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Abstract. The paper discusses the choice of a method for studying the distribution of snow
loads on a biconcave roof of a hyperbolic paraboloid and its theoretical justification. It is noted that
the numerical modeling of the aerodynamic characteristics of buildings and structures is a difficult
and resource-intensive task due to the design features of building objects, which, as a rule, have a
complex geometric shape, as well as due to a complex unsteady flow resulting from their flow
around them. In addition, the task becomes more complicated due to the interference of vortex
structures between different objects. Overcoming these objective difficulties became possible with
the advent of modern specialized software systems, primarily ANSYS Fluent. Opportunities have
appeared for accurate modeling with verification of the results obtained, which implies the use of an
effective, well-tested mathematical apparatus. To implement the theory of two-phase flow, two
methods based on numerical modeling are mainly used: the Euler-Lagrange method and the Euler-
Euler method. The second method is used in the work. Comparative analysis, which investigates
two-phase flow around different structures using different turbulence models (including RSM
model, SST k-w model, k-¢ model and k-kl-& model), shows that the k-kl-&o model is the best fit
with experiment. ANSYS Fluent supports four multiphase models, i.e. VOF model, Mixture
model, Wet Steam and Euler model. Compared to the other three models, the Mixture model
provides better stability and lower computational costs, while the Euler model provides better
accuracy, but at a higher computational cost . With a rather complex geometry and flow conditions,
the use of the RANS approach does not lead to reliable simulation results. Moreover, unsteady
turbulent flows cannot be reproduced. In real situations, landslides, saltations, and the suspended
state of snow particles are closely related to the real effects of microbursts and bursts present at the
surface of the boundary layer. Therefore, in further research, it is advisable to apply alternative
approaches to RANS, which include Direct Numerical Simulation (DNS), Large Eddy Simulation
(LES), and the hybrid RANS-LES approach to turbulence modeling, which combine efficiency LES
techniques in tear-off free zones and the cost-effectiveness of RANS in near-wall areas.
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Introduction. Long-span structures are more sensitive to unevenly distributed snow loads,
which is especially inherent in light structures due to their low rigidity. In this case, uneven snow
and wind loads [1] can cause sufficiently large local deformations of the roof, causing warping in
the roof structure, which often leads to structural damage or even collapse.

Unfortunately, specific requirements for snow load are provided only for the design of
buildings with simple roofs (e.g. flat roof, pitched or gable) in various national regulations (e.g.
[2]), and few requirements exist for large-span structures. It is usually proposed to determine the
coefficients of the distribution of snow load for large buildings of a special shape after specific
studies or experiments in certain national standards [3, 4]. This requires an accurate account of the
distribution and magnitude of climatic loads in order to correctly assess the redistribution of snow
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loads caused by the wind. There are currently three methods for assessing snowdrift, namely field
observation, wind tunnel testing, and numerical simulation.

Analysis of recent research. Field observations are considered the most realistic approach [5-7],
but they are highly dependent on meteorological conditions. Wind tunnel tests are more independent
[8, 9], but they are severely limited by similarity criteria and are expensive. In recent years, computer
modeling of processes in building aerodynamics has become relevant. Numerical modeling of the
aerodynamic characteristics of buildings and structures is a difficult and resource-intensive task due to
the design features of building objects, which, as a rule, have a complex geometric shape, as well as
due to a complex unsteady flow resulting from their flow around them. In addition, the task becomes
more complicated due to the interference of vortex structures between different objects. Overcoming
these objective difficulties became possible with the advent of modern specialized software systems,
primarily ANSYS FLUENT [10, 11]. Opportunities have appeared for accurate modeling with
verification of the results obtained, which implies the use of an effective, well-tested mathematical
apparatus. CFD modeling [12-14] is now widely used for parametric analysis due to its high efficiency
and full-scale modeling capabilities, low cost, high accuracy, short lead times and comparative ease of
use.

