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NUMERICAL MODELLING OF WIND LOADS ON WINDOWS.
VALIDATION FOR A HIGH-RISE SQUARE PLAN BUILDING

Oleg S. Goryachevsky

National Research Moscow State University of Civil Engineering, Moscow, RUSSIA

Abstract: This paper presents the results of numerical and experimental modelling of mean and peak pressure
coefficients for window assemblies on a rectangular building. The applicability of the SST and GEKO k-o
turbulence models implemented in ANSY'S Fluent is investigated. A simple steady-state method for determining
the peak wind pressures, which utilizes the turbulence kinetic energy calculation, is shown to be sufficient for
practical purposes. A comparative analysis with the values of pressure coefficients given in the Russian building
code is carried out. The obtained results can be used in the design of window assemblies of typical buildings.

Keywords: computational fluid dynamics (CFD), experimental wind tunnel (WT) testing,
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YUCJEHHOE MOJIEJIMUPOBAHUE BETPOBBIX JIABJJEHUM
HA OKHA. BAJIMJAIIUA AJIAA TUITOBOI'O
MHOI'O3TAYKHOI'O 3JAHUA KBAJIPATHON ®OPMbI

O.C. I'opaueeckuii

HanuonaneHslil ucecnenoBaTrenbckuii MOCKOBCKHM FOCYJapCTBEHHBINM CTPOUTENBHBIA YHUBEPCUTET, T. MOCKBa,
POCCHA

AHHOTanusi: B crarbe mpencTaBIeHBI PE3yNbTaThl YUCIEHHOIO W AKCIEPHUMEHTAIBHOTO MOJIEIUPOBAHUE
CPeHUX W NHKOBBIX a’POJMHAMHYECKUX KO3(D(UIMEHTOB AIsI OKOHHBIX KOHCTPYKIMH HPSIMOYTOJIBHOTO
3manus. Mccnemyercss mpumeHHMOCTh Moxenei TypOyientHoctH SST m GEKO k-0, peann3oBaHHBIX B
nporpammHoM komiiekce ANSYS Fluent. Ilokasana jocratounas aisi NPaKTHYECKUX LEJEH TOYHOCTh
CTAlMOHAPHOW ITOCTAHOBKU U IPOCTEHIIEr0 METOAA ONPEIENICHUs NMUKOBBIX 3HAYCHUI BETPOBBIX JABICHUN Ha
OCHOBE KHHETHYECKOH »Hepruu TypOyineHTHOcTU. IIpoBeneH COMOCTAaBUTEIbHBIN aHAIN3 CO 3HAUYCHUAMU
a’pOAMHAMUYECKUX KOA(P(UIMEHTOB, PUBEJCHHBIX B POCCHHCKMX HOpMax. [loiydeHHbIe pe3yiabTaThl MOTYT
OBITH MCIIOIb30BAHbI IIPU MPOSKTHPOBAHNM OKOHHBIX KOHCTPYKIMH TUIIOBBIX 3JJaHUH.

KiroueBble cj10Ba: BEMUCIUTENbHAS THIPOIMHAMIKA, SKCIIEPUMEHTAIbHBIC HCTIBITAHHS B a3POIMHAMUYECKOH TpyOe,
a’pOANHAMUYECKUH KO3 UINCHT NaBICHUH, CTPOUTEIbHAS a9POJHHAMHKA, OKOHHBIE KOHCTPYKIINHT

1. INTRODUCTION

Physical (experimental) modelling of wind
loads and actions took on in its modern form in
the middle of the 20th century. Tests in wind
tunnels (WTs) with uniform flow began in the
early 20th century [1], but the results differed
significantly from field observations. The first
WT with a long test section used to model
atmospheric boundary layer (ABL) was built at
the Colorado A&M College campus [2]. The
first significant structures that were designed
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based on test results from the same WT (the
college had already been renamed to Colorado
State University) were the World Trade Centre
Twin Towers in 1964 [3-4].

