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Abstract: This paper describes the initial steps in a larger effort to perform verification and
validation (V&V) of wind simulations in an urban environment. The presented work uses
data from wind tunnel experiments on a simplified urban area to assess the performance of
the steady-state RANS octree immersed boundary flow solver IBOFlow®. Verification and
validation activities are indispensable in computational modelling, because they address the
issue about the trustworthiness of models directly. This is particularly so in the modelling of
complex systems such as urban environments. The results of the early V&V work are presented,
together with a discussion on different aspects of the experimental and modelling settings. A
key contribution of this work, which is planned as a first in a series of V&V publications, is
the identification of concrete future actions to address the issues of trust in urban wind model
predictions.
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1. INTRODUCTION

The understanding of wind patterns in an urban environ-
ment is essential to ensuring a natural ventilation design
and pedestrian wind comfort (Abd Razak et al., 2016;
Blocken, 2015). In recent years, the increased number of
densely-packed high-rise buildings in big cities has had a
significant impact on ground level wind conditions (Dutt,
1991). As a result, numerous field measurements, wind
tunnel tests and numerical simulations have been con-
ducted to study these effects (Dutt, 1991; Blocken, 2015).
Over the years, computational fluid dynamics (CFD) has
been established as the numerical approach of choice for
wind simulations, because it provides full-field characteri-
sation of the flow, has considerable flexibility and the mod-
els do not suffer from any similarity constraints (Blocken,
2015). However, CFD models, just as any other computa-
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tional model, must be treated with extreme care in order
to obtain an accurate and reliable solution (Oberkampf
and Trucano, 2002). Accuracy often depends upon the
field of application - the acceptable error in some fields,
e.g. aerospace engineering, could be less than 5%, while in
others, such as wind engineering, it could be as high as
25% (Ferziger, 1990). Due to the various potential sources
of numerical and physical modeling errors, validation and
verification studies are crucial (Oberkampf and Roy, 2010).

This paper presents a preliminary verification and valida-
tion study of a steady-state flow solver developed for wind
engineering purposes. The rest of the paper is organised as
follows. Section 2 describes the IBOFlow®solver and some
of the governing equations it is based on. Section 3 outlines
the utility of validation and verification and describes the
experimental setup used to validate the model presented
in Section 4. Section 5 discusses the main results of the
paper. The paper concludes with some closing remarks and
provides some pointers for future work in Section 6.

2. FLOW SOLVER

For the simulations conducted in this paper, the steady-
state solver in IBOFlow®(Immersed Boundary Octree
Flow Solver) (Mark et al., 2011), developed at Fraunhofer-
Chalmers Research Centre, was used. For the successful
initialization of the simulation, an XML file, containing
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others, such as wind engineering, it could be as high as
25% (Ferziger, 1990). Due to the various potential sources
of numerical and physical modeling errors, validation and
verification studies are crucial (Oberkampf and Roy, 2010).

This paper presents a preliminary verification and valida-
tion study of a steady-state flow solver developed for wind
engineering purposes. The rest of the paper is organised as
follows. Section 2 describes the IBOFlow®solver and some
of the governing equations it is based on. Section 3 outlines
the utility of validation and verification and describes the
experimental setup used to validate the model presented
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paper. The paper concludes with some closing remarks and
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Blocken, 2015). In recent years, the increased number of
densely-packed high-rise buildings in big cities has had a
significant impact on ground level wind conditions (Dutt,
1991). As a result, numerous field measurements, wind
tunnel tests and numerical simulations have been con-
ducted to study these effects (Dutt, 1991; Blocken, 2015).
Over the years, computational fluid dynamics (CFD) has
been established as the numerical approach of choice for
wind simulations, because it provides full-field characteri-
sation of the flow, has considerable flexibility and the mod-
els do not suffer from any similarity constraints (Blocken,
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details about the simulation setup, and a triangulated
geometry file are necessary. The solver assumes an in-
compressible, isothermal flow governed by the Reynolds
Averaged Navier-Stokes (RANS) equations:

Continuity:

∂ui

∂xi
= 0 (1)

Momentum:

∂ui
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where u is the mean velocity of the fluid, ρ is the fluid
density, p is the dynamic pressure, ν is the kinematic
viscosity of the fluid, νt is the eddy viscosity and K is
the average kinetic energy of the velocity fluctuations. In
addition, the immersed boundary (IB) condition is solved

ui = uib
i (3)

which constrains the velocity of the fluid to the velocity
at the immersed boundary, uib

i . This is achieved through
the implementation of the second-order accurate mirroring
immersed boundary method (Mark and van Wachem,
2008).

