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YUCEJIbHE MOJEJIOBAHHS AEPOJIOTITYHOI CUTY AL
HABKOJIO BYAIBEJIb

In this work, within the framework of the model of an ideal incompressible fluid based on the
numerical method of discrete vortices [1, 2], a method is presented for calculating the separated
unsteady flow around buildings, considering the influence of the earth's surface. According to this
technique, the forming surface of the building and free vortex sheets were modeled by a system of
discrete vortices. The boundary conditions for impermeability of the building surface were satisfied at
the control points located in the middle between two adjacent discrete vortices. To ensure the
fulfillment of the Chaplygin-Zhukovsky condition on the finiteness of the velocity, it was assumed that
free vortex sheets ascend from all sharp edges and breaks of the generatrix. The influence of the earth's
surface was considered by introducing a mirrored vortex system with vortices equal in magnitude and
opposite in circulation sign, in comparison with vortices simulating a real building. With such a
schematization on the line of symmetry — the surface of the earth, the impermeability condition is
automatically satisfied. The unknown circulations of the attached discrete vortices at each time step
were determined from the solution of a system of linear algebraic equations obtained from the
boundary conditions of impermeability at control points. It was believed that the circulations of free
vortices, which left the sharp edges at the previous time step, do not change further, and move along
the trajectories of liquid particles. The known circulations of the attached and free vortices at each
time step were used to determine the velocity and pressure fields around the structures under
consideration.

Based on this methodology, a program for calculating the continuous and separated flow around
an individual or a group of buildings located on the earth's surface has been created. This program
allows at each calculation time step to determine the structures of free vortex sheets, the distribution of
tangential velocities and pressure coefficient along the generatrix of the building, to construct vector
fields of velocities and streamlines in the vicinity of structures. The presented methodology and the
results obtained can be used in the design and construction of high-rise structures, in determining peak
wind loads on the surface of a building, as well as in determining the aerological situation to ensure
comfortable aerological conditions in each area of the structure location.

Key words: discrete vortex method, numerical simulation, vortex, circulation, aerological situation.

Beryn. Opniero 3 akTyalnbHHX 3aJlad  apXiTEKTYPHOTO MPOEKTYBaHHS MiChKOT
3a0y/I0BH € NPOTHOCTUYHE MOJICJIIOBAHHS BITPOBUX IIOTOKIB Yy MPU3EMHOMY IIapi
aTMocdepH 3 METOI0 3MEHIIICHHS! BUHUKHEHHS He0a)KaHUX MPOTATiB Mixk OynuHkamu. [1o
BCHOMY CBITY MIOMIY€HO BILJIMB BUCOTHUX Oy/iBeJIb Ha KOPUT'YBAaHHS MOTOJTHUX YMOB [3].
Bimomo, mo mpu BiTpOBOMY BIUIMBI B OCHOBI OY/iBeNbh BHHUKAIOTH CHIIBHI BHUXPOBI
MOTOKM 3a PaxyHOK 3MiHM IIBHIKOCTI BIiTPY, SKi YCKIAIHIOIOTh pPyX JIOJEH,
OXOJIOJKYIOTh HIDKHIO YaCTUHY OYIBIIL, 1[0 BUKJIMKAE JIOJATKOBI BUTPATH HA OMAJICHHS,
a KOHCTPYKIii 1€l dacTuHHM OyiBeldh BiAYYBAIOTh IIiIBHINEHE aepoJuHaMiuHE
HaBaHTA)XEHHS 1 3aBYaCHO BUXOJATH 3 POOOUYOr0 CTaHy, [0 BUMArae J0JaTKOBUX BHTPAT
Ha iX peMoHT. [lepes moYaTKOM MPOEKTYBaHHs XMapodoca MPOBOJUTHCS aepOIUHAMIYHE
1 MaTeMaTuYHe BUMPOOYBaHHS MO/Ielli Oy IiBIIi, III0 BPAXOBYE XapakTep i HAMpPsM BiTpY,
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BU3HA4YaKOTHCA MiCI_lH BIUIMBY HaNOLIBIIOTO BiTpOBOFO HaBaHTaXCHHsI, BHHUKHCHH: HIyMiB,
BiOpartiit Tomro.

VY naHiii poOoTi 1151 mpobIeMa Po3B’sI3yEThCS 3a JIOTIOMOTOI0 BiJOMOT0 YUCEIILHOTO
METOJy JUCKPETHUX BUXOPIB [1, 2, 4].

