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Executive summary

This deliverable report focuses on the main Uncertainty Quantification (UQ) results ob-
tained within the EXAscale Quantification of Uncertainties for Technology and Science
Simulation (ExaQUte) project. Details on the turbulent wind inlet generator, that enables
the supply of random, yet steady, wind velocity boundary conditions during run-time, are
given in section 2. This enables the developed UQ workflow, whose results are presented
on the basis of the Commonwealth Advisory Aeronautical Council (CAARC) as described
in Deliverable 7.1 [27]. Finally, the completed UQ workflow and the results are evaluated
from an application-driven wind engineering point of view. Thereby, the significance of
the developed methods and the obtained results are discussed and their applicability in
practical wind-engineering applications is tested through a complete test-run of the UQ
workflow.
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1 Introduction

Computational Wind Engineering (CWE) is the research field which studies the effects of
wind on structures, such as long span bridges or tall buildings. Traditionally, wind tunnels
were exploited to perform experiments. However, the development of High Performance
Computing (HPC) resources and computational fluid dynamics (CFD) capabilities of the
last decades makes possible to apply numerical techniques to simulate the wind effect on
buildings. Due to a vast number of highly uncertain parameters in the complex field of
wind engineering, such as the turbulence intensity of the wind profile, the wind profile
itself, varying wind directions or surface conditions, to name only a few, classical deter-
ministic strategies are often limited in their trustworthy description of the problem at
hand. In this regard, UQ treats and describes the propagation of uncertain fields in com-
putational investigations. In the following sections, the UQ results within the ExaQUte
project are demonstrated and reported. Furthermore, the applicability and significance
of the developed methods to engineering applications is studied and commented on.

2 Mann model and the on-the-fly wind generator

2.1 Random field model for the velocity fluctuations

Let us consider a free space turbulent velocity field u(x) = 〈u(x)〉+ ũ(x) ∈ R3, x ∈ R3,
where 〈u〉 is the mean velocity field and ũ = (ũ1, ũ2, ũ3) corresponds to the zero-mean
turbulent fluctuations. A common approach is to assume the model for ũ to be Gaussian
random field. In this case, it is entirely determined from its two-point correlation tensor

Rij(r,x, t) = 〈ui(x, t)uj(x+ r, t)〉.

When R(r,x, t) = R(r, t) depends only on the separation vector r, the model is said to
be spatially homogeneous. Alternatively, when R(r,x, t) = R(r,x) is independent of the
time variable t, the model is said to be temporally stationary.

Frequently, it is convenient to consider the Fourier transform of the field ũ. In such
cases, we express the field in terms of a generalized Fourier–Stieltjes integral,

ũ(x) =

∫
R3

eik·x dZ(k) , (1)

where Z(k) is a three-component measure on R3, and k = (k1, k2, k3) is the wavenumber
vector. The validity of this expression follows from the Wiener–Khinchin theorem [20].
Likewise, in the homogeneous setting, we may consider the Fourier transform of the
covariance tensor, otherwise known as the velocity-spectrum tensor,

Φij(k) =
1

(2π)3

∫
R3

e− ik·r Rij(r) dr.

Consider three-dimensional additive white Gaussian noise [14, 19] in the physical and
frequency domains, denoted ξ(x) and ξ̂(k), respectively, such that

ξ(x) =

∫
R3

eik·x ξ̂(k) dk =

∫
R3

eik·x dW (k),
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whereW (k) is three-dimensional Brownian motion. We assume dZ(k) = G(k) dW (k) =
G(k)ξ̂(k) dk, where G(k)∗G(k) = Φ(k).

A standard form of the spectral tensor used in isotropic stationary and homogeneous
turbulence models is

Φij(k) = (4π)−1k−2E(k)Pij(k) . (2)

where k = |k| is the magnitude of the wavenumber vector, E(k) is called the energy

spectrum function and Pij(k) = δij− kikj
k2

is commonly referred to as the projection tensor.
One common empirical model for E(k), suggested by [35], is given by the expression

E(k) = c20 ε
2/3k−5/3

(
kL

(1 + (kL)2)1/2

)17/3

. (3)

Here, ε is the viscous dissipation of the turbulent kinetic energy, L is a length scale
parameter, and c20 ≈ 1.7 is an empirical constant.

