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Abstract: This paper presents the results of numerical and physical modelling of snow loads for a unique facility, 
conducted within the verification procedure of Ansys Fluent in the RAASN system. By analysing the grid  
and iteration convergence, the applicability of the steady-state (RANS) simulations and three turbulence models 
(k- SST, GEKO-0.70 and GEKO-1.25) is verified for the snow loads determination. The results are compared 
against experimental data obtained in the MSUCE wind tunnel. A simpler approach to error estimation is utilised  
since previous research revealed weak applicability of such widely used methods as Richardson extrapolation and 
approximate error spline. It is shown that the GEKO-0.70 turbulence model (with the separation coefficient CSEP 
= 0.70) provides a better fit to the wind tunnel data than GEKO-1.25 and k- SST. 4.  It is confirmed that Ansys 
Fluent allows the snow loads determination on buildings of complex shape with the accuracy sufficient enough 
for practical purposes, provided that modern turbulence models and methods set out in the STO “Numerical 
modelling of wind and snow actions” are used. 
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1. INTRODUCTION 
 
Development of reliable and robust methods of 
snow loads calculation for buildings and struc-
tures remains an urgent task in civil engineering 
due to the growing number of unique facilities 
that are being designed and constructed in dense 
urban areas, since building codes cannot provide 
snow loads for their complex roofs. 
Currently, the following methods are used to cal-
culate snow loads  
1. Building codes’ provisions and analytical 
methods (inapplicable to unique facilities); 
2. Physical modelling [1, 2]; 
3. Numerical modelling [3-9]; 
4. Monitoring and in-situ measurements [10, 11] 
(mainly academic research); 
5. Machine learning and neural networks [12] 
(academic purposes only to this date). 
Physical (experimental) modelling in WTs and 
water flumes remains the generally accepted 
method of snow loads calculation. A reliable 
methodology for such modelling was proposed 
and developed over the course of the second half 
of the XX century, which now provides a suffi-
cient level of plausibility under a number of lim-
itations. Still, the high costs of construction and 
maintenance of WTs, poor scalability, significant 
simulation time, low information content and 
other limitations call for development of compet-
ing methods which can be applied in practice. 
Numerical (mathematical) modelling, especially 
using CFD methods, appears to be a more pro-
spective direction, being devoid of the WT limi-
tations and promising potentially faster research. 
Methodologies for numerical modelling of snow 
loads have been developed independently by 
many researchers, which are now being gradually 
legitimised in the regulations of technologically 
advanced countries, STO [13], ASCE 7-22. 
At this time, a synthetic combination of numeri-
cal and physical modelling, often labelled “hy-
brid modelling”, allows to gather the most com-
prehensive information on snow loads for any 
given roof [13]. Due to high computational and 
time costs posed by scale-resolving transient ap-
proaches (e.g., utilising LES model), steady-state 

(RANS-based) approaches [4] remain the most 
used ones in numerical modelling for fast snow 
loads calculation. 
To confirm the reliability of numerical modelling 
results, a verification and validation (V&V) pro-
cedure is required. The most general definitions 
of V&V are provided in GOST [14] and ASME 
[15], although they do not regulate specific areas 
of application, such as structural aerodynamics. 
In structural aerodynamics, verification is re-
duced to evaluating the errors of the numerical 
model (iteration, time, grid, etc.) and investi-
gating convergence, since the exact solutions 
of numerically solved equations are unknown 
[13, 16-19]. Validation is more straightforward 
and complies with [14, 15], however, gener-
ally, the results of numerical modelling can 
only be compared with the results of physical 
modelling. 
In the present paper, the V&V procedure of the 
numerical modelling of snow loads was carried 
out for a unique facility of the Kemerovo Mu-
seum, Theatre and Education Complex (herein-
after, the Kemerovo MTEC). Three turbulence 
models were considered k- SST, GEKO-0.70 
and GEKO-1.25 (with separation parameter 
CSEP = 0.70, 1.25, respectively). Grid and iter-
ation convergence were investigated. The re-
sults of numerical modelling were compared 
against experimental data obtained in the 
MSUCE WT. 
The work was carried out within the verification 
procedure of Ansys Fluent for the problems of 
“determination of wind and snow actions on 
buildings and structures on the basis of numeri-
cal solutions of the equations of aero-hydrody-
namics” in the system of the Russian Academy 
of Architecture and Construction Sciences 
(RAASN) [20]. 
 