Large-scale studies were conducted for
another 30 years to test against the full-scale
(field) data in order to wvalidate the
experimental modelling results [5-10].
Important  validation requirements were
identified, including the reproduction of the
statistical ~ flow  characteristics  (mean
velocities, turbulence intensity and spectrum)
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[11-13], taking into account the developed
similarity criteria [14] and the use of high-
frequency pressure sensors [15]. Limitations
were also identified, e.g., the Reynolds
number independence is observed only for
bluff bodies, and the deviation from field data
for roofs and bodies with uncertain separation
point. A review of the history of development
and validation of experimental modelling of
wind actions is given in [16].

Computational Fluid Dynamics is a powerful
tool for analyzing wind actions and related
problems  (pedestrian  comfort, emission
propagation, snow loads, etc.) [17-18].

The first works on numerical modelling of wind
actions were carried out in the 1970s. However,
mass industrial application of CFD technologies
was hampered by [19]:

1) colossal requirements for computational
resources at the time;

2) insufficient theoretical
turbulence  models and
approaches;

3) lack of software available to the researching
engineers;

4) lack of reliable V&V process.

Due to scientific and technological progress,
by the beginning of the 2Ist century,
favourable  opportunities  for  industrial
application of CFD technologies in the
construction  industry have  developed.
Therefore, in the early 2000s there was an
explosive growth in the number of scientific
studies and attempts (successful and not) to
apply, verify and validate numerical
modelling for the solution of problems of
structural aerodynamics [20-23]. The first
CFD application guidelines in structural
aerodynamics from European [24] and
Japanese [25] researchers were published.
They contained basic recommendations for
boundary conditions, size of  the
computational domain, turbulence models,
discretization parameters, reliable numerical
schemes and V&V principles.

At present, there are a number of building code
recommendations on the application of

development of
eddy-resolving
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computational fluid dynamics in structural
aerodynamics, including the determination of
wind loads [26-29]. Meanwhile, contrary to the
global trend, numerical modelling of wind loads
and actions has been removed from the Russian
building code [30].

Among Russian-language sources, there is a
deficit of high-quality literature on numerical
modelling of wind actions in structural
aerodynamics. The only full-fledged monograph
exists [31], and the papers on modelling snow
loads [32], aeroelasticity of buildings and
structures [33] and estimation of pedestrian
comfort parameters [34] are noteworthy.

There are three main approaches to the
numerical solution of the Navier-Stokes
equations [35-36]:

1) DNS (Direct Numerical Simulation), which is
characterized by extremely high computational
complexity, relevant only for academic
problems at low Reynolds numbers;

2) LES (Large Eddy Simulation), which is used
to determine transient characteristics of the
flow. It has high computational complexity
when the wall functions are used and even
higher complexity when the boundary layer is
resolved;

3) RANS (Reynolds-averaged Navier-Stokes),
which is a fast but often insufficiently accurate
approach for determining time-averaged flow
characteristics.

In industrial applications, the hybrid RANS-
LES approach [37] shows sufficiently accurate
results with adequate requirements to
computational resources.

With any approach utilized, the reliability of the
obtained results is evaluated after V&V
procedure of the numerical model against the
experimental data [38]. An integrated approach
with simultaneous use of numerical and
experimental modelling results gives a
synergistic effect, eliminating the weaknesses of
each approach [39].

Based on qualitative experimental results, it is
possible to calibrate the parameters of
numerical models (usually, the coefficients of
turbulence models) to obtain reliable and more
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comprehensive results. Recently, the GEKO &-
o turbulence model has been developed,
which makes it relatively easy to calibrate its
parameters using experimental data [40-41].
This paper presents the results of numerical
modelling of mean and peak pressure
coefficients on the facades of a rectangular 25-
storey building. The results of numerical
modelling were compared to the experimental
data obtained in the WT of NRU MSUCE for
the corresponding building and the normative
values of SP 20 [30].

