-
able deviations from the experimental data shown on
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the side walls. Overall, the k-w SST cases, and spe-
cifically the SSTKW-O case provide the best agree-
ment between the simulated and measured values.
Following the qualitative remarks, four differ-
ent scalar metrics were employed to provide a basis
for comparing the performance of the individual im-
plementations quantitatively. These are the correl-
ation coefficient (R), the hit rate (corresponding to
the value of the measurement uncertainty, go 142), the
factor of two observations (FAC2) and the average
absolute deviation (AAD). Their calculation is as fol-

lows:
0;-0)(P;i-P
o 007 "
o0 p
1 &
q= N ; n;, where
1 if (1 - Arel) < % < (1 + Arel) (14)
ni=41 if |P;— O < Aups
0 otherwise,
&
FAC2 = ; n:, where
1 if 05<Z<2
n; = 1 if |Pl| < Aubs and |01| < Aabs
0 otherwise,
(15)
and
AAD = |0; — Pj|. (16)

In the above definitions, O; and P; respectively de-
note observed (measured) and predicted (simulated)
pressure coefficient values at the i static pressure tap
on the surface of the cube, with oo and o p denoting
the standard deviation of the observed and predicted
dataset, the overbars above quantities denoting mean
values and N = 175 standing for the total number
of pressure taps on the surface of the cube. For the
arrangement of the pressure taps, the reader is re-
ferred to Papp et al. [[16]]. Furthermore, A, = 0.142
and A,,; = 0.25 absolute and relative errors are taken
from the experimental investigations.

A high correlation coefficient serves as a neces-
sary but not sufficient condition for a good statist-
ical match. This condition is satisfied by all simula-
tions, with values of R ranging from 0.921 to 0.957.
However, a simulated pressure distribution achiev-
ing a higher correlation coefficient than another does
not automatically constitute a better overall agree-
ment with the measurement data. The hit rate and
the FAC?2 metrics are calculated on a similar basis
but the latter is generally more robust as it is not
affected by outliers. It should also be noted, that
assuming smaller errors for the experimental results

7

Table 3. Validation metrics of the surface-
mounted cube simulations.

Case R qo142 FAC2  AAD
SSTKW-F 0.935 0.583 0.909 0.184
SSTKW-O 0.955 0.606 0.966 0.161
SKE-F 0.954 0463 0.886 0.180
SKE-O 0921 0451 0.869 0.206
RKE-F 0957 0.463 0.886 0.186
RKE-O 0.932 0457 0903 0.192
Target values 1 1 1 0

would automatically narrow the criterion for a "hit"
(n; = 1 in Equation @, leading to a lower hit rate,
indicating a worse match between the otherwise un-
changed experimental and simulated data.

The validation metrics show that the SSTKW-O
case outperforms all other simulations, with the
second-best match achieved by the SSTKW-F case
in the hit rate and FAC2 metrics. In comparison, the
validation metrics generally indicate that the k-& sim-
ulations underperform, with the Fluent implementa-
tions achieving somewhat higher hit rates and lower
average absolute deviation values than the Open-
FOAM cases, although the same trend is not present
for the FAC2 metric.

4. CONCLUSIONS

The various implementations of the logarithmic
wall functions produced similar results in the empty
channel simulations, with maximum relative error
values for the velocity consistently below 10%,
achieving a good match between the inflow and out-
flow profiles. The rough wall formulation (necessit-
ated by the limited wall function capabilities of An-
sys Fluent) produced the largest velocity errors next
to the wall, which points to further improvements
needed regarding this method. Meanwhile, the er-
rors in the TKE profiles were significantly higher in
every case and the distinction between the perform-
ance of the logarithmic wall function and the rough
wall function became less clear. The pressure distri-
bution on the surface of the surface-mounted cube
shows the clear advantages of using the k-w SST
model, which achieved a better match to the exper-
imental data. Based on the employed validation met-
rics, the best overall agreement with the experimental
data was achieved by the OpenFOAM implementa-
tion of the k-w SST model, with significant differ-
ences noted between the behaviour of the Fluent and
OpenFOAM implementations.
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