However, in this case, special attention should be paid to research on checking and verifying
decisions [15, 16].

The purpose of this work is to select a method and its theoretical justification in the study of the
distribution of snow loads on a biconcave roof.

Research results. Wind motion of snow and ice particles can be divided into three modes: creep,
saltation, and suspension [17]. Creep is a process in which snow particles move, rolling or crawling on
the surface of the snow at low wind speeds, the creep height is usually less than 0.01 m. Saltation is
when particles move along bouncing trajectories near the surface (<10 cm) [18], from which particles
can get into turbulent eddies and switch to the mode of suspended motion [19]. If the wind speed
continues to increase, the snow particles are carried upward by turbulent vortices and move far
downwind, this process is called suspension, the height of the floating snow particles in suspension is
about 0.1 ~ 100 m. The snow transport speed during creep is so low that it can neglected, as in previous
studies, the movement of snow during creep is not taken into account (Fig. 1).
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Fig. 1. Diagram showing the different phases of the wind-driven movement of snow and ice
particles. Reproduced from the work of Cornelis [20]

To implement the theory of two-phase flow, two methods based on numerical modeling are
mainly used: the Euler-Lagrange method and the Euler-Euler method.

The Euler-Lagrange method assumes that the phase of snow in air is discrete. Newton's law of
motion is used to obtain the trajectory of a single snow particle, and then the volume of snow is
distributed by integration.

The Euler-Euler method assumes that both the air and snow phases are continuous, and the
problem is solved by adding the basic equation of the snow phase to the resolving equation of the air
phase, and most modern numerical models of wind-induced snow drift use the Euler-Euler method.
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When simulating CFDs, the user needs to make a choice. It is well known that this choice can
have a very large impact on the results. It is, of course, clear that existing wind energy practice
guidelines [21-22] and general CFD applications are important and useful for simulating snowdrifts.
Correct prediction of velocity fields is essential to obtain accurate snow drift calculation results.

Numerical method. Basic equations. For this simulation, the mixture model is presented as
consisting of two phases, snow particles and air are considered as continuous phases. As in the Euler
model, phases are considered as interpenetrating continua. The mixture model solves the equation of
the momentum of the mixture and sets the relative velocities to describe the dispersed phases (1) -(3).
The interaction between the phases of air and snow suggests that there is only a one-way relationship,
the equations of air motion and turbulence can be considered unaffected by the air snow.

op _
P . (p T )=0, 1
p (PaVin) 1)
WW-%%%)=—Vp+V[um(V\7m+V\7$)]+pm@+lf, 2)
Pz 4V -(p, 17, =0. ©)
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where p, => p, f, itis the density of the mixture of air and snow: volume fraction of the air phase
k=1

2 2
(k=1), snow phase (k=2), Vv, => pV,f /p, — mixed phase speed, V,=> pV f /p, -
k= P

dynamic viscosity of the mixture, F — is body weight.

Turbulence model. In this study, the transitional model k —kl—w is adopted . The k—kl —w
is a transitional model developed in [23]. This model uses Boussinesq's hypothesis to determine the
Reynolds stress tensor. Equations (4)-(6) are solved for turbulent Kinetic energy k; , laminar kinetic

energy k;, and specific dissipation rate (turbulent time scale) o .
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where B and B _are the derived conditions of turbulence and laminar Kinetic energy,

respectively. R represents the averaged effect of the breakdown of flow fluctuations into turbulence
during a bypass transfer. R,,; natural transition period. D; and D, wall scattering conditions.