 
2. CASE AND METHODOLOGY  
 
2.1. Case description 
In this paper, the Kemerovo MTEC (Fig. 1) was 
investigated. 
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Figure 1. Renders of the Kemerovo MTEC 

 
The Kemerovo MTEC has a complex decon-
structivist shape, with façades made of glass 
and metal elements. The building is 10 floors 
high with a total area of approximately 81100 
m2, and also has an underground parking. The 
Kemerovo MTEC is planned to house branches 
of the Mariinsky Theatre and the State Russian 
Museum, as well as the Kuzbass Arts Centre. 
The facility’s ensemble consists of 
a “floating cloud” theatre, two “crystals” (a 
museum and an art centre with workshops), and 
a public foyer. 
The study investigates snow deposits on the fa-
cility’s roof obtained through physical and nu-
merical modelling. Numerically, the deposits are 
calculated using wall shear stress ( w)  
 

w u y |y = 0, (1)
 
where  is the dynamic viscosity of the flow;  
u is the velocity of the flow along the boundary; 
and y is the height above the boundary. The val-
ues of wall shear stress are converted into nu-
merical snow deposit maps using a methodol-
ogy described in [3, 4]. 
The simulations were carried out for two charac-
teristic angles of attack, 0° and 90° (the width-
wise and the lengthwise flow directions, respec-
tively, see Fig. 2). 
Physical snow deposit maps were obtained in the 
MSUCE WT through physical modelling at a 

 scale (Fig. 3). 
 

 
Figure 2. Investigated wind directions 

 
2.2. Mathematical models  
In this study, urban wind flow is simulated using 
time-averaged (RANS) incompressible and iso-
thermal Navier-Stokes equations. Such assump-
tions regarding the flow are known to be justified 
and accepted by researchers for determination of 
snow loads on roofs [10]  
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flow velocity, [m/s]; t is the time, [s];  is the av-
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sity of air;  = 1. -5 m2/s is the kinematic vis-
cosity of air; and t is the turbulent viscosity. 
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Figure 3. The Kemerovo MTEC model  

in the MSUCE WT  
 

 
 k- Shear-Stress Transport (k- SST) is a 

general two-parameter model which switches be-
tween the regular k-  near the walls and 
the k-  model in the free flow via a mixing func-
tion; 
 Generalised k-  (GEKO) is a modification of 

the regular k-  which allows for adjusting 
to different types of flows by tweaking a number 
of dimensionless parameters exposed to the user. 
In this study, only the CSEP is varied (between 
0.70 and 1.25), which governs flow separation 
and adverse pressure gradients. 
 

2.3. CFD setup 
To provide a correct comparison between the re-
sults of numerical and physical modelling, the CFD 
model needs to reproduce all the major parameters 
of the experiment, such as scale, WT’s working 
area dimensions, and boundary conditions. 
The numerical geometry of the Kemerovo 
MTEC with the surrounding buildings corre-
sponds to the experimental one (Fig. 4). 
 

