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APPLICATIONS OF PARALLEL COMPUTING TECHNOLOGIES FOR
MODELING OF THE WIND FLOW AROUND THE ARCHITECTURAL
OBSTACLES WITH THE VERTICAL BUOYANCY FORCES

Abstract. Taking into account the high rate of construction in the modern big cities, it is very important to save
the natural aerodynamics between the buildings. It is necessary to explore the ventilation of space between
architectural structures, making a preliminary prediction before construction starting. The most optimal way of
evaluating is to build a mathematical model of air flow. This paper presents numerical solutions of the wind flow
around the architectural obstacles with the vertical buoyancy forces. An incompressible Navier-Stokes equation is
used to describe this process. This system is approximated by the control volume methodand solved numerically by
the projection method. The Poisson equation that is satisfying the discrete continuity equationsolved by the Jacobi
iterative method at each time step.For check correctness of mathematical model and numerical algorithm is solved
test problem. The numerical solutions of the backward-facing stepflow with the vertical buoyancy forces, which was
compared with the numerical results of other authors. This numerical algorithm is completely parallelized using
various geometric domain decompositions (1D, 2D and 3D). Preliminary theoretical analysis of the various
decomposition methods effectiveness of the computational domain and real computational experiments for this
problem were made and the best domain decomposition method was determined. In the future, a proven
mathematical model and parallelized numerical algorithm with the best domain decomposition method can be
applied for various complex flows with the vertical buoyancy forces.

Keywords: domain decomposition method, flow around the architectural obstacles, backward-facing step flow,
projection method, vertical buoyancy forces, mixed convection.

1 Introduction

The increased pace of construction in modern large cities and, in particular, Almaty, leads to a
tightening of architectural structures. Due to the increase in the population of cities and to save space,
mostly high-rise multi-storey buildings are being built. As a consequence, this entails such consequences
as a violation of the natural aecrodynamics of the city, which in turn leads to increased gas contamination
of the city, the accumulation of heavy metals in the lower atmosphere, and to the violation of the local
climate. The building codes and norms currently used in the construction and design of buildings do not
contain aerodynamic criteria and coefficients indicating the optimal distance between buildings of
different heights. When determining these standards, various natural and climatic features are taken into
account, such as wind loads, insolation, etc. Fire safety requirements are also taken into account.
However, the above-mentioned documents do not take into account the factor of natural aerodynamics of
space between neighboring buildings. The distance between buildings and structures is considered to be
the distance between the outer walls or other structures. As a result, when designing, the distances
between building objects are laid, which can not provide free movement of the wind vortex, which leads
to a disturbance of the natural air flow. In this thesis, a model of aerodynamics between two high-rise
buildings is considered. This mathematical model allows you to accurately calculate the optimal distance
between the two buildings, which will take into account the climatic features and will preserve the natural

purge.
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In many technical flows of practical interest, like flow divisions, with the sudden expansion of
geometry or with subsequent re-joining, are a common occurrence. The existence of a flow separation and
recirculation area has a significant effect on the performance of heat transfer devices, for example, cooling
equipment in electrical engineering, cooling channels of turbine blades, combustion chambers and many
other heat exchanger surfaces that appear in the equipment.

Many papers are devoted to the motion of a fluid with separation and reconnection of flows without
taking into account the buoyancy forces. The importance of this process is indicative of the number of
papers where special attention was paid to building equipment [1-3] and developing experimental and
theoretical methods for detailed study of flows with separation regions [4-7]. An extensive survey of
isothermal flows in fluid flows is given in papers [10-12]. Heat transfer in the flows has been investigated
by many authors, like Aung [11, 12], Aung et al. [13], Aung and Worku [14], Sparrow et al. [15, 16] and
Sparrow and Chuck [17]. However, published paperson this topic do not take into account the strength of
buoyancy force on the flow stream or the characteristics of heat transfer. These effects become significant
in the laminar flow regime, where the velocity is relatively low, and when the temperature difference is
relatively high. Ngo and Byon [18] studied the location effect of the heater and the size of the heater in a
two-dimensional square cavity using the finite element method. Oztop and Abu-Nada [19] numerically
investigated natural convection in rectangular shells, partially heated from the side wall by the finite
volume method.