Deposition and erosion model. Erosion or snow deposition can be modeled by calculating the
snow flow at the snow surface. The erosional deposition model was developed in [13]. Erosion snow
mass flow q,, is a function of the excess friction velocity exceeding the threshold friction velocity

equation (7). Surfacing flux qg,, calculated in proportion to the snow concentration f and the snow
falling speed w; .

qero = A%ro (Uf - u*zt) u. > u*t

qs = uz —u? (7)
Uoep = s fw, tuz U S Uy,

*t
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where A, is the coefficient of snow erosion, reflecting the adhesion strength of the snow cover;
u. — speed of friction at the snow surface; u., — threshold speed of snow friction.
The value Aeo= 7 x 10* kg - m* - s was given in [13] based on calibration using field
measurements by Takeuchi [24], w ¢ is the snowfall velocity for snow particles equal to 0.2 m/s .
When the wall shear stress t on the snow surface exceeds the threshold wall shear stress t,, a

snowdrift may appear. The threshold wall shear stress t, is determined by field observations, and the

wall shear stress can be obtained from the logarithmic law. Here we use the friction velocity u. obtained
from the velocity profile to replace the wall shear stress t, which obeys the following relationship:

U = 7 _ ku(z) ()

ponf2)
ZS
where k refers to the von Karman constant equal t00.4, z; is the height of the aerodynamic

roughness above the snow surface.
The rate of change in the height of the snow cover per unit time can be calculated as
Ah=q,/p, . After a period of snow drift At, the snow depth can be calculated using the formula:

h®=m+T$dL ©)

where h, is the initial depth of the snow cover.

This robust method is only applicable to relatively small snow drifts. During sustainable
simulations, erosion / deposition of snow is considered as a steady state, the rate of change in the
depth of snow cover per unit time q,/p, remains constant.

Thus, the time integration of equation (9) turns into the following formula.
h(t) =h, + 2= At . (10)

S

Simulation parameters. A study was carried out of the magnitude and characteristics of the
distribution of the height of the snow cover on a hyperbolic paraboloid with straight edges, taking
into account the change in the geometric parameters of the roof shape and the magnitude of the
wind vector, which served as input parameters for the simulation.

Geometric modeling. The full-scale roof model is set up in the numerical simulation, the
masts and surrounding terrain are not taken into accountin the CFD simulation. Given the
symmetry properties of this structure, only three wind directions (0 °, -45 °, 45 °) are considered for
the worst case load case (Fig. 2).

f/a=1/5-1/4-1/3-1/2
10/10

wind direction
=

Fig. 2. Parametrization of the hypar model

The size of the computational domain is chosenas X xY xZ=10L x 21 B x 7 H, which is large
enough to neglect the influence of the computational domain boundary on the internal flow field,
where L, B, H refer to the roof span, width and height of the roof respectively (Fig. 3).
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Fig. 3. Grid configurations around a hypar with 3.41 million terminal cells and a computational area

In the computational domain, the roof is modeled as a face, not a volume. Thus, the flow field
around it may not be as complex as around the flow bodies, so a relatively fine mesh was used in
areas far from the roof of the hypar. The computational domain is a grid of 3.41 million cells. Near
the roof surface, the mesh consists of an inflatable layer with a gradually increasing mesh size with
a minimum height of 0.005, the maximum wall y + is less than 30.

Based on meteorological data provided by the Ukrainian Meteorological Data Exchange
System, the average wind speed and maximum wind speed (average speed for 10 minutes at an
altitude of 10 m) in Odessa is 3.4 m/s and 5.9 m/s.

Therefore, the reference wind speed u o is chosen from 3 to 6 m/s to create a significant
snowdrift. In this study, the duration of the formation of a snowdrift At is taken equal to 24 hours.

Wind profile. The inlet wind speed profile is determined from the power law as follows:

U@z)=U., [i] , (11)

ref
where U, and z,, are the reference speed and reference altitude, respectively.
Turbulent kinetic energy profile and turbulence dissipation rate. The turbulent kinetic
energy profile [25] can be determined on the basis of equation (12), while the turbulence dissipation
rate ¢ is calculated by the formula (13), where C,=-0.064, C,=0.588, C,=0.09.

k(z) =4/C,In(z+2,)+C,, (12)
&(2) = le’zk(z)a—u. (13)
0z

The length of aerodynamic surface roughness during snow transfer is calculated using an
empirical equation from field measurements by Pomeroy [26]:

z,=0.12u% /29 . (14)
The specific dissipation rate o, which is used in the sensitivity analysis of the turbulence
model, is calculated using equation (15):

__&(2)

_m.