2.2 Shear flow and Mann’s model

Given the velocity field u = 〈u〉 + ũ, let us define the average total derivative of the
turbulent fluctuations ũ as follows:

D̄ũi
D̄t

=
∂ũi
∂t

+ 〈uj〉
∂ũi
∂xj

.

The rapid distortion equations [see, e.g., 17, 26, 33] are a linearization of the Navier–Stokes
equations in free space when the turbulence-to-mean-shear time scale ratio is arbitrarily
large. They can be written

D̄ũi
D̄t

= −ũi
∂〈uj〉
∂xi

− 1

ρ

∂p

∂xi
,

1

ρ
∆p = −2

∂〈ui〉
∂xj

∂ũj
∂xi

, (4)

where ρ and p stand for the mass density and the hydrostatic pressure respectively.
Under a uniform shear mean velocity gradient, 〈ui(x)〉 = xj∂〈ui〉/∂xj, where ∂〈ui〉/∂xj

is a constant tensor, a well-known form of these equations can be written out in Fourier
space. In this case, the rate of change of each frequency k(t) = (k1(t), k2(t), k3(t)) is
defined dki/dt = −kj∂〈uj〉/∂xi. We then have the following Fourier representation of the
average total derivative of ũ:

D̄ũi
D̄t

=

∫
R3

eik·x

((
∂

∂t
+

dkj
dt

∂

∂kj

)
dZi(k, t)

)
=

∫
R3

eik·x

(
D̄ dZi(k, t)

D̄t

)
.

With this expression, the Fourier representation of (4) can be written

D̄ dZj(k, t)

D̄t
=
∂u`
∂xk

(
2
kjk`
k2
− δj`

)
dZk(k, t) . (5)

Exact solutions to (5) are well-known [see, e.g., 22, 33], given the initial conditions k0 =
(k10, k20, k30) and dZ(k0, 0). In the scenario

〈u(x)〉 = (u0 + Sx3)e1,
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the solution can be written in terms of the evolving Fourier modes k(t) and non-dimensional
time τ = St, as follows:

dZ(k, t) = Dτ (k) dZ(k0, 0),

where

Dτ (k) =

1 0 ζ1
0 1 ζ2
0 0 ζ3

 , k0 = Tτk, Tτ =

1 0 0
0 1 0
τ 0 1

 .
In the expression for Dτ (k), the non-dimensional coefficients ζi = ζi(k, τ), i = 1, 2, 3, are
defined

ζ1 = C1 − C2k2/k1, ζ2 = C1k2/k1 + C2, ζ3 = k20/k
2,

where k0 = |k0| and

C1 =
τk21(k20 − 2k230 + τk1k30)

k2(k21 + k22)
, C2 =

k2k
2
0

(k21 + k22)3/2
arctan

(
τk1(k

2
1 + k22)1/2

k20 − τk30k1

)
.

An important extension of the rapid distortion model involves replacing the constant
distortion time τ by a wavenumber-dependent ”eddy lifetime” τ(k); see, e.g., [22]. Such
models are considered more realistic because, at some point, the shear from the mean
velocity gradient will cause the eddies to stretch and eventually they will breakup within
a size-dependent timescale. A widely used example is Mann’s model [22], where the eddy
lifetime τ is given by the formula

τ(k) = ΓS−1 (kL)−2/3
[
2F1(1/3, 17/6; 4/3;−(kL)−2)

]−1/2
, (6)

where 2F1(a, b; c;x) is the hypergeometric function, and Γ is a parameter to be determined.

2.3 The on-the-fly wind generator

The representation (1) of the turbulent fluctuations ũ can be formally written as a con-
volution with Gaussian noise ξ in the physical domain:

ũ = F−1Gξ̂ = F−1GFξ, (7)

where F stands for the Fourier transform, the operator G corresponds to point-wise multi-
plication by G(k), the ”square root” of the spectral tensor, such that G(k)∗G(k) = Φ(k).