In this paper considered the influence of buoyancy forces on the flow and heat transfer characteristics
in individual flows. Numerical solutions for a laminar mixed convective airflow (Pr=0.7) in a vertical
two-dimensional channel with a backward-facing step to maintain the buoyancy effect are shown in
Figure 1. Numerical results of interest, such as velocity and temperature distributions, re-binding lengths
and friction coefficients are presented for the purpose of illustrating the effect of buoyancy forces on these
parameters [20].

Adisbatic wall

Figure 1 - Schematic representation of the backward-facing step flows.

2. Mathematical formulation of the problem
Consider a two-dimensional laminar convective flow in a vertical channel with a sudden expansion
behind the inverse step of height s, as shown in Fig. 1. The straight wall of the channel is maintained at a

uniform temperature equal to the temperature of the inlet air 7,. The stepped wall below the stage is
heated to a uniform temperature, which can be adjusted to any desired value 7, . The upper part of the
stepped wall and the reverse side is installed as an adiabatic surface. The inlet length of the channel x;
and the outlet lower length x, of the channel are appropriate dimensions. These lengths are assumed to be

infinite, but the simulation domain is limited by the length L, = x, + x,. The smaller section of the
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channel before the projection has a height, and the large section below the stage has a height H =h+s .
Air flows up the channel with mean velocity 1, and uniform temperature 7;. The gravitational force g in
this problem is considered to act vertically downwards.

To describe this physical problem, was used assumption about constant properties, and was used the
Boussinesq approximation. This system of equations in an immense form can be written in the form:

oX oY
2 2
2) aU+U8U+V6U:—8—P+L 8(§+8(£ + G’;@ (2)
ot oX oY 0X ReloX oY Re
2 2
3) 8_V+U8_V+V8_V=—6_P+L a Z+az (3)
ot oX oY 0Y ReloX oY
2 2
L . "
ot oX 0Y PrRel\oX oY

The dimensionless parameters in the equations given above are defined by the formula:U =u/u, ,
V=olu,, X=x/s, Y=y/s,0=(T-T,)/T,-T,), P=p/pu;,Pr=v/a,Re=uys/v,
Gr = gﬂ(T =1 )S3 / Vz, where o — the temperature diffusion, v — the kinematic viscosity, and § — the

thermal expansion coefficient are estimated at the film temperature 7', = (T o+ T, )/ 2.

Boundary conditions:
(a) Inlet conditions: At the point X =—X,and 1<Y < H/s: U=u,/u,,V=0,0=0.
whereu; is the local distribution of velocities at the inlet, which is assumed to have a parabolic

profile  andu, / u, an  average inlet  velocity, that is, given by  formula

u, fu, :6[—y2 +(H+s)y—Hs]/(H—s)2

(b) Outlet conditions: At the point X =X,and 0<Y<H/s: oU/0X =0, 0°0/6Xx* =0,
oV/oX =0.

(c) on the top wall:Atthe point Y =H /s and — X, <X <X, :U=0,V=0,60=0.

(d) on the wall of the upper stage: At the point ¥ =1 and — X, <X <0: U=0, V=0,
00/0Y =0.

(e) on the wall of the lower stage: At point X =0 and 0<Y <1: U =0,V =0, 06/0X =0.

(f) on the wall below the stage: Atthe point ¥ =0 and 0< X <X :U =0,V =0,60=1.

The last term on the right-hand side of equation (2) is the contribution of the buoyancy force. The
length of the downstream flow from the simulation area was chosen to be 70 steps (X' ,=70). The upper

length of the design area was chosen to be 5 steps (i.e. X ,=5), and the velocity profile at the input area

was set as parabolic profile, likeu, /u, = 6[— v +(H +5) y—HS]/(H —S)Z, and temperature was

chosen as uniform 7.