IMocTtanoBKa 3aga4i. Po3rnsmgaerbes BigpuBHE HECTaIllOHApHE OOTIKAHHS ITUIOCKOTO
MPSIMOKYTHOTO Tifia (CIIOpyAn), SIKe MOYajo pyXaTHcCh B iealbHIl HECTUCKYBaHIN piawHi

3i crady crnokoro B MomenT yacy t=0 3 zamanoro mBuakictio U (puc. 1). ITapamerpu
He30ypeHoi piamHnM (WITBHICTH 0, Ta THCK P, ) Ha HECKIHYEHHOCTI BBaKaIOTHCS

3amaHuMK. B SIKOCTI XapakTepHOro NiHiiiHOro po3mipy Gyno o6pano BicoTy Gyaismi N.

%10 o r, 72 o o
y o o
o o
1 +-.—1I—0—J—.—+
08
S
0,6
0,4 h
U
. 0,2
0 > X
01 02 03 04 05 06 0,7 08 09
-0,2
-0,4
-0,6
-0,8
-1 - -
o [}
o r o}

Puc. 1. Cxema pyxy i po3TamyBaHHsl Ha HoBepXi OyaiBJIi THCKPETHUX BUXOPIB Ta KOHTPOJIbHUX
TOYOK OCHOBHOI ( ) Ta 13epKajJbHO BigoOpaxkeHoi ( — — = ) BUXPOBUX CHCTeM,
ne @ — npueanani BUxXopu,C — BiibHi Buxopu, ™ — KOHTPOILHI TOUKH

BBakaeThcs, 1110 BCIOJU 11032 MTOBEPXHEIO PYXOMOTO Tila S, a TaKoX HEBIOMUX
BUIBHMX BUXPOBHX IIOBEPXOHb Oj, PyX pPIIMHU € OE3BUXPOBUM Ta 3aJ0BOJIBHAE
piBHsHHIO Jlamaca Juis MOTEHIiaTy MBUIKOCTEH
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Ha noBepxHi pyxoMoro Tija BUKOHY€ETHCSI TPAHHYHA YMOBA HEMPOTIKAHHS:

22 _G.q )
onlg

Jie N — 30BHIIIHA HOpPMAIb 0 IOBEPXHi Tila.
Ha noBepxHsAX BUIBHUX BUXPOBHX II€JI€H O BHKOHYIOTHCS YMOBH HEIEPEPBHOCTI
TUCKY Ta HOPMaJIbHOT CKJIaI0BOT IIBUAKOCTI:
P. =P, V, =V, (xy)eo; (i=12), (3)
IIe THACKCH «+» Ta «—» HaJeKaTh PI3HAM CTOPOHAM BHXPOBOI ITOBEPXHI.
Ha meckiHueHHOCTI Bif TiNa Ta BUTPHUX BUXPOBHUX TeJieH 30ypeHHs, SKi BHKIHKaHI

PYXOM Tilla, 3aTyXarTh:
lim V& =0, R=1/x?+y?, (4)

R—0o0
YmoBa Yarmurina-)KyKOBCBKOTO MPO CKIHYEHHICTh MIBHIKOCTI Ha BCIX TOCTPHUX
KpOMKax Ta 3j1aMax TBIpHOi 3a0e3medyeThCsl 3aBISKH CXOAY BITBHUX BUXPOBHUX
HIOBEPXOHb Tj .

Bci 11i yMOBH TTOBHHHI BUKOHYBAaTHCh Ha KOKHOMY KpoIli 3a yacoM. [[iist po3B’si3Ky
HeCTal[iOHApHOI 3324l B SIKOCTI IOYaTKOBOi YMOBH BUKOPHUCTOBYETHCSI YMOBa PO CIOKiH
pinuHM Ta Tina g t < 0.

[lonoxeHHsT Ta PO3BUTOK BUIBHUX BHUXPOBHX IIEJIEH BHU3HAYAETHCS 13 TEOpeM
I'enpMmronbia, 3rilHO SIKUM BUXPOBI MOBEPXHI B iJIcaJIbHIA PIAUHU PYXalOThCS pa3oM 3i
CKIIQJIOBUMHU X MaTepialbHIMH YaCTKaMH, a iIHTEHCUBHICTh BUXPOBUX TPYOOK 3 4aCOM HE
3MiHIOETBCA. Po3TamryBanHs BUTFHUX BHXOPIB Ha KOKHOMY KpOIIi TI0 Yacy BH3HAYaIOCh
13 PO3B’SI3Ky CUCTEMU TU(PEPEHIIIHHIX PiBHSIHb:

dx dy

E:VX(X' v, 1), E:Vy(x, y,t). ®)