 
Figure 4. Numerical geometry of the Kemerovo 

MTEC with the surrounding buildings 
 
Polyhexcore finite-volume meshes were used 
in this study, combining polygonal, prismatic 
and hexagonal cells. Three meshes were 
developed to perfrom the grid convergence 
study, a coarse one (4.99 million cells), a 
medium one (10.77 million cells), and a fine 
one (19.06 million cells). The meshes differ in 
face size by factors of 1.5 (coarse to medium) 
and 1.33 (medium to fine). Each mesh has 5 
prism layers parallel to the surfaces at the 
bottom and 10 layers at the target building, 
ensuring y+  for the building’s roof surfaces 
for all the grids. 
The boundary conditions are shown in Fig.  
 at the inlet, the flow velocity and the turbulent 

intensity profiles are interpolated from WT ex-
perimental data (Fig. 7). Two flow regimes are 
investigated, with the velocity at 0.05 m (scaled) 
equal to 3 m/s or 6 m/s (labelled as V3 and V6, 
respectively); 
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 at the outlet, the gauge pressure is set to 0; 
 the rest of the surfaces are no-slip walls. 

The coupled velocity-pressure solver was used, 
with 2nd order schemes for the momentum, tur-
bulent transport and pressure equations. The total 
number of iterations was set to 300, of which the 
last 140 were calculated with high-order relaxa-
tion enabled. Data sampling was performed for 
the last 120 iterations. 
 

 
(a) 

 
(b) 

Figure 5. Finite-volume mesh:  
a – in the longitudinal section of the domain;  

b – on the surface of the Kemerovo MTEC 
 

 
Figure 6. Boundary conditions 

A total of 36 3D steady-state runs (2 angles of 
attack × 2 velocities × 3 turbulence models × 3 
meshes) were performed. 
 

 
Figure 7. Velocity [m/s] and turbulent  

intensity [%] profiles from WT measurements  
and CFD approximations 

 
2.4. Verification & Validation methods 
Previous research [21] on the case of the Keme-
rovo MTEC has revealed that some widely used 
error estimation methods, such as Richardson ex-
trapolation and approximate error spline, may 
display incorrect behaviour in convergence anal-
ysis. Therefore, a simpler error estimation 
method was used in their stead for this study.  
Grid convergence was estimated as a ratio of the 
wall shear stress’s range to its mean, which is 
then interpolated to the coarse grid for compar-
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2 mean ,

100%, (4) 

 
where i denotes the grid (1 – coarse, 2 – medium, 
3 – fine), and the values of max( w,i), mean( w,i) 
and min( w,i) are taken from the sampled da-
tasets at each node of the facility’s roof mesh. 
Iteration convergence was estimated  
 

=

max , min ,

2 mean ,

100%, (5) 

 
where w,k are the wall shear stress values at the 
kth iteration (k = 181...300). 
For mean( w,k values of eit take very 
large values, not characterising convergence. In 
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such cases, formula (5) is not applicable and the 
corresponding points are discarded. 
Since the experimentally obtained values  
of nm and physi-

pm are not exactly equal 
to the values of design shape coefficient 
(and, generally, to each other), the simula-
tions’ results are compared qualitatively in the 
first place. This is due to the nature of the 
methodologies that are used to simulate snow 
deposition and snow transport in WTs and 
CFD.  
 
 
3. RESULTS AND DISCUSSION 
 
This section presents the results of grid and it-
eration convergence for the numerical model-
ling, and the comparison of snow deposit maps 
obtained numerically and physically. 

 
 

Table 1. Numerical results nomenclature 
Parameter Value Abbr. 

C
on

fig
ur

at
io

n 

Angle  
of attack 

0° A0 
90° A90 

Turbulence 
model 

GEKO-0.70 G070 

GEKO-1.25 G125 

k-  kwSST 

Flow  
velocity 

3 m/s V3 

6 m/s V6 

Grid quality 

Coarse M1 
Medium M2 

Fine M3 
 
3.1. Iteration convergence 
For the most runs (24 out of 36, see Fig. 8, 9) 
the mean values of eit are well below 7%, 
except for A0- eit 
A0- eit 
the runs with the overall lowest values of eit 

demonstrate local areas of extremely high eit 
(Fig. 11). However, the plotted values of w,k in 
such areas reveal oscillatory convergence 
(Fig. 12). This result underlines the necessity 
of data sampling for simulations with complex 
geometry and skewed cells, whose presense in 
meshes oftentimes cannot be avoided.  
 