3. The numerical algorithm

For a numerical solution of this system of equations, the projection method is used [21-24]. The
equations are approximated by the finite volume method [21-23]. At the first stage it is assumed that the
transfer of momentum is carried out only through convection and diffusion, and an intermediate velocity
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field is calculated by the fourth-order Runge-Kutta method [21-23]. At the second stage, according to the
found intermediate velocity field, there is a pressure field. The Poisson equation for the pressure field is
solved by the Jacobi method. At the third stage it is assumed that the transfer is carried out only due to the
pressure gradient. At the fourth stage, the equations for the temperature are calculated by the fourth-order
Runge-Kutta method.

— % —n
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4. Parallelization algorithm

For numerical simulation was constructed a computational meshby using the PointWise software.
The problem was launched on the ITFS-MKM software using a high-performance computing. This
numerical algorithm is completely parallelized using various geometric domain decompositions (1D, 2D
and 3D). Geometric partitioning of the computational grid is chosen as the main approach of
parallelization. In this case, there are three different ways of exchanging the values of the grid function on
the computational nodes of a one-dimensional, two-dimensional, and three-dimensional mesh. After the
domain decomposition stage, when parallel algorithms are built on separate blocks, a transition is made to
the relationships between the blocks, the simulations on which will be executed in parallel on each
processor. For this purpose, a numerical solution of the equation system was used for an explicit scheme,
since this scheme is very efficiently parallelized. In order to use the domain decomposition method as a
parallelization method, this algorithm uses the boundary nodes of each subdomain in which it is necessary
to know the value of the grid function that borders on the neighboring elements of the processor. To
achieve this goal, at each compute node, ghost points store values from neighboring computational nodes,
and organize the transfer of these boundary values necessary to ensure homogeneity of calculations for
explicit formulas.

Data transmission is performed using the procedures of the MPI library [25]. By doing preliminary
theoretical analysis of the effectiveness of various domain decomposition methods of the computational

domain for this problem, which will estimate the time of the parallel program as the time 7, of the

Ip+T

com *

sequential program divided by the number of processors plus the transmission time 7, =T,

cale

While transmissions for various domain decomposition methods can be approximately expressed through
capacity:

T!” =t 2N*x2

com send

TZD = tsend ZNZX4p1/2 (5)

com

T3D — tsend 2N2x6p2/3

com

where N°— the number of nodes in the computational mesh, p - the number of processors (cores), ¢

send
the time of sending one element (number).

It should be noted that for different decomposition methods, the data transmission cost can be
represented as T!” =¢ 2N’xk(p) in accordance with the formula (5), where k(p) is the

com send
proportionality coefficient, which depends on the domain decomposition method and the number of
processing elements used.
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At the first stage, one common program was used, the size of the array from start to run did not
change, and each element of the processor was numbered by an array of elements, starting from zero. For
the test simulation is used well known problem — 3D cavity flow. Despite the fact that according to the
theoretical analysis of 3D decomposition is the best option for parallelization (Figure 3), computational
experiments showed that the best results were achieved using 2D decomposition, when the number of
processes varies from 25 to 144 (Figure 3).

Spaddup
Il
f

Figure 2 - Speed-up for various domain decomposition methods of the computational domain

Based on the preliminary theoretical analysis of the graphs, the following character can be noted. The
simulation time without the interprocessor communications cost with different domain decomposition

methods should be approximately the same for the same number of processors and be reduced by 7.,/ p

. In fact, the calculated data show that when using 2D decomposition on different computational grids, the
minimal cost for simulation and the cost graphs are much higher, depending on the simulation time, on

several processors taken 7.,/ p.