I'pannuHa yMOBa HENpPOTIKaHHA 3€MHOI MOBEPXHi 3a0e3leduyBayiach J3epKAbHUM
BiZIOOpaKEHHSIM BiJIHOCHO 3€MHOI MOBEpPXHi OYy[iBNI Ta BUIPHUX BHXPOBHX IEJIEH, TPU
OMY [HPKYJISMIi BiOOpaXeHWX BHUXOpIB OyJIM OJWMHAKOBI 3a BEIMYMHOIO, aie
MIPOTHIICXKHI 32 3HAKOM BHXOpaM, MOJIEIIOIOYNM peabHy OYIiBIIO Ta ii BiIbHI BUXPOBI
nenenu (puc. 1). [lpu Takiii mocraHOBII Teopema ToMCOHA TPO CTANICTh MHUPKYJISIIT TIO
3aMKHYTOMY KOHTYPY BHKOHYBaJIach aBTOMaTUYHO Ha KOYKHOMY KpOIIi 33 4acoM.

[MTocraBiena 3agavya po3B’s3yBaiach 3a JOIMOMOTOI0 METOAY TMCKPETHUX BHXOPIB
[1,2], 3rigHO 3 AKMM TIOBEpXHS OYIiBII Ta BUIbHI BHXPOBI MENEHH MOJETIOBAIHCH
CHCTEMOIO JIMCKPETHUX BUXOpiB. [ paHMYHI YMOBHM HEMpOTiKaHHS MOBEpXHi OymiBii (2)
BUKOHYBQJIUCh Yy KOHTPOJBHUX TOYKAaX, PO3TAIIOBAHMX IIOCEPEAMHI MDK JBOMa
BUXOPaMH.
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Puc. 1. Cxema pyxy i po3TalmiyBaHHsl Ha HoBepXxi OyaiBJIi JTUCKPETHUX BHXOPIB Ta KOHTPOJIbHUX

TOYOK OCHOBHOI (™) Ta A3epPKaJIbHO Biflo0pazkeHoi ( — — ™ ) BUXPOBHX CHCTeM,
ne ®— npucanani Buxopu, O— BinbHi BUxopn, M — KOHTPOJILHI TOUKH

[Ipu muckpeTHOMY MiIXOAlI TPAHWYHI YMOBH HETPOTIKaHHA (2) HAa KOXKHOMY KpOIIi
332 4acOM MOXYTh OYTH IPEJICTaBIICHI Y HACTYITHOMY BUTJISIII:

N - . - .
ZO F,u |:COS(n, x)y (nyv - nyv) +c0s(n, ), (Vyyv - Vyyv):| +Wo =
ﬂ:

2 M
—27cos(U, ), — 3 36| cos(h, ), Vaiy ~Vxi) + €08, YDy, Vyiy ~Viiy) | )
p=li=1

ne I, - mesinomi umpkymauii N -2 mnpuenHaHMX Ta JABOX BUIBHMX BHXODIB;
cos(n, x),,, cos(n,y), —KoCHHYCH KYTiB MK HOPMALIIO Ta OcsAMH X, Y, BiANOBIIHO,

cos(U, M), — kocunyc Kyrta Mixk BekropoM mmBuakocti U i HOpMaimio N 70 noBepxHi
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Tina B KOKHIH Vv-# KouTpombHii Toumi; Vy,,,Vy,, —KOMIOHEHTH 30ypeHux
IIBUIKOCTEH B TUCKPETHUX MPHUETHAHNX BUXOPIB, pO3TAIIOBAaHUX HA peaibHii OyIiBi;
A V}', 4y — KOMITOHEHTH 30yPEHHX LIBHIKOCTEH BiJl IMCKPETHUX NMPHEIHAHMX BUXOPIB,
PO3TAIIOBAaHUX Ha I3ePKaIbHO BiqoOpaxeHil Oyaismi; V;, lVyiv — KOMIIOHEHTH 30ypeHHX

Xuv

WIBM/KOCTEH BII BUIBHUX PEATBHUX BHXOPIB; Vyj,,Vyj, — KOMIOHCHTH 30ypeHHX

IIBUJIKOCTEH BiJl BUIBHUX J3EPKAJBHO BiOOpPaKEHUX BUXOPIB, SKI BU3HAYWIUCS 3a
thopmynamu, HaBeAeHUMH B [1]; c‘)‘ip —BigoMi (i3 po3paxyHKy Ha MOIMEPETHBROMY KpOIIi)
LMPKYJIALIT BITbHUX BUXPOBHX neneH; Wy — peryispusyroda 3minna [1].