Snow particle concentration profile. The concentration of snow particles ¢ is the product

of the volume fraction of snow f and the density of snow particles p,, the volume fraction of
snow f can be calculated in accordance with the system of equations (16).
_ 068 u, (U2 -u}) z<h,

f= gu.uhy, (16)

0.8exp| ~1.55(4.78u.°% -2 | [p 2>,

where u, is the average speed of a snow particle in the saltation layer and is taken as 2.8u.,, h, is
the average height of the saltation layer, which is determined by the following equation [27]:

(15)
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The conditions for the calculation are given in Table. 1.

Table 1 — Terms of calculation

Amount of elements Approximately 3,410,000

Minimum cell size 0.005 m

Inflow boundary The wind speed profile, where U_ref is from 3m/s to 6m/s, and
the profile of the snow fraction is f Eq. (11-16)

Outflow boundary Zero gradient condition; wind speed gradient du/6 n and snow
fraction gradient of /0 n set to zero (outflow)

Top edge and side Zero gradient condition for all variables; normal components of
wind speed with respect to the boundaries are equal to zero
(symmetry)

Structure and surface of | Sticking boundary condition (wall), except that the wall roughness

the earth z 0=1x10" (- 5) for a snow surface

Convection  conditions

discretization scheme

Turbulence model k-kl-&o model

Multiphase model Mixture model

Conclusions. The accuracy of the numerical simulation of multiphase flows is compositional in
nature, since the overall accuracy is due to the accuracy of each phase in an equally equal degree of
importance, in particular, of two-phase flows. For example, the process of snow transfers and snow
deposition, where the first phase is wind, and the second is a part of snow, and in order to obtain
accurate results on snow, a correct forecast of the wind speed fields around the objects under study is
necessary.

Comparative analysis, which investigates two-phase flow around different structures using
different turbulence models (including RSM model, SST k-o model, k- model and k-kl-&> model),
shows that the k-kl-o model is the best fit with experiment.

Fluent ANSY'S supports four multiphase models, that is, the VOF model, the Mixture model,
the WetSteam, and the Euler model. Compared to the other three models, the Mixture model provides
better stability and lower computational costs, while the Euler model provides better accuracy, but at a
higher computational cost.

The process of modeling multiphase flows must be accompanied by multi-stage checks, since
the physical processes can be very complex. Consequently, the accuracy and reliability of CFD
modeling necessitate verification of the numerical solution and comparison with the results of an
experiment in a wind tunnel or field measurements, which always remains relevant.

The rate of development of computer technology and the development of progressive numerical
modeling methods in structural mechanics and fluid dynamics (CFD) in no way reduces the importance
of physical tests, but only significantly reduces their number and buys time for the researcher.