All equations are discretised on a Cartesian octree grid
using the finite volume method (Mark et al., 2011).
The SIMPLEC method (Van Doormaal, 1984) is imple-
mented for coupling the velocity and pressure fields, while
the pressure-weighted flux interpolation (Rhie and Chow,
1983) prevents their decoupling. The steady-state solver
employs artificial time stepping and solves until all relative
matrix residuals are converged.

Closure of the RANS equations is achieved through the
use of the k − g SST (shear-stress transport) turbulence
model (Kalitzin et al., 2005). It is based on the k −
ω SST turbulence model and is derived by substituting
the specific dissipation rate, ω, with the turbulence time
scale g = (Cµω)

−1/2. The turbulent kinetic energy and
turbulence time scale equations respectively are:
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where k is the turbulent kinetic energy, P is a production
term. The eddy viscosity is defined as νt = Cµkg

2, and
σk, σg, α, β1 and Cµ are model constants. Similar to the
k−ω SST turbulence model, the k−g SST model resolves
the flow using the k − g formulation near the walls and
k − ϵ in the free-stream.

3. EXPERIMENTAL WORK

This section discusses the need for verification and vali-
dation and the experimental setup used to gather data to
support the validation effort.

3.1 Verification, validation and uncertainty quantification

All models in science and engineering, however elaborate
and intricate they may be, are illustrations (see Box and
Draper (1987)). The model cannot be made scientific
merely by making it more complex, even when this com-
plexity corresponds to real phenomena. This can only be
done by careful uncertainty quantification (UQ). A crucial
set of UQ activities, directly contributing the trustworthi-
ness of models is that of verification and validation.

Verification is defined as the process of determining that
a computer model implementation accurately represents
the conceptual description of the model and the solution
to that model (AIAA, 1998). In practical terms, verifi-
cation deals with testing the reliability of the computer
code, how well it represents the conceptual model of the
processes under investigation, and estimating the error in
the solution for the application of interest (Roy, 2005).
Verification activities are documented in Section 5.1.

Verification work cannot determine if the model conforms
well to reality. Validation is formally defined as the process
of determining the degree to which a model is an accurate
representation of the real world from the perspective of
the intended uses of the model (AIAA, 1998). Validation
is distinct from calibration and predictive capability esti-
mation. Validation activities are discussed in Section 5.2.

3.2 The Architectural Institute of Japan (AIJ) Database

To be able to perform validation, a trustworthy source
of information (a wind tunnel experiment or field mea-
surements), reported with an adequate level of detail is
needed. In this study, a public database provided by the
Architectural Institute of Japan (AIJ) is selected to serve
this purpose. This database contains benchmark test data
for urban CFD wind simulations. It provides information
for 13 different scenarios, starting from simple geometries
such as single buildings, and gradually increasing the
complexity to an actual urban area. The AIJ database is
widely used as a source of validation data for urban wind
simulations (see e.g. Li et al., 2018; Liu et al., 2018).

3.3 Validation case description - AIJ Case D

The case selected for this study is Case D from the
AIJ Database 1 . It represents a simplified urban area
with 83 buildings in total - one high-rise building in
the centre (25m × 25m × 100m in the x, y, and z
directions, respectively), surrounded by an array of low-
rise urban buildings (40m × 40m × 10m each). The
low-rise buildings are grouped in sectors separated by
10m, 20m and 30m wide roads (Fig. 1). This geometry
(1 : 400 scale) was used to conduct a series of wind tunnel
experiments for varying wind directions (0°, 22.5°, and

1 Available at https://www.aij.or.jp/jpn/publish/cfdguide/

index_e.htm

Fig. 1. Model geometry, Case D (image adapted from AIJ
(2016), Photo 3-2-1).

Fig. 2. Measurement points, Case D, AIJ

45°). The velocity field was measured at 78 different points
located as shown in Fig. 2.

4. CFD MODEL

A model of Case D from the AIJ database is created for a
CFD analysis using the in-house flow solver, IBOFlow®,
developed at Fraunhofer-Chalmers Research Centre. Fur-
ther details regarding the computational model are pre-
sented in the following sections.