Experience shows that solving all-at-once for a contiguous section of synthetic wind,
long enough to be fed into a complete CFD simulation, can be very costly. First of all,
the cost of solving (7) scales at best linearly with the domain size. Second of all, storing
the solution data may take up an necessary amount of computer resources. In fact, for
a 600s CFD simulation, the entire synthetic wind field may require more than 10GB to
store.

It turns out the much of this computational cost can be avoided simply by piecing
together the random field block-by-block. This technique can easily be combined with
inlet condition generation; see, e.g., Figure 1. In that setting, it allows for on-the-fly
synthetic wind generation, since only a small block of wind pertaining to the given time
step needs to be generated in order to progress the simulation. First, we explain how to
perform the block-by-block generation, then we explain why it works.
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Figure 1: (A) Block-by-block generated wind. (B) All-at-once generated wind. (C) Inlet
snapshots.

The technique proceeds as follows. Begin with a subdomain of the final wind field
computation domain. This block (i.e., subdomain), should be large enough to contain
non-overlapping buffer regions of the same size (e.g., three correlation lengths) as would
be used for generating the contiguous field; cf. Figure 2. After seeding the load with
additive white Gaussian noise, the resulting wind field, outside the buffer regions, will be
accurately rendered.

In order to generate matching wind in a neighboring (but overlapping) block, it is
required that the interface of the new, leftmost buffer region (cf. the dotted lines in 2)
align with the opposite side of the old, rightmost buffer region interface and that common
Gaussian noise be used in the overlap of the two regions, in both overlapping blocks.
After seeding the remainder of the new block with new additive white Gaussian noise and
solving (7), one arrives at a new block of wind matching its neighbor, up to their common
interface, outside each others’ buffer regions. Once the buffer regions are discarded, the
remaining sections of wind field can be grouped together to form a large contiguous wind
field, or processed into snapshots and fed into a CFD simulation; cf. 1 (C).

To understand why this technique works, note that the common noise in the overlap
forces the two wind fields to match at their buffer region interfaces, at least up to the
accuracy allowed by the size of the buffers. Moving away from the interface, the wind
field changes at a fixed regularity, with the influence of the common overlap steadily
diminishing.
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Figure 2: Technique to generate a contiguous wind field block-by-block.

3 UQ Demonstrator - CAARC

It is common knowledge that wind is a variable whose nature is intrinsically stochastic.
Therefore, the effect of wind on structures cannot be exactly known, but should be pre-
dicted through specific methods and algorithms. The field of science which studies the
propagation of uncertainties in computational and real-world problems is called UQ. In
this section, we study the effect of wind on the CAARC building, which is a standard
benchmark of CWE. We refer to [10, 15, 16, 28] for details about the CAARC building.

3.1 Software and HPC platform

Kratos Multiphysics (Kratos) [12, 13] is the solver software used to solve the CFD problem.
Comprehensive comparisons of the solver with experimental and computational CWE
results present in literature can be found in [3]. XMC [6] is used as hierarchical Monte
Carlo (MC) library and PyCOMPSs [9, 21, 30] and HyperLoom [11] are the programming
model for distributed computing. The integration between the different software has been
an important part of the ExaQUte project, as reported in [1, 2, 4, 5, 31].

The codes and the specific example have already been presented in deliverable [5] and
released in [24, 25]. The results we present next have also been presented in [32].

The results shown in this section have been obtained using the MareNostrum IV
Supercomputer, located at the Barcelona Supercomputing Center. Its current peak per-
formance is 11.15 Petaflops, ten times more than its previous version, MareNostrum III.
The supercomputer is composed by 3,456 nodes, each of them with two Intel R®Xeon
Platinum 8160 (24 cores at 2,1 GHz each). It has 384.75 TB of main memory, 100Gb In-
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tel R®Omni-Path Full-Fat Tree Interconnection, and 14 PB of shared disk storage man-
aged by the Global Parallel File System.

3.2 Problem formulation

The wind flow past the CAARC building can be model with the incompressible Navier-
Stokes equations

∂u

∂t
+ u · ∇u− ν∆u +∇p = f on Ω , t ∈ [0, T ]

∇ · u = 0 on Ω , t ∈ [0, T ] ,
(8)

where u is the velocity, p is the pressure, ν is the kinematic viscosity, f is the body forces,
Ω is the domain and [0, T ] is the time window.