With a rather complex geometry and flow conditions, the use of the RANS approach does not
lead to reliable simulation results. Moreover, unsteady turbulent flows cannot be reproduced. In real
situations, landslides, saltations, and the suspended state of snow particles are closely related to the real
effects of microbursts and bursts present at the surface of the boundary layer. Therefore, in further
studies, it is advisable to apply alternative approaches to RANS, which include Direct Numerical
Simulation (DNS), Large Eddy Simulation (LES), and a hybrid RANS-LES approach to turbulence
modeling that combines the efficiency of the LES technique in separation free zones and the economy
of RANS in the near-wall regions.
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AHoTanisi. Y poOoTi 0OroBOprO€ThCcs BHOIP METOLY JMAOCTIKEHHS PO3MOIUTY CHIMOBUX
HaBaHTQ)XKEHb HA JIBOSKO YBITHYTOMY Jaxy rinepOoniyHoro mnapabonoina Ta #Horo TeopeTHyHe
O6FpYHTyBaHH$I 3a3HavyaeThCs, IO YHMCEIbHE MOJIEIIOBAHH ACpPOJAMHAMIYHMX XapaKTEPUCTUK
OyliBenab 1 CIOPYA € BaXKUM 1 PECYpCOMICTKHM 3aBJIaHHSAM 4Yepe3 KOHCTPYKTHBHI OCOOJIMBOCTI
OyiBeJIbHUX 00'€KTIB, 1110 MAIOTh, SIK IIPABUJIO, CKJIAHY F€OMETPHUYHY (OpMY, a TAKOXK 4epe3 CKIIAJHY
HECTAI[lOHApHY TEeYil0, IO YTBOPIOETbCA B pe3yabraTi ix oOrikanHa. Kpim Toro, 3aBmaHHS
YCKJIQJHIOETBCSI BHACIIIOK 1HTEp(EpeHLlii BUXPOBUX CTPYKTYp MDK pi3HMMH 00'ekTamu. [lojonanHs
X OO'€KTMBHUX TPYIHOILIB CTaJ0 MOXIIMBHUM 13 TOSIBOK CYy4aCHHMX CIIELali30BaHUX MPOTPAMHHUX
komIuiekciB, Hacamrepern ANSYS Fluent. 3'aBuimcst MOMJIMBOCTI TOYHOTO MOJENIOBAHHA 3
BepU(DIKAII€I0 OTPUMAHUX PE3yJbTaTiB, MO0 Mependayae BUKOPHCTaHHS e(eKTUBHOro, 100pe
arnpoOOBaHOr0 MareMaTW4yHoro amapary. Jlist peamizauii Teopii ABO(A3HOrO MOTOKY B OCHOBHOMY
BUKOPUCTOBYIOTBCSI J]Ba METOAM, IO 0a3yrOThCsl Ha 4YMCEIbHOMY MojenmtoBaHHI: Meron Eitnepa —
Jlarpanxa ta meron Eitnepa — Eitnepa. J[isibHICTh BUKOPUCTOBYETHCS ApYyruil MeTol. IlopiBHSIIbHMIA
aHaJli3, JIe JIOCHIPKYEThCSl OOTIKaHHS Pi3HUX CHOPYX ABO(A3HUM MOTOKOM 13 3aCTOCYBaHHSM DPI3HUX
Mozeseil TypOyneHTHocTi (Bkimouaroun moneib RSM, momens SST k-0, k-& momens ta k-kl-o),
nokasye, 1o mozens k-kKl-o Haiikpaie ysromkyersest 3 ekciepumenToM. ANSYS Fluent miarpumye
gotupu Oararodasni mozeni, To6to moaens VOF, monens Mixture, WetSteam ta monens Eiinepa. Y
MOPIBHSIHHI 3 PEUITOI0 TphOX Mojenell Mozaens Mixture 3a0esneuye Kpally CTaOUIBHICTH 1 MEHII
00uMCITIOBAIbHI BUTpPATH, B TOM Yac sk Mojienb Eifnepa 3abe3neuye kpalily TOUHICTb, ajle PH BEITUKUX
O0YMCITIOBATILHUX BUTpAaTax. 3a JI0OCUTh CKJIAIHOI TeOMETpii Ta YMOB Iepe0iry BUKOPUCTaHHS MiIXO1y
RANS He Bene 70 JOCTOBIpHHX pe3yibTaTiB MojemtoBaHHS. KpiM TOro, HEMOXJIMBO BiATBOPUTH
HeCTallioHapHI TypOyJNeHTHI Teuil. Y peaJlbHUX CHTyalliiX 3CyBH, CaJbTallii Ta 3Ba)KEHUH CTaH
YaCTUHOK CHIT'y TICHO MOB'3aHi 3 peaIbHUMH e(peKTaMHU MIKPOIOPHUBIB Ta CIUIECKIB, MPUCYTHIMHU B
MOBEPXHI TPUKOPJIOHHOTO Imapy. ToMy B TOAAIBIIMX JOCTIDKEHHSIX JOIUIBHO 3aCTOCOBYBAaTH
anpTepHaThBHI 10 RANS migxomu, 1o SKuX MOXHA BITHECTH MpsMe ducelibHe MozemtoBanHs (Direct
Numerical Simulation, DNS), meton mozaemoBanns Benukux Buxopis (Large Eddy Simulation, LES),
ta r16punHuit RANS-LES niaxia 1o MoaentoBaHHs TypOyJIE€HTHOCTI, SIKi MOETHYIOTh Y 001 METOUKHI
LES y BiipuBHUX BUIbHUX 30HaX Ta eKOHOMIUHICTh RANS y npuctinHux o0nactsx.