4.1 Geometry

The geometry for the CFD model is created based on
the CAD files provided by the AIJ Database 1 . The CFD
model scale is the same as that of the experiment. The
urban blocks are positioned in a box-shaped computa-
tional domain with dimensions 3.85m × 6.40m × 1.50m
in the x, y, and z directions. The domain dimensions are
selected based on the best practice guidelines for urban
CFD wind simulations (Franke et al., 2007; Tominaga
et al., 2008; Blocken and Carmeliet, 2004; Blocken et al.,
2016) and with respect to optimisation between accuracy
and required computational resources. A general view of
the domain with the offsets from the buildings to the
domain boundaries measured in terms of the height of the
central building is presented in Fig. 3.

Fig. 3. Computational domain and boundary conditions,
Case D, AIJ

(a) (b)

Fig. 4. Medium mesh domain discretisation:
(a) plan view; (b) three-dimensional section view

4.2 Discretisation

In this study, the immersed boundary method, described
in Section 2 and native to IBOFlow®is used. The domain
is discretised using a base grid with a maximum cell size
of 0.08H (x) × 0.08H (y) × 0.08H (z), where H is the
height of the central building. Three refinement levels (all
with a ratio of 1 : 2) are applied to this base grid for finer
discretisation in the areas of interest, namely in the region
around the measurement points, extended to the front and
wake regions of the central building as shown in Fig. 4. The
mesh generated in this manner is a high-quality octree grid
which consists purely of hexahedral cells.

A grid convergence study is presented in Section 5.1.

4.3 Boundary conditions

A summary of the boundary conditions is presented in
Fig. 3. The inlet boundary is defined as a velocity inlet
with profiles for velocity, turbulent kinetic energy, and
dissipation rate, taken from the AIJ Database 1 . The hori-
zontal wind velocity at the top level of the central building
is UH = 6.61m/s.
The outflow is a zero pressure Dirichlet boundary condi-
tion. The top and side walls of the domain are modelled
with symmetry boundary conditions. This assumption can
be considered acceptable, because the minimum distances
from the buildings to the domain boundaries, as defined in
the best practice guidelines (Tominaga et al., 2008; Franke
et al., 2007), would ensure undisturbed flow development.
The building walls are modelled as no-slip smooth walls,
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with a ratio of 1 : 2) are applied to this base grid for finer
discretisation in the areas of interest, namely in the region
around the measurement points, extended to the front and
wake regions of the central building as shown in Fig. 4. The
mesh generated in this manner is a high-quality octree grid
which consists purely of hexahedral cells.

A grid convergence study is presented in Section 5.1.

4.3 Boundary conditions

A summary of the boundary conditions is presented in
Fig. 3. The inlet boundary is defined as a velocity inlet
with profiles for velocity, turbulent kinetic energy, and
dissipation rate, taken from the AIJ Database 1 . The hori-
zontal wind velocity at the top level of the central building
is UH = 6.61m/s.
The outflow is a zero pressure Dirichlet boundary condi-
tion. The top and side walls of the domain are modelled
with symmetry boundary conditions. This assumption can
be considered acceptable, because the minimum distances
from the buildings to the domain boundaries, as defined in
the best practice guidelines (Tominaga et al., 2008; Franke
et al., 2007), would ensure undisturbed flow development.
The building walls are modelled as no-slip smooth walls,
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and the ground floor is represented by a no-slip wall
condition with a sand grain height equal to 1.075×10−4 m
as prescribed in the wind tunnel experiment, (AIJ, 2016).

4.4 Physics and turbulence modelling

In this paper the 0° wind case is investigated. The CFD
simulations are carried out under the assumption of an
incompressible, isothermal flow. A steady state solver is
used based on the finite volume method incorporating the
RANS equations, as described in Section 2. The third order
QUICK convective scheme (Versteeg and Malalasekera,
2007) is selected for this study as an optimal choice in
terms of application requirements and correlation to the
experimental results. The choice of residual convergence
limit is discussed in Section 5.1.

4.5 Simulation setup and calculation metrics

Five different cases based on Case D are investigated to
explore different discretisation levels, and residual conver-
gence limits. The outline of the simulations with the key
settings for each case is presented in Table 1.

5. RESULTS AND DISCUSSION

This section describes the verification and validation re-
sults of applying IBOFlow®to predict the velocity field
around the Case D wind tunnel model introduced in Sec-
tion 3.3. In all of the plots presented in this section, the
velocity magnitude has been normalized by the velocity at
the central building height, UH = 6.61m/s.