2. METHODOLOGY

2.1. Building model description

The mean and peak pressure coefficients on the
facade windows of a rectangular 25-storey
building are investigated (Fig. 1). The building
dimensions are dxd=40x40m, and the height is
h =75m. Windows’ dimensions are 1.75X2m,
and the spacing is 2.958m. Depth of windows in
the facade is 0.23m.
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Figure 1. Building dimensions, mm

Numerical modelling and wind tunnel tests were
performed for 24 wind directions (from 0° to
345° in 15° intervals) (Fig. 2). The model’s
symmetry allowed to reduce the number of
sensors and to estimate the modelling errors.
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Figure 2. Design wind directions

Pressure coefficients were measured at the
centroids of the window surfaces. Since each
window is an independent structure, the extreme
values of pressure coefficients are of practical
interest:

max __ J min __ J
c —mjax(c ), c, —m]_m(ce)
max J min . . j (1)
C,, =max (ce,+ ) ; Cl = m}n (ce’_ )
where ¢/ is the external mean pressure

coefficient for the j-th wind direction, and
cl,., is the external positive (negative) peak

pressure coefficient for j-th wind direction.

2.2. Wind pressure coefficients
Pressure coefficients at the building surfaces
were determined in the classical way:

AP(x,y,z)

“Cor2)="0m

)

where ¢ is the generalized pressure coefficient,
AP is the excessive wind pressure on the
building fagade, Q is the dynamic pressure, and
X, y, z are the coordinates.

In SP 20, the pressure coefficients vary only
horizontally, and the wvertical variability is
controlled by the equivalent height z. [30].
Therefore, in order to accurately compare the

International Journal for Computational Civil and Structural Engineering



Numerical Modelling of Wind Loads on Windows. Validation For a High-Rise Square Plan Building

values of the coefficients given in SP 20 to
those modelled numerically or in the WT (2), it
1s necessary to take into account the following
relationship between them:

norm_ __

0 wk(h)

Ze 2a ( h qu Ze 2a
=C —_— e =C e
norm 10 10 norm h

where wo is the basic wind pressure, k(z) is the
height variation factor, a is the terrain factor,
and cnorm are the values of horizontal pressure
coefficients given in SP 20.
For the object of this study:

oo E ~ wok(z,)c

3)

d, 0<z<h-d A
z =
°\h, z>2h—-d X
Then:
e (d/h)", 0<z<h-d )
Corom > z2h—-d

As can be seen from expression (5), starting
from the 13th floor and above, the values of
pressure coefficients according to (2) and the
building code are identical. Consequently, for
the upper floors the numerical and
experimental values can be compared directly.
For a correct comparison of values on the
lower floors it is necessary to lower the
normative coefficients by a factor of 0.82,
0.77 and 0.72 for terrain types A, B and C
respectively.

It should be remembered that the piecewise-
constant vertical values of wind pressures
given in SP 20 [30] are a simplification. In
reality, the pressure coefficients are
distributed over the surface continuously,
forming complex three-dimensional patterns
(Fig. 4). Value jumps can be observed only
across the corners.
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Figure 3. Numerical simulation of mean wind
pressure distribution, Pa

2.3. Wind tunnel experiment description
Experimental studies were carried out in the
NRU MSUCE WT by the AAISK UNPL staff.
The WT has a closed circuit and a modular
nine-unit fan with a testing area length of
18.9m.

The upstream flow velocities and reference
pressures were determined 1.5m away from the
1:100 scale model placed in the WT testing area
(Fig. 4).

Pressure sensors were placed in the middle of
window openings on the 14th, 23rd and 25th
floors (Fig. 5) on two sides of the model.
Pressure coefficients for each control point and
wind direction were determined by statistical
processing of pressure sensor readings (1000Hz
frequency):

c — ABIVE
© 0
_ Af)max(min) (6)
0T
max(min) = APave * 3GP
where APave, APmax, APmin are average,

maximum and minimum pressure values at the
test points, respectively, o, 1is the wind

pressure standard deviation, and Q is the
dynamic pressure at the top of the model.
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The experiments were carried out without
roughness, as the aim was to determine the
pressure coefficients with the least influence
of the upstream flow turbulence possible.
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Figure 5. Pressure sensors (in red, not present

on the other sides) and additional measurement

points in the numerical model (in blue, present
on all sides) layout
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2.4. Numerical model description

The numerical model is based on the Navier-
Stokes  equations for  incompressible
Newtonian fluid with mass forces omitted:

ou, ou, lop u ou,

— U, E et

ot ox; pOx, p Oxo0x, o
ou,
—=0; p,n=const
ox,

i

where u; is the velocity components for the x;
direction, p is the pressure, p is the density, p
is the dynamic viscosity, and ¢ is the time.