Figure 3: CAARC problem domain. H = 180 m, W = 45 m and L = 30 m.

The problem domain is presented in figure 3. The wind velocity mean profile is loga-
rithmic and modeled as in [23], with a 40 m s−1 velocity at the reference height of 180 m.
The roughness height is 2.0 m, which is typical of centers of very large cities [18]. For this
reason, the mean profile is kept constant and only wind fluctuations are considered to be
stochastic. The Reynolds number is of the order of 108, computed with a characteristic
length of 45 m and air density and viscosity.

The original idea was to solve the stochastic problem using the Multilevel Monte
Carlo (MLMC) or the Continuation MLMC methods. However, we could not satisfy the
hypotheses of these algorithms (see [7, 8]). For this reason, we apply the MC method
to solve the problem. Specifically, the algorithm we exploit to solve the problem is the
asynchronous MC, which has been developed within the project to run hierarchical MC
methods in distributed computing. A simple introduction to the algorithm can be found
here [2].

The Monte Carlo estimator for the expected value is

EMC [QH ] =

∑N
n=1 QH(w(n))

N
, (9)
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where Q is the Quantity of Interest (QoI) we are interested in, N is the total number
of MC realizations, w is the wind fluctuations random variable and H is a discretization
parameter of the domain.

Convergence of the asynchronous MC algorithm is checked through the failure prob-
ability criteria, which reads

P
(∣∣EMC [QH ]− E[Q]

∣∣ ≥ ε
)
≤ φ . (10)

In equation 10, ε > 0 is the absolute tolerance of the difference between the sampled
estimator EMC [QH ] and the true estimator E[Q]. 1− φ ∈ (0, 1) is the confidence on the
the final statistical estimator. Equation 10 is normally evaluated through the evaluation
of the Discretization Error (DE) and of the Statistical Error (SE) [29]. However, for
single-level MC, the computation of the DE is not possible for our problem, due to the
lack of an analytical solution. Therefore, convergence of the algorithm is evaluated only
assessing the SE. Then, equation 10 becomes

CφSE < ε , (11)

where Cφ is a confidence coefficient. We refer to [29] for details.
The QoI for which we assess convergence is the time-averaged drag force 〈Fd〉Tbt,T ,

averaged over the effective time window [Tbt, T ]. The burn-in time Tbt is the time history
we discard to remove the bias of initial conditions, and we set it to 32 s. The confidence
1 − φ is 99% and the tolerance ε is 65000, whose corresponding relative tolerance with
respect to the time-averaged drag force expected value is of the order of 0.7%.

Other observables are computed: the drag force Fd, the base moment Mb and the
time-averaged base moment 〈Mb〉Tbt,T , the pressure field on the building p and the time-
averaged pressure field on the building 〈p〉Tbt,T . International units are used to measure
quantities.

3.3 Results

The stochastic problem is solved for a number of wind realizations N = 126 and an
effective time window T − Tbt = 300 s. The final error CφSE we obtain is 52755, whose

relative value
CφSE

EMC [〈Fd〉Tbt,T ]
is smaller than 1%.

In table 1 we report the sampled expected value and the sampled standard deviation
of 〈Fd〉Tbt,T , 〈Mb〉Tbt,T , Fd and Mb. The standard deviation of a variable QH is calculated
as

σ[QH ] ≈ σMC [QH ] =

√∑N
n=1(QH(w(n))− EMC [QH ])2

N − 1
. (12)

We can observe that, as expected, time-averaged quantities present the same expected
value as their corresponding standard values. On the other hand, standard deviation
values are smaller for time-averaged quantities, since the intermediate time-averaging
process damps oscillations and peaks.

Similar conclusions can be drawn for the time-averaged pressure field 〈p(x)〉Tbt,T and
the pressure field p(x). Observing figures 4 and 5, we can readily observe that the mean
values are the same, while standard deviations are not.

It is known that a risk measure as E[Q]± σ[Q] is not optimal for many physical vari-
ables, especially when Q presents a non-symmetric probability density function (pdf) [34].
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E[·] σ[·]

〈Fd〉Tbt,T 9417766 254555
〈Mb〉Tbt,T -36001 720874
Fd 9417766 2365324
Mb -36001 9434439

Table 1: Expected value and standard deviation of time-averaged drag force 〈Fd〉Tbt,T ,
time-averaged base moment 〈Mb〉Tbt,T , drag force Fd and base moment Mb.