To explain these results, it is necessary to pay attention to the assumptions made in the preliminary
theoretical analysis of efficiency for this task. First, it was assumed that regardless of the distribution of
data per processor element, the same amount of computational load was done, which should lead to the
same time expenditure. Secondly, it was assumed that the time spent on interprocessorsending’s of any
degree of the same amount of data is not dependent on their memory choices. In order to understand what
is really happening, the following sets of computational simulations test were carried out. For evaluation,
the sequence of the first approach was considered when the program is run in a single-processor version,
and thus simulates various geometric domain decomposition methods of data for the same amount of
computation performed by each processor.

5. Numerical results for test problem

Geometric parameters are indicated in Figure 1: channel length L=75, channel height H=2, step
height S=1. Numerical results were obtained for the dimensionless numbers Re=50, Pr=0.7 and Gr=19.1
[20].

Figure 3 shows the comparison of the longitudinal velocity profile with the numerical data of Lin et
al. [20] at the point x/ x,=0.5, where x, =2.91. Figure 4 shows the comparison of temperature

profiles with the numerical data of Lin et al. [20] at the point x/ x,=0.5, where x, =2.91. It can be

seen from the figures that the mathematical model and the numerical algorithm which is used in this paper
is coincided with the numerical results obtained by Lin et al. [20]. Figure 5 shows the streamlines and the
horizontal velocity contour for dimensionless numbers Re=50, Pr=0.7 and Gr=19.1.

Figure 6 shows the temperature profile for dimensionless numbers Re=50, Pr=0.7 and Gr=19.1. For a
better understanding of this process from figures 6-8 can be seen the development of the backward-facing
step flow with vertical buoyancy force: the initiation and process of the development of the region of
flows reconnection with taking into account the buoyancy forces.

— 50 ——
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Figure 3 - Velocity profile with vertical buoyancy forces for dimensionless number Re=50, AT =1°C , x/ X, = 0.5, where

X, =2.91.
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Figure 4 - Temperature profile with vertical buoyancy forces for dimensionless number Re=50, AT =1°C, x/ x, =0.5, where

xf=2.91.
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Figure 5 - The contour of the horizontal velocity component with streamlines for dimensionless numbers Re=50, Pr=0.7 and

Gr=19.1.
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Figure 6 - Temperature contour for dimensionless numbers Re=50, Pr=0.7 and Gr=19.1

6. Numerical results for real problem

For the real problem considered a man-made obstacle 9 floors (27 m) and 5 floors (15 m) buildings.
The wind flow is conventionally moving from the high building side to the low one. The following
models consider the calm, according to the Beaufort wind speed scale. The speed of wind is in the range
from 0 to 0.2 m/s. To find the optimal distance, various parameters prescribed in the above-mentioned
standards were used.

According to the fire protection requirements specified in Building norms and regulations of the
Republic of Kazakhstan 3.01-01-2002, 2.12 *, the minimum distance between houses with a height of 4
floors or more must be at least 20 meters. However, having constructed this model, a result was obtained,
showing that at such a distance between the buildings, there was no wind, therefore, air circulation does
not occur in this interval.

After that, the IBC (International Building Code) standard used in the USA was considered, where
the distance between two buildings is calculated according to the following formula:

Oyr = \/(5M1)2 +(5,,)° ., where O, - required distance, J,,,,0,, - height of the first and

second buildings, respectively.

For the calculations, the area was divided into the 14 design subareas of different sizes. Each
subregion is a grid block, which contains a part of a curvilinear, uneven, unstructured grid. When creating
a grid, the number of points is chosen in such a way that no oscillations occur in the solution of the
problem and the results are correct for large values of the Reynolds number. Thus, the constructed grid
contains more than 100 000 control volumes.

U: 005 018125 03125 0.44375 0.575 0.70625 0.8375

Figure 7 - Horizontal velocity-component and streamlines with buoyancy force for Pr=0.7 and AT =1°C

— 54 ——
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Figure 8 - Temperature component with buoyancy force for Pr=0.7 and AT =1°C

In the interval between the buildings and near the streamlined surfaces of buildings, the grid is
thickened, i.e. the sizes of control volumes decrease. This allows for more accurate simulations. As the
grid is removed from the vortex zone and the dimensions of the control volumes increase the flow around.
Therefore, in areas that are not of great interest in solving a given problem, net catch is smaller. And in
the most important zones for the model, the number of nodes is greater, which allows obtaining more
accurate results.