5.1 IBOFlow® solution verification

Solution verification should be performed for every distinct
application of the model. In the process, five types of errors
are estimated, namely spatial and temporal discretisation
error, iterative convergence error, statistical error and
round-off error. In the case of the steady-state simulations
described in Section 4, disregarding temporal discretisa-
tion error is admissible. Statistical error is irrelevant, since
the model is deterministic and round-off error can be
neglected due to the use of double-precision arithmetic in
all computations. Thus, only spatial discretisation and it-
erative convergence error are treated here. One commonly
applied method for dealing with spatial discretisation error
is the so-called grid convergence study.

In this paper three grids with a different level of detail are
investigated - coarse, medium, and fine. The base mesh for
the three different studies is the same but it is refined at a
different number of levels and therefore the minimum cell
size in the areas of interest varies. The general mesh setup
is described in Section 4.2 and summarised in Table 1. The
narowest roads in the areas of interest are divided into
5, 10, and 20 elements, for the coarse, medium, and fine
grids, respectively. Following the wind tunnel experiment,
all results are reported at pedestrian height (2m in real
scale, or 0.005m in the model scale).

Three progressively finer meshes were compared. Figure 5
depicts a comparison between the normalized velocities at
each of the measurement locations for the three types of

Fig. 5. Grid convergence study results

Fig. 6. Iterative convergence study results

grids - coarse, medium and fine. Examining the results, it
can be seen that there is no significant difference between
velocities in the channels (location depicted in Fig. 2),
computed with the medium and fine grids so we can
conclude that the solution is close to grid convergent. At
the same time the fine grid has over three times as many
elements as the medium one and so the medium grid was
used in subsequent simulations.

To assess the magnitude of the iterative convergence error,
three separate studies are conducted on the medium grid,
varying the residual tolerance threshold on all conserved
properties, between 1×10−4 and 1×10−6. Figure 6 shows a
plot similar to that for the mesh convergence. Comparing
the three traces, it becomes clear that at residual level
of 1 × 10−4, the flow has not developed fully, as allowing
the residuals to decrease another order of magnitude has
a strong effect on the majority of velocity predictions. On
the other hand, the change in velocity from simulations run
to a residual level of 1 × 10−5 is small in comparison to
those that had residuals of 1×10−6, across all measurement
points. As a result, a residual of 1 × 10−5 is considered
sufficient for performing further simulations, taking into
account the computational resources and time available.

5.2 IBOFlow® validation

The preliminary validation presented in this paper relies
on several assumptions whose relaxation is outlined in
Section 6:

• Initial and boundary conditions of the empirical test
are precisely known, deterministic values.

• Empirical observations are precise.
• Simulations are run with identical initial and bound-
ary conditions, and geometry to those used in the
experiment.

Table 1. Outline of simulations. Minimum mesh size is identical in all directions. Pedestrian height given in mesh cell
number, counting from the ground level up.

Mesh Refinement levels
Minimum mesh

size
Total number

of cells
Pedestrian height Residuals

Coarse mesh 2 5.0× 10−3 m 5769 108 between 1 and 2 1.0× 10−5

Medium mesh
1.0× 10−4

3 2.5× 10−3 m 7024 523 between 2 and 3 1.0× 10−5

1.0× 10−6

Fine mesh 4 1.25× 10−3 m 17 093 897 between 4 and 5 1.0× 10−5

Fig. 7. Scatter plot of normalised velocities. Solid black line
indicates perfect correspondence between predictions
and observations.

Fig. 8. Solution validation - normalized velocity at mea-
surement points

The solution can be qualitatively validated by examining
the conformity between the predicted and the measured
velocity at each of the experimental points. Such a com-
parison is shown in Figure 7. There, the 45° line indicates
a perfect correspondence between the data sets. It can be
seen that the majority of the points lie in close proximity
to this line. The correlation coefficient’s value of 0.868
(labeled as ’C.C.’ in Figure 7) between the computational
and experimental data sets confirms the good agreement
between the results. To gain further insight into the perfor-
mance of the model, the normalized velocity plot, as seen
from Figure 8 has been divided into regions in accordance
to the regions depicted in Figure 2. Examining this plot, it
can be noticed that the flow in the channel region, where
wind velocity is the highest, shows only slight discrepancies
when compared against the wind tunnel data. The most
problematic region has proven to be the wake region. This

is, however, expected as this is the area where the most
unsteady flow structures occur.

Overall, the mesh convergence and validation results show
that IBOFlow®is capable of capturing the flow properties
in regions with relatively high velocity induced by the
presence of a high-rise building. However, evidence shows
that the model may not be able to provide accurate
results in regions of unsteady, low-speed flow. There are
two main avenues that could be explored to understand
this behaviour and explore potential solutions. The first
is to selectively refine the mesh in the wake region of the
geometry to resolve more of the flow features. Such a step
is supported by the grid convergence study which indicates
the wake region has not converged. The second avenue for
improvement is to consider the experimental data more
closely. Experimental measurement errors and the actual
wind tunnel model geometry, if provided, may result in an
improved agreement between experiment and observation.