KurouoBi cioBa: uuncenpbHEe MOJCIIOBAHHS, CHITOBI HAaBaHTAXEHHS, TINEepOOTIIHUI
napa6omnoin, meron Einep-Eitnep, Fluent, ANSYS.
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YUCJIEHHOE MOJIEJUPOBAHUE PACIPEJEJEHNUSA CHETOBOM HAT'PY3KH HA
I'MITEPBOJIMYECKOM ITAPABOJIOMAE. TEOPETHYECKHUE OCHOBbBI

'Cypesinnnos H. I, JI.1.1., mpodeccop,

sng@ogasa.org.ua, ORCID: 0000-0003-2592-5221

1Jgalli S, acmupaHT,

sharif.jgallin@gmail.com, ORCID: 0000-0002-1380-8039

Al Echcheikh El Alaoui Douaa, actupanr,

doualaoui@gmail.com, ORCID: 0000-0001-8113-3822

Y00eccras 20Cy0apCmeeHHas akademusi Cmpoumenbcmeda U apxXumeKmypbl
yi. Jlunpuxcona, 4, r. Onecca, 65029, Ykpanuna

AnHoTauusi. B pabGore oOcyxmaercs BBIOOp METOAA WCCIEAOBAHUHM paCHpEACICHUS
CHETOBBIX HAarpy30K Ha JBOSKOBOTHYTOM KpbIlle THIEPOOINYECKOro napaboionna U ero
TeopeTuueckoe obocHoBaHue. OTMeYaeTcs, YTO YUCICHHOE MOJEIMPOBAHUE a’POJAMHAMUYECKUX
XapaKTepUCTHK 3JaHWi W COOPYKEHUU SIBISETCS TPYOHOM U PECYpCOEMKOM 3amaueil u3-3a
KOHCTPYKTUBHBIX OCOOCHHOCTEW CTPOMTENBHBIX OOBEKTOB, MMEIOIINX, KAaK IPABHIIO, CIOXKHYIO
reoMeTpUUYEeCcKyto GopMy, a TaKKe M3-3a CJIO0KHOTO HEeCTAI[MOHAPHOTO T€YEHUs, 00pa3yroIerocs B
pesynbrate uXx oOrekaHus. Kpome Toro, 3amgaya YCHOXKHSIETCS BCIEICTBUE HHTephepeHINH
BUXPEBBIX CTPYKTYpP MEXAY pa3ndHbiMU oObekTamu. [IpeomoneHue HSTUX OOBEKTHUBHBIX
TPYJHOCTEHN CTaJI0 BO3MOKHBIM C IOSBJIEHUEM COBPEMEHHBIX CHELMATN3UPOBAHHBIX IPOTPAMMHBIX
KOMILIEKCOB, B TepByio ouepeab, ANSYS Fluent. TlosiBuiarch BO3MOXHOCTH JJIsI TOYHOTO
MOJICIIMPOBaHUs ¢ Bepu(UKAUEH MOIyYeHHBIX PE3Yy/IbTAaTOB, YTO IMPEIIOaracT WCIOJIb30BAHNE
3¢ (HEeKTHBHOTO, XOPOIIIO alpOOMPOBAHHOTO0 MaTEMATHYECKOTO ammapara. [t peanmsanuu Teopun
IByx(a3HOro IMOTOKAa B OCHOBHOM HCHOJB3YIOTCS JBa METO/a, OCHOBAHHBIE Ha YHCICHHOM