In figure 7 shows horizontal velocity-component and streamlines with buoyancy force for Pr=0.7 and
AT =1°C. In figure 8 can be seen temperature component with buoyancy force for Pr=0.7 and
AT =1°C'. The distance obtained for existing buildings was 31 m and satisfied all the standards specified
in the republican standards. This model also showed that a vortex does not occur at a given distance. In
the following case, the length of extensions to the buildings (balconies, porches, etc.) was added to the
previous value and an approximate distance of 35 m was obtained. This model showed that a vortex in the
gap occurs and therefore the natural purging between buildings is not broken.

7. Conclusion

Numerical studies of the laminar flow were carried out by the zone of joining the flows behind the
backward-facing step with taking into account the buoyancy forces. This gave a deeper insight into the
internal flow behind the backward-facing step and the processes of flows reconnection under the influence
of temperature effects, which in turn gave an idea of the further appearance of secondary zones. The
distance from the ledge to the canal boundary is 4 times the channel height, for a more detailed study of
the backward-facing step flows withtaking into account the buoyancy forces [20]. The numerical data of
the velocity distribution showed the formation of a primary reattachment zone of backward-facing step
flows. To numerically solve the Navier-Stokes equations system, the projection methodwas used. From
numerical results can be seen that the realized numerical method gives a small error in comparison with
the numerical results of other authors [20] for the dimensionless numbers Re=50, Pr=0.7 and Gr=19.1.

After testing the numerical algorithm with the buoyancy forces, for the real problem considered a
man-made obstacle with 9 floors (27 m) and 5 floors (15 m). In this problem, the wind speed was
regarded as calm, according to the Beaufort wind speed scale (from 0 to 0.2 m/s). According to the data
obtained as a result of the numerical simulation taking into account the buoyancy forces, it can be said
that the current standards and rules for construction do not guarantee the required aerodynamics of the
terrain.

Also in this paper is used a parallel algorithmto obtain fast numerical results. This parallel algorithm
is based on one-dimensional, two-dimensional and three-dimensional domain decomposition method. The
numerical results from the 3D cavity flow test problem, which used 1D, 2D and 3D domain
decomposition method showed that 3D domain decomposition is not time-consuming compared to 2D
domain decomposition, for the number of processors that does not exceed 250, and 3D domain
decomposition has more time-consuming software implementation and the use of 2D domain
decomposition is sufficient for the scope of the problem. That’s why for backward-facing step flow with
vertical buoyancy force is used 2D domain decomposition. It should also be noted that setting the
boundary conditions is an important process. In the future, this mathematical model and a parallel
numerical algorithm can be applied to various complex flows taking into account the buoyancy forces.
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A. Hcaxos, A. AdbL1KacbiMoBa, M. CakbinoekoBa
Kazaxckuit HanoHaMBHBIN YHUBEpcUTET M. anb-Dapadu, Anvatsl, Kazaxcran
HPUMEHEHHUE TEXHOJIOT U IMMAPAJUIEJIbHBIX BEIYMCJIEHUM JIJI1 MOJIEJIMPOBAHU A
BETPOBOI'O IIOTOKA BOKPYI' APXUTEKTYPHBIX IPENIAATCTBUI C BEPTUKAJILHBIMHA
CHUJIAMM IIVTABYYECTH