6. CONCLUSIONS

In this study, numerical simulations of wind flow in an ur-
ban context were carried out. A steady-state RANS solver
with k − g SST turbulence model was used to predict the
wind velocity around a high-rise building surrounded by an
array of low-rise housing. The computational results were
compared to experimental data from the AIJ database.
Solution verification in terms of grid and iterative con-
vergence was performed, and solution validation proved
that the main flow structures could be captured with
adequate precision. The obtained results suggest that the
wind velocity closely fits the experimental data in the high-
velocity region, whereas it is generally underestimated in
the low-velocity upstream and the wake regions.
In the past decades researchers and engineers have in-
creased the usage of CFD simulations in their day-to-
day work in the field of urban wind studies. Despite the
numerous benefits provided by the computational analysis,
a significant amount of verification, validation, and uncer-
tainty quantification (UQ) activities must be performed
in order to obtain a trustworthy model that can reliably
resolve and predict the investigated physical phenomena.
Nevertheless, these activities, in their full spectrum and
appropriate level of detail, are rarely applied in practice.
This publication aims to lay the foundation for a more
comprehensive research effort to establish a workflow for
all the necessary V&V, and UQ analyses essential for
urban wind simulations. A series of publications will ex-
plore the effects of different urban layouts, environmental
conditions, turbulence models, convective schemes, and
other modelling parameters.
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the conformity between the predicted and the measured
velocity at each of the experimental points. Such a com-
parison is shown in Figure 7. There, the 45° line indicates
a perfect correspondence between the data sets. It can be
seen that the majority of the points lie in close proximity
to this line. The correlation coefficient’s value of 0.868
(labeled as ’C.C.’ in Figure 7) between the computational
and experimental data sets confirms the good agreement
between the results. To gain further insight into the perfor-
mance of the model, the normalized velocity plot, as seen
from Figure 8 has been divided into regions in accordance
to the regions depicted in Figure 2. Examining this plot, it
can be noticed that the flow in the channel region, where
wind velocity is the highest, shows only slight discrepancies
when compared against the wind tunnel data. The most
problematic region has proven to be the wake region. This

is, however, expected as this is the area where the most
unsteady flow structures occur.

Overall, the mesh convergence and validation results show
that IBOFlow®is capable of capturing the flow properties
in regions with relatively high velocity induced by the
presence of a high-rise building. However, evidence shows
that the model may not be able to provide accurate
results in regions of unsteady, low-speed flow. There are
two main avenues that could be explored to understand
this behaviour and explore potential solutions. The first
is to selectively refine the mesh in the wake region of the
geometry to resolve more of the flow features. Such a step
is supported by the grid convergence study which indicates
the wake region has not converged. The second avenue for
improvement is to consider the experimental data more
closely. Experimental measurement errors and the actual
wind tunnel model geometry, if provided, may result in an
improved agreement between experiment and observation.

6. CONCLUSIONS

In this study, numerical simulations of wind flow in an ur-
ban context were carried out. A steady-state RANS solver
with k − g SST turbulence model was used to predict the
wind velocity around a high-rise building surrounded by an
array of low-rise housing. The computational results were
compared to experimental data from the AIJ database.
Solution verification in terms of grid and iterative con-
vergence was performed, and solution validation proved
that the main flow structures could be captured with
adequate precision. The obtained results suggest that the
wind velocity closely fits the experimental data in the high-
velocity region, whereas it is generally underestimated in
the low-velocity upstream and the wake regions.
In the past decades researchers and engineers have in-
creased the usage of CFD simulations in their day-to-
day work in the field of urban wind studies. Despite the
numerous benefits provided by the computational analysis,
a significant amount of verification, validation, and uncer-
tainty quantification (UQ) activities must be performed
in order to obtain a trustworthy model that can reliably
resolve and predict the investigated physical phenomena.
Nevertheless, these activities, in their full spectrum and
appropriate level of detail, are rarely applied in practice.
This publication aims to lay the foundation for a more
comprehensive research effort to establish a workflow for
all the necessary V&V, and UQ analyses essential for
urban wind simulations. A series of publications will ex-
plore the effects of different urban layouts, environmental
conditions, turbulence models, convective schemes, and
other modelling parameters.
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