MOJIETTUpOBaHUU: MeToA Ditnepa — Jlarpanka u meroxa Diinepa — Diinepa. B padore ucnosib3yercs
BTOpoil MeroA. CpaBHUTENbHBIM aHaiau3, T HccienyeTcs OOTEKaHWE PAa3HBIX COOPYKEHUH
IByxX(a3HbIM MMOTOKOM C IMPUMEHEHUEM Pa3IMYHBIX MOeNel TypOyJIeHTHOCTH (BKIIOYas MOJETH
RSM, mozenb SST k-, k- momens u k-kl-o), mokassiBaer, utro moaens k-Kl-o mydmum obpazom
cornacyercs ¢ akcnepumenToM. ANSY'S Fluent moxnepskuBaer ueTbipe MHOTO(A3HBIE MOJIEIH, TO
ectb mogens VOF, monens Mixture, WetSteam u monens Diinepa. [lo cpaBHEHHIO ¢ OCTAIBHBIMU
TpeMsi MoJenssMH Mojenb Mixture obecrednBaeT JydlIyld CTaOWIBHOCTE W MEHBIIIHE
BBIUHCIIUTENbHBIE 3aTPaThl, B TO BpeMs KaK MOJeNb Dijepa 00ecreurnBaeT JIyqllyl0 TOYHOCTh, HO
npu OOJBIIMX BBIUMCIMTENBHBIX 3aTparax. [IpM 10CcTaTOUHO CIOKHOM IeOMETpUM U YCIOBMSIX
TeueHus1, ucrnoiib3oBanue noaxoaa RANS He BeeT kK TOCTOBEPHBIM pe3ybTaTaM MOJEIUPOBAHMUS.
Kpome Toro, HEBO3MOKHO BOCIPOM3BECTH HECTAIIMOHAPHBIE TYpOYJICHTHBIE TeUeHHs. B peambHbIX
CUTyallUsIX OIOJI3HM, CAJIbTAalliU, U B3BELIEHHOE COCTOSHUE YacTUI[ CHEra TECHO CBS3aHbl C
peaibHBIMH  3(hPeKTaMl MHUKPOTOPHIBOB W BCIUIECKOB, MPUCYTCTBYIOIIUMHU B TOBEPXHOCTH
norpaHuyHoro cinosi. [loaToMy B JanbHEMIIMX HCCIEAOBAHUSAKX IIEECO00pa3HO MPUMEHSTH
anbTepHaTuBHbIe K RANS moaxoasl, K KOTOPBIM MOXXHO OTHECTH TMPSMOE YHUCICHHOE
monenupoBanue (Direct Numerical Simulation, DNS), meTon monaenupoBaHusi KPYIHBIX BUXpel
(Large Eddy Simulation, LES), u rubpugaeiii RANS-LES mnoaxox K MOIEIHPOBAHUIO
TypOyJE€HTHOCTH, KOTOpble coueTaoT B cebe 3(dexkTuBHOCT, MeToaukun LES B OTpbIBHBIX
CBOOO/IHBIX 30HaX U SKOHOMUYHOCTh RANS B npucTeHHbIX 007aCTIX.

KiroueBble cji0Ba: YHCICHHOE MOJEITUPOBAHWE, CHErOBBIE HArpy3KH, TUIMEPOOIMUYECKUi
napabosoun, Mmetoa Disepa-Diinepa, Fluent, ANSYS.

Cratta Haaidnuia 1o penakuii 27.10.2021
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