AHHOTaIIHH. HpI/IHl/IMaH BO BHUMAHHUE BBICOKHC TEMIIbI CTPOUTEILCTBA B COBPECMCHHBLIX KPYIHBIX Iopoaax,
OYCHb BAXXHO COXPAaHUTb CCTCCTBCHHYIO A3POJUMHAMUKY MCKAY 3JaHUAMU. HCO6XOHI/IMO HCCICA0BATh a3pOJuHaA-
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MHKY MEXIy apXUTEKTYPHBIMH COOPYXXCHUSMH, CIENaB IpPEABAPUTEIBHOE IPOTHO3HOE MCCIEAOBAHUE IIEpes
HayaJloOM CTpPOHUTENbCTBA. Hambonee onTuManbHBIM CHOCOOOM OIIEHKH SIBISIETCS HOCTPOCHHE MaTeMaTHYECKOH
MOJIETIM BO3AYIIHOTO IOTOKa. B HacTosmel paboTe mpecTaBieHbl YUCICHHBIE PELIEHHS BETPOBOTO IIOTOKA BOKPYT
ApPXUTEKTYPHBIX TIPENATCTBUI C BEPTUKAIBHBIMU CWIaMH IulaBydecTH. /[l ommcaHmst 3TOro Iporecca
UCTIONB3yeTcs HecxknmaeMoe ypaBHeHHe HaBbe-Crokca. Orta cucTeMa almpoOKCUMHUPYETCs METOAOM KOHTPOJIBHOTO
o0beMa ¥ pelaeTcsi YMCIEHHO METOJOM paclleluieHne 1o QusmyeckuM mnapamerpam. YpasHenue Ilyaccowna,
YZIOBIIETBOPSIIOILEE YPABHEHHIO JUCKPETHOW HENPEpHIBHOCTH, PEIIaeMOMY HTEpPAlMOHHBIM MeTonoM SkoOu Ha
KaXI0M BpeMEHHOM Iare. J[Ji1 MPOBEpPKH MPaBHIBHOCTH MaTEeMAaTH4eCKOM MOJENH M YHCICHHOTO ajiropuTMa
pemieHa TectoBas npoOiiema. UucieHHble pelleHuss oO0paTHOTO MOTOKA C BEPTUKAIBHBIMHM CHJIAMH ILIaBY4YECTH,
KOTOPBIE CPABHUBAINUCH C YHUCICHHBIMU pE3yJbTaTaMU JIPYTUX aBTOPOB. DTOT YUCIEHHBIM QJITOPUTM IMOJHOCTBIO
pacrapauIeMBaeTCcsl ¢ UCIIOJIb30BAaHUEM Pa3IMYHBIX METO/0B reoMerpudeckux aexomnosuuid (1D, 2D u 3D). B
paboTe mpopenaH npeaBapUTEIbHbII TEOPETHUECKUI aHAIN3 Pa3IMYHBIX METOJIOB JEKOMITO3UIIMH BHIYUCIUTEILHOM
00J1aCTH M pealbHBIX BBIYMCIUTENBHBIX 3KCIICPUMEHTOB IS 3TOM 3a1adu, ¥ ObUI ONpeeNeH HAWIYUIIHA MEeTOx
paslIoKEeHUs] TOMEHOB. B OynymieM Aisl pa3iMyHBIX CIOXKHBIX ITOTOKOB C BEPTHKAIBGHBIMHM CHJIAMH ILUIaBYyYECTH
MOXET ObITh NpPUMEHEHa MpPOBEPEHHAas MaTeMaTW4ecKass MOJENb W TMapayieNbHBIH YHCICHHBIH alropuT™M C
HaWIy4IIM METOAOM AEKOMITO3HULIUH JOMEHOB.

KaroueBble c10Ba: METON JICKOMIO3UIMU JOMEHOB, OOTEKaHHE APXUTEKTYPHBIX MPEISITCTBUN, OOpaTHBIN
MOTOK, METOJI POELHPOBAHNS, BEPTUKAJILHBIE CHJIBI IIJIABYUECTH, CMELITAHHAs KOHBEKIIHS.