Direct numerical solution of equations (7) for
practical problems at high Reynolds numbers
is not possible due to very high computational
requirements. LES approach is not considered
in this paper, as well. In the present study, the
Reynolds-averaged Navier-Stokes (RANS)
equations are  applied, obtained by
decomposing the instantaneous quantities into
their time-averaged and fluctuating quantities:

ul

p(x.0)= 7 (8)

x,t)=1u(
X,

where u'(x,t), p'(x,t) are the fluctuating

quantities  of and

respectively.

velocity pressure,

The resulting expressions are called the

Reynolds equations:

ou, 0
TR T S
P o, 8xj[ o
9
e Ee B\ X
H ox; 0Ox PHM,

The disadvantage of time-averaging is the

appearance of second order moments pu;u in

(9). The additional unknown quantities form
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the Reynolds stress tensor. To close the
obtained equations (9), the additional
hypotheses called the turbulence models are
needed.

In this paper, two turbulence models are
applied:

1) SST, which is widely used and proven in
engineering applications [35];

2) GEKO k-o, which is relatively recently
implemented in ANSYS Fluent [40] with wide
calibration possibilities.

Let us provide a mathematical description of
the latter model:

o (it k)
p =5 —C,pko+
Ox,
(10)
o0 [k
Ox; G, )OX;
6(7!1.0))

p = Co)lE %])k - CmZszp(Dz +

Ox .

J

+pF3CD+i ;,L+i o
ox, G, )Ox,

J

(11

where k is the turbulence kinetic energy
(TKE), o is the specific turbulence dissipation
rate, P is the production of TKE, p = pk/o is

the eddy viscosity, C’D=il%a—(D Cy,

G, ®0x; Ox, ’

Co1, Cw2, Ok, 0w are the model constants, and
F1, F>, F3 are the model functions, which can
be calibrated through freely assignable
coefficients. In this work, the value of
Csep (F1, F2, F3), which governs the eddy
viscosity, was varied. The values of Csep =
1.00, 1.75 and 2.25 were considered.

Note that k-0 models have a weakness in
modelling the free shear flows because of the
strong dependence on the inlet turbulent
characteristics [42]. Therefore, in practice,
mixed BSL-SST models are wused, which
implement both k-¢ and k-® models in different
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flow regions. The separation of the regions is
done by blending functions. The GEKO k-®
model implements a similar approach.

The following boundary conditions for the
computational domain were applied:

1) the wvelocity profile at the
(ﬁ,n)zU(z),(ﬁ,t)zO (n, T are vectors
normal and tangent to the surface,
respectively, z is the height coordinate);

2) k(z) and o(z) were also specified at the
inlet;

2) backflow pressure at the outlet was set to 0:
r=0;

3) free slip wall conditions were set for the
lateral and upper boundaries:

(w,n)=0,(u,n)=0;
4) no-slip wall conditions were set for the
ground and building surfaces: u =0.

inlet:

The standard (RMS) wind pressures were
calculated using the methodology that is
outlined in [31]:

(12)

where U is the mean wind speed, and /v is the
turbulence intensity.

In [31], the turbulence intensity is proposed to
be determined from the Bernoulli's law and
the turbulence isotropy:

On the walls, the TKE value is 0. Therefore,
averaged values are taken in small volumes
around the wall points.
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The peak pressure coefficients, then, can be
estimated by the following formulas:

. - Ap+0.0,
_ o (14)
Ap-0 o,
C =——
0

where 0+, 0- are the coefficients that can be
fitted from experimental data (equal for the
whole model).

Although  expression (13) and  the
methodology for determining TKE on the
walls have somewhat weak theoretical
justification, in practice it allows to determine
the peak pressure coefficients fairly
accurately. This will be confirmed in the
present study.

2.5. Numerical simulation description
ANSYS Fluent 2021R2 was wused for
numerical modelling, carried out at a 1:100
scale (ks = 100), similarly to the WT
experiments.