3.2. Grid convergence 
For the most configurations (10 out of 12, see 
Fig. 10) the mean values of eg are well below 
9%. The lowest values are obtained with G070 

eg 
eg -SST 
eg eit, the 

configurations with the overall lowest values of 
eg demonstrate local areas of extremely high eg 
(Fig. 13). However, the plotted contours of 
such high value areas reveal that their area 
remains relatively small (i.e., for the A90-
G070-V3 configuration eg 
of the total surface area). This result shows that 
GEKO-0.70 allowed for the best grid 
convergence between the three turbulence 
models used in this study. 
 
3.3. Comparison between numerical and physi-
cal results  
Based on the convergence study, GEKO-0.70 
results were used for the comparison with 
physical snow deposit maps, since it produced 
the overall lowest values of eit and eg. 
Numerical snow deposit maps are presented for 
all three grids to demonstrate how the deposit 
contours change with grid refinement. 
Qualitative comparison between the numerical 
and the physical simulations’ results for two 
angles of attack show good agreement both in 
general and locally, sufficient enough to be 
used in conjunction with the building code 
provisions to produce maps of the design shape 
coefficient  
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Figure 8. Mean iteration error eit [%] for different grids, angle of attack 0° 

 

 
Figure 9. Mean iteration error eit [%] for different grids, angle of attack 90° 

 

 
Figure 10. Mean grid error eg [%] for different turbulence models 
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Figure 11. Iteration error eit [%] for A90-G070-V3-M1 case, log scale 

Angle of attack is shown with the red arrow 
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Figure 12. Wall shear stress [Pa] plot in the aforementioned cell centroid over the last 

100 iterations reveals oscillatory convergence 
 

 
Figure 13. Grid error eg [%] for A90-G070-V3 configuration, log scale 
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Figure 8. Mean iteration error eit [%] for different grids, angle of attack 0° 

 

 
Figure 9. Mean iteration error eit [%] for different grids, angle of attack 90° 
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Figure 14. Numerically modelled shape coefficient nm vs. physically modelled shape coefficient pm 
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4. CONCLUSIONS 
 
The following conclusions are made from the 
conducted research  
1. Numerical models of the Kemerovo MTEC 
and the surrounding buildings have been devel-
oped. A total of 2 wind directions, 2 velocities, 3 
levels of grid refinement (4.99, 10.77 and 19.06 
million cells) and 3 turbulence models  
(k- SST, GEKO-0.70 and GEKO-1.25) were 
considered. 
2. A thorough verification has been carried out 
to investigate the iteration and grid independence 

 
 Iteration and grid error can contribute 

significantly to the numerical solution results. 
To minimise this effect, it is necessary to use 
data sampling and maintain good mesh quality. 
 The solution for all the turbulence models 

mostly demonstrates oscillatory behaviour on 
different grid refinement levels. 
 The k-  SST model shows the worst iteration 

and grid convergence among the studied 
models. 
 The GEKO models show significantly better 

iteration convergence (eit < 16.2%), and 
decreasing the CSEP further improves it  
(eit < 3.5% for CSEP = 0.70). 
 The best grid convergence is achieved with 

GEKO-0.70 (eg < 7%) and the worst with  
k- SST (eg > 8%). 
3. A thorough validation has been carried out 
through a qualitative comparison of the numeri-
cal (CFD) and physical (WT) modelling results. 
 The GEKO turbulence model with the parame-

ter CSEP = 0.70 displayed good agreement with 
the experimental data. This model is recom-
mended for use in snow load determination for 
long-span roofs in steady-state simulations. 
4. It is confirmed that Ansys Fluent allows the 
snow loads determination on buildings of com-
plex shape with the accuracy sufficient enough 
for practical purposes, provided that modern tur-
bulence models and methods set out in the STO 
[13] are used. 
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