Posmonin HaBaHTa)keHh Ha TOBEpXHI OymiBii BHW3HAa4daBcs 13 iHTerpamy Komri-
Jlarpamxa [2]:

= oD 2
PV =-2 E "r(l—VOyj, (7)
14

oD . . . — . .
e | — | —moxigHa y KOHTPOJbHIM Touul V, Vo, —BIIHOCHAa WBUAKICTh Y

ot
14
KOHTPOJIbHIN TOYITI V.

JloTnyHa CKJIazoBa BiTHOCHOI INBHJIKOCTI Ha MOBEPXHI OyiBJi BH3HAYaJlach Ha
MiZCTaBi TOTO, MO JII 3aMKHEHOi BHXPOBOi MOBEPXHI BIAHOCHA IOTWYHA MIBUAKICTH
JIOPIBHIOE IHTEHCHBHOCTI BUXPOBOI MTEJICHN Y IiH Toui [2]:

Vo = Fﬂ_1+F# (8)
Oov — ’
2Al

pe I, q ta I', —UMPKYJALIl JAMCKPETHMX BHXOPIB, MK SKHMH PO3TalloBaHa V— i
KOHTPOJIbHA TOYKa, Al —BigcTanp Mixk v —10 Ta (V +1) — 0 KOHTPOJIBLHUMH TOUYKAMH.
Po3paxyHOk TONOXKEHHS BUTPHMX BHUXOpIB BH3HAYaBCA i3 PO3B’SI3KY CHCTEMH
nmudepeHIianbHuX piBHAHB (5) MeTonoM Efinepa.
Xir+l = Xir + (erl +UOO)At,
r+1 _  r \yr ®)
+
Yi = VYi +Vyidt

ae Xir,yir,Xir+1,yir+l—1'IOJ'IO>K6HH$I | —TO BIIBHOrO BUXOPY BIAINOBIAHO HA [—My Ta

(r +1) —My Kpoiii 3a 4acoM.
JIiHii cTpyMeHiB HaBKOJO OYIIiBII BH3HAYAIWCH iHTEIPYBAaHHSM AM(EPEHIIAITEHOTO
PiBHSHHS

dy  Vy(xy) 10
dx Vi (x,y)-U" (10)

ne Vy(X,Y), Vy (X,Y) — KOMIOHEHTH aGCONIOTHOI INBMAKOCTI, AKi 1HIYKTYIOTHCS BCI€HO

BHXPOBOK CUCTEMOIO B TOUIli 3 KoopauHaTamu (X, Y).
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Pe3yabTaTu po3paxyHkiB. 3a BUKIaIEHOIO METOAMKOIO OyJia HamwcaHa mporpama
PO3paxyHKy HecTallioHapHOTO OOTiKaHHS NOBUIBHOI OyniBii (Ipynu OyniBenb) MOTOKOM
imeanbHOI HECTUCKYBaHOI piguHu. Jleski pe3ynbTaTH pPO3PaxyHKIB  BiJIpHBHOTO
HECTAI[iOHAPHOTO OOTiIKaHHS MPSIMOKYTHOI OYIIBIIi MPENCTaBICHO Y AaHil POOOTi.

Ha puc. 2, 3 HaBeneHO CTPYKTYpH BUIBHUX BHXPOBHX I€JICH, AKi BiAIpBAINCH 3
TOCTPUX KPOMOK KBaJpaTHOI Ta MPSIMOKYTHOI OyIiBMIi AJsl OMHOIO MOMEHTY 4acy. 3 IuX
PHUCYHKIB BHJHO, IIO OOHW/BI BiIbHI BUXPOBI MOBEpXHi 30iratoTh B3IOBXK IJOTHYHOI 0O
TBipHOi OymiBmi. 3 YacoM BIJbHI BHXPOBI IMOBEPXHI 3aKpy4dyIOTbCA y CHipaii, sKi
MOYMHAIOTh PYHHYBATHCS, CTBOPIOIOYH BEIMKOMACIITA0HI BUXPOBI CTPYKTYpH (3TYCTKH).
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Puc. 2. MogenoBanHsi cTpyKTypu Buxposoro caixy npu | =1, h =1 (20-it kpok 3a yacom)
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Puc. 3. MogesnoBanHs cTpyKTypu Buxpooro ciainy npu | =3, h =1 (20-ii kpok 3a