−1,000
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〈p(x)〉Tbt,T

Figure 4: Statistical result of the time-averaged pressure field 〈p(x)〉Tbt,T . From left to
right, E[〈p(x)〉Tbt,T ]− σ[〈p(x)〉Tbt,T ], E[〈p(x)〉Tbt,T ] and E[〈p(x)〉Tbt,T ] + σ[〈p(x)〉Tbt,T ].
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Figure 5: Statistical result of the pressure field p(x). From left to right, E[p(x)]−σ[p(x)],
E[p(x)] and E[p(x)] + σ[p(x)].

For this reason, it is interesting to estimate other statistical estimators as the Value at
Risk (VaR) or the Conditional Value at Risk (CVaR). The CVaR is computed as

CVaRα(Q) =
1

1− α

∫ 1

α

qβ(Q)dβ , (13)

where qα(Q) is the α-quantile of a random variable Q [34]. We report in table 2 the CVaR
results for the time-averaged drag force and the drag force. Once more, we observe the
difference between standard physical quantities and their physical counterparts.

CVaR α

〈Fd〉 9845804 0.9
Fd 13871810 0.9

Table 2: CVaR analysis of time-averaged drag force 〈Fd〉Tbt,T and drag force Fd. Results
for N = 126, T − Tbt = 300 s and α = 0.9.

4 Significance of UQ results for wind engineering ap-

plications

Up to date, the scale of industrial applications of CFD simulations with highly uncertain
parameters, such as those presented in Sections 2 and 3, is still very small. This is mainly
due to two factors. Firstly, the amount of computational resources necessary to conduct
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multiple simulations for one problem in a certain project is limited. Secondly, and most
important, the modelling infrastructure to rapidly set-up and conduct these simulations
in the short time frame of an industrial application project is generally not available.
Conflicting to these difficulties stands the frequently formulated client request to estimate
the accuracy and to quantify the error of the conducted CFD simulations. From the
industrial application point of view, the UQ results presented here thus greatly contribute
to more conclusive CFD simulation applications. In the following the significance of the
UQ results are specifically assessed.

• On-the-fly wind generator: The generation of turbulent wind inlet data is
a crucial step in civil engineering applications of CFD methods. The developed
method to integrate the generation of the uncertain wind data directly during the
run represent a large improvement compared to currently applied wind generation
methods. As already mentioned in Section 2, the generation of the turbulent wind
data prior to the actual CFD run is not only demanding in terms of storage, but
also implies the knowledge of the sufficient total simulation time that is needed for
trustworthy results in terms of UQ. This usually requires extensive user experi-
ence. In this regard, the possibility to generate varying turbulent wind data in a
distributed manner for UQ runs combined with the in-silico evaluation of statisti-
cal results offers huge potential for optimised time- and data-storage saving CWE
applications, also for non-experienced users.

• UQ demonstrators using MC methods: By means of the exemplary CAARC-
related MC simulations, the presented UQ demonstrator shows the effectiveness and
advantages of the developed workflow. The currently employed CFD simulation
workflow, for example at str.ucture GmbH, for general wind engineering problems
consists of multiple deterministic CFD runs with varying or randomly changing
initial conditions and a subsequent statistical evaluation of the results in order to
assess the highly uncertain conditions. This is generally done in a semi-automated
parametric workflow. In contrast to this classical approach, the developed workflow
within ExaQUte employs the usage of the PyCOMPSs and the XMC environments
to steer, realise and evaluate a large number of simulation realisations based on a
single modelling set-up in the same order of time. Despite the larger computational
costs, this workflow is highly effective. Furthermore, and most important, it addi-
tionally supplies the user with a confidence criteria and a statistical error estimation
with respect to the uncertain variables of the defined problem. To the authors best
knowledge, making this uncertainty quantification available to end users of real
wind engineering problems is unprecedented and presents an import step towards
the broader acceptance and trustworthiness of computer-aided wind engineering. In
this regard, it should be noted that the confidence on the statistical estimator and
thus the confidence coefficient Cφ given in (11) and the absolute tolerance remain as
the critical parameters that should be discussed and determined ideally in a dialogue
between the applying engineer and the respective client at hand.