The computational domain size corresponds to
a fragment of the WT testing area, with the
height of 2.44m, width of 4m and length of
9.5m (Fig. 6). The inlet boundary is located
3m away from the center of the building
model.

Figure 6. Computational domain
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A mesh interface was established between and
additional cylindrical volume around the
building model and the rest of the domain,
approximating the transition between non-
conformal meshes. This approach avoids
rebuilding the mesh between the wind
direction changes, which are achieved by
rotating the outer volume around the
cylindrical inner volume.

The poly-hexcore finite volume mesh was
created in ANSYS Fluent Meshing (Fig. 7).
The cell size on the building surface is
0.0025m with 5 inflation layers, and the total
number of finite volume cells is 5.75 million.

The simulations were carried out using the
steady-state pseudo-transient approach, in
which the transient quantities that disappeared
after the time-averaging procedure are re-
introduced into the equations (9-11). The
time, then, is replaced by a sufficiently large

pseudo-transient timestep. The relaxation
coefficients ensure sufficiently fast
convergence. This approach is usually more
efficient compared to the direct solution of the
steady-state equations.
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The total number of iterations is 125. The first
75 iterations are simulated with the standard
pseudo-timestep, and the last 50 iterations are
simulated with a timestep reduced by a factor
of 2. This approach ensures better
convergence. At the end of the simulation, the
scaled residuals for all conservation equations
fall below 5-10*. Test simulations showed
that increasing the number of iterations does
not affect the result significantly.

Second Order Upwind numerical scheme was
used for the momentum equations (9) and
turbulence transport (10-11) in space and
pseudo-time. The Coupled pressure-velocity
solver was used.

2.6. Inlet profile characteristics

The wind speed profile (Fig. 8) and turbulence
characteristics for the inlet were set similarly
to those measured in the WT. The expression
for wind speed was determined using the least
squares method:

_ U, (Z/Zo )a >
U, (Zl/Zo)a >

where Up = 15.6m/s, zo=0.15m, z1 =0.32m,
a=0.10.

z < Z1
U(z) ®)
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Figure 8. Numerical and experimental
wind profiles
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The turbulence intensity in the WT was kept
constant at ~3% for z > 0.3m. For the
numerical model, the intensity measured in
the experiment was approximated by the least
squares method, too. It was then converted to
k and o, which were set at the inlet.

3. RESULTS AND DISCUSSION

For the modelled pressure coefficients, errors
were evaluated. For the experimental data, the
errors mainly come from deviations in the
wind direction angle due to the imperfection
of the WT’s rotary table mechanism, minor
asymmetry in the sensors’ location, and sensor
measurement errors.

The scatter of experimental values was
estimated by the difference between the
results obtained in symmetrical zones.

For the numerical data, the errors mainly
come from non-ideal iterative convergence
and high gradients in the corner zones.
Iterative fluctuations were considered for the
last 25 iterations. The difference of the sought
values was measured on a circular area with a
radius of Smm (approximately 30% of the
window surface area).

Figs. 9-12 show floor plots of the extreme
pressure coefficients’ values (1). Each plot
includes a diagram, which shows the location
of the corresponding windows on the building.
The variation of experimental values is shown
by error bars, while the variation of numerical
values is shown by translucent bars of the
appropriate colour.

The SST and GEKO k- (Csep = 1.00, 1.75
and 2.25) turbulence models were considered.

The coefficients in expression (14) were taken
equal to 0+ = 0.25 and 0- = 2.25.

It is known that the pressure coefficients
obtained from numerical simulation are often
slightly  higher than those from the
experiments. This situation is observed even
when the reference pressures are measured at
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the same location. In this study, the shift cesnir = 0.07 was introduced to reduce the

effect was also detected. Therefore, a
correction of the pressure coefficients by

numerical values.
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Analyzing the plots in Figs. 9-12, it can be
seen that the numerical and experimental
results are subject to noticeable errors.
Accounting for the errors allows for a more
complete analysis of the results.