A. Hcaxos, A. AobL1KacbiMoBa, M. CakbinoekoBa
an-®apadu arsiHnarel Kazax YTtk yHEBEpcuTeTi, AnMmarsl, Kasakcran

IHAPAJJIEJIBJAI ECENITEY TEXHUKACBIHBIH COVYJIEJEHY
KEJEPTTJIEPIHIH AMHAJIACBIH/IA KEJIAIH AFBIHBIH YJITVIEY YIIHIH KOJIJAHY

AnHoranus. Kazipri 3amanfbl ipi Kajanapaa KyPbUIBICTBIH JKOFapbl KapPKBIHBIH €CKEPE OTBHIPBII, FUMapaTTap
apacblHIarel TaOWFU a’pPOJUHAMHKAHBI CaKTay ©TE€ MaHbI3/bl. APXUTEKTYpaJblK KYpBUIBIC —apachIHJaFbl
a’POIMHAMHKAHBICHIH 3€pPTTey Ka)KeT, KYPBUIBICTBI Oactamac OypbhIH anfgblH-ajla OOoJDKaMABl 3epTTEyAl jKacay
Kepek.baranaynblH OHTANIBI 9/1iCi aya aFbIHBIHBIH MaTEMaTHKAIBIK MOJICNIH Kypy 00JbIn Tabbiiansl. byt makanana
TIK KO3FaJIbIC KYIITEPIMEH apXUTEKTYPAJbIK KEACPriiep aiHantachlHIA JKCIIIH aFbIHBIHBIH CAHIBIK IICHIiMAEpI
KepcetiireH. byt mporiecti cunarray yiiiH ceirbuiMaiiTeiH HaBbe-CTOKC TeHIEY1 KOIIaHbUIa bl Byl )Kyiie aKpIpiIbl
KeJIeM 9JiCIMEH JKYBIKTaJIbIN, (pU3MKaIBIK mapamerpiep OejiHy omiciMeH caHIBIK Typae memiiai. Juckperri
y3imicci3 TeHueyiH KaHaraTTaHaslpaThiH [lyaccon Tenneyi op kezeHzue SIkoOM WTepaTHBTI oMiciMeH HIEHIiesi.
Tekcepy YIIIH MaTeMaTHKaJIbIK MOAEIBIIH IYPHICTHIFBIH XXOHE CAHJABIK ajJrOPUTMJI ChIHAY Maceleci LIelIijies.
Backa aBTOpmapIplH CaHIOBIK HOTIDKEIEPIMEH CalBICTBIPBUIFAH TiK KYIIIHIH KYIITEpiMEH apTKa OarbpITTalFaH
KaJaMIbIK arblHHBIH CAHIBIK IIEIIiMAEpl KapacThULAbL. BYJ CaHJABIK alrOPUTM JPTYPJi T€OMETPHUSIIBIK JAOMEH/II
nexommosurus (1D, 2D xoHe 3D) apKpUTBl TONBIFBIMEH TMapajuienbieHeni. CaHIBIK JOMEHHIH OpTYpIi
JICKOMIIO3UIIMSL  O/IICTEPIHIH aJ[bIH-aJla TEOPHSJIBIK aHaJIM3i JKOHEOChl Mocesie OOMbIHIIA HAKThl ecenTey
IKCIIEPUMEHTTEDP JKAacalbl JKOHE €H THIMJI JOMEH JEeKOMIO3WIMs dfici aHbIKTanbl. Kejeniekre Tik KaTThUIBIK
KYIITEpIMEH OpTYpJi KypHedl arblHAap YIIiH [9JEJJICHIeH MaTeMaTHKaJbIK MOJENb JKOHE Y3IIK JOMEH
JIEKOMIIO3UIIMS 9IICIMEH IapaJuIeNb/i CaHbIK AJITOPUTM KOJIJAHBLIYbl MYMKIH.

Tyiiin ce3mep: TOMEHIIICKOMITO3UIUS O/IiCI, apXUTEKTYPANIBIK KEeIepriiepiH aFbIMbl, apTKa Kapai jKypeTiH
KaJaMJIbIK aFbIH, IPOCSKIMSIIAY O/IicCi, TiK KYIIIi KYIIIi, apaiac KOHBEKIIUS.
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