5 Overall user experience and evaluation

In order to evaluate the user experience of the ExaQUte UQ workflow, all developed
software and Computer Aided Engineering (CAE) packages were supplied to str.ucture
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GmbH. An additional UQ example was set-up to test the usability of the developed
methods for industrial wind engineering applications. Therefore, local installations of the
packages on the in-house cluster were done and subsequently used, as well as existing
installations on the project partner’s (IT4I) HPC cluster Salomon. In the following, the
conducted steps to set up the MC run are presented and evaluated on the basis of the
chosen example, a high-rise building with a parametrically triangulated facade, compare
Figure 6.

Figure 6: Visualization of the original CAD model of the chosen high-rise building.

Pre-processing: In a first step, the building geometry is imported into the graphi-
cal user interface GiD 15.0 in order to be able to define all geometrical and mesh-specific
characteristics as well as the initial and boundary values for the CFD computations in
the pre-processing step of the Kratos environment. The CAD import to GiD, in this
case directly from the existing Rhinoceros 3D file, provided a seamless transition into the
Kratos environment. The chosen definition of mesh sizes and mesh refinement zones in the
regions of computational interest are visualised in Figure 7. Initial conditions for the wind
inlet velocity ux are set according to the Eurocode 1 (National Annex Germany) for an
inner city region as ux(z) = 0.56ub (z/10)0.3 with a basic velocity of ub = 25.0m/s (wind
zone 2). The turbulence intensity of the wind profile is defined as the uncertain parameter
for the MC computations. The remaining boundary conditions chosen in accordance to
the CAARC problem formulation as given in 3. Furthermore, the computational domain
is adjusted to fit the problem set-up. Before moving forward towards UQ computations,
the model formulation and integrity are successfully tested using a deterministic CFD
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Figure 7: Model import to GiD and meshing within the Kratos pre-processing.

simulation on the in-house cluster.

UQ set-up and test run: In the second step, the UQ formulation is set-up based on
the openly accessible example repository of the MC/MLMC application of Kratos1 [25].
Specifically, the example of the turbulent inlet wind engineering CAARC problem, which
is generally comparable to the UQ demonstrator given in Section 3, is used with XMC and
PyCOMPSs as the Monte Carlo library and the tool for distributed computing, respec-
tively. The necessary input definitions need to be supplied via predefined function calls to
Kratos and XMC, respectively. For the present case these implied, for example, the choice
of the QoI (adopted from the CAARC problem as the time averaged drag force), further
observable quantities (here the averaged pressure field on the building surfaces) and the
number N of MC realisations. The problem definitions require basic understanding of
the Python programming language and a short introduction to parallel computing archi-
tectures. However, especially the usage of PyCOMPSs as a job distribution tool for the
stochastic runs enabled a quick and out-of-the-box usage of the developed UQ methodol-
ogy for the chosen high-rise example. Due to lack of remaining HPC time, only a small
number of N = 5 realisations with an academical time interval of 10 s were realised on the
IT4I Salomon cluster. Nevertheless, it can safely be stated that the developed methodol-
ogy and workflow is applicable to common wind-engineering problems.

Post-processing: The statistical results are readily supplied as, e. g., GiD post-
processing files after the completed workflow. As an example, Figure 8 shows the aver-
aged pressure field on the high-rise building for the previously described test run. Various
post-processing formats are available from single runs, that also allow the user to export

1https://github.com/KratosMultiphysics/Examples/tree/master/multilevel monte carlo/use cases
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Figure 8: Averaged pressure field on the building surface for the MC test run.

results towards existing post-processing workflow. In this regard, Figure 9 shows the
streamline evolution of a single run around the high-rise building.
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Figure 9: Exported single run results towards the currently employed CFD workflow at
str.ucture GmbH.
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Overall, the completed test-run with the developed UQ workflow proves the applica-
bility of the presented methods to be used in wind-engineering applications, where the
propagation of uncertain parameters is unknown to the user.
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