1. All numerical and experimental values of

max

c™ are in good agreement with each other

(deviations <10%). For the floors below the
middle one, the SST model gives slightly
lower values than GEKO. However, it is not
possible to establish which model is more
plausible due to the lack of experimental data
points.

2. All numerical and experimental values of

max

c,, are in good agreement with each other

(deviations <10%). The SST model gives
slightly better results than GEKO.
3. The of ™

significantly different between the turbulence
models. GEKO at Csep = 1.00 gives the worst
results (deviation from the experimental data
up to 40%) for the 14th floor, but better
results for the 23rd and 25th floors (fits within
the experimental spread). The SST model
gives the best results for the 14th floor
(deviation <10%).

4. The numerical and experimental values of

numerical values are

min

¢, are in good agreement with each other in

the center zone of the building. However, the
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min

SST model gives slightly better results at the
14th floor, while GEKO at Csgr = 1.00 gives
better results at the 23rd and 25th floors.

5. In the corner zones, the numerical and

experimental values of ¢, correspond best

for the SST model. However, the experimental
data on the 25th floor for the 2nd window
from the corner was not reproduced accurately
enough by either turbulence model. For this
point, the numerical data gives significantly
overestimated  values (-2.0 vs. -1.5
experimental values).

Comparison of the obtained results with
paragraph B.1.17 of SP 20 [30] reveals a
significantly poor design of normative
schemes (Fig. 13). As such, experimental and

numerical values of ¢ do not reach even

1.0 anywhere, unlike the value of 1.2 the
building code suggests. For the lower and
upper parts of the building the values of the
coefficients are much lower than for the
central part.

At the corners of the 25th floor the numerical

values of ™ can reach -2.6 (in the code: -

2.2), although the experimental values do not
exceed -2.05 (remember that this is where
numerical and experimental values deviate the

most). However, on other floors, ¢,™ values
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are significantly lower than normative values.
For the 2nd window from the corner, both
experimental and numerical values are
significantly higher than the normative -1.2.

For other zones of the building, ¢™

can be slightly higher than -1.2, reaching -1.4
in the numerical simulations.

values

12
d
12 {'Vb,d,h:} b 1.2
12
max
a) c,.

I 1b/10 b/10i |
b/10]_ |22 12 22| _[o/10
d
12 E"Vb<d,}i\§ b 12
b/io] |22 1.2 22| Jo/10
I_1b/10 bji01 !

b) ™

Figure 13. Normative values of peak pressure
coefficients (h is the building height)

According to SP 20 [30], the pressure
coefficients and the corresponding wind loads
decrease steeply at the bottom of the building.
However, the modelling results show that the
decrease of pressure coefficients at the bottom

of the building is observed only for ¢ and

max in

c while ¢

. and c:i_“ remain almost
constant.

The Russian building code does not contain
regulations for extreme values of mean
pressure coefficients, despite their necessity
for the design of window assemblies.
Therefore, it is not possible to carry out an

appropriate comparison.
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4. CONCLUSION

Comparison of the results of numerical and
experimental modelling confirms that the
numerical modelling of mean and peak wind
loads 1is sufficiently reliable for practical
purposes. At the same time, the possibility of
numerical modelling to obtain a significantly
more complete distribution of the coefficients
without additional resources is demonstrated.
One of the important advantages of the
proposed approach is the relatively low
computational cost due to the use of the
steady-state approach only. This is very
important for practical problems constrained
by time and budget.

However, the numerical approach used in this
paper turns out to be dependent on the
availability of experimental data for calibrating
the turbulence models, computing the
coefficients 0+, 0- and the shift factor cesnis.
Obviously, the development of more advanced
models to determine peak wind pressures
independent of experimental data is required.
The GEKO k-o turbulence model has shown a
good ability to be calibrated with
experimental data. However, to achieve better
results than those obtained using the SST
model, more research is required for a full
calibration of the GEKO model.

The importance of error evaluation for the
experimental and numerical results is
demonstrated. In industrial applications and
scientific research, appropriate analysis is
often not performed, which can lead to
dangerous underestimation of wind loads.

The extreme values of mean and peak pressure
coefficients obtained in this study are
recommended for use by window assembly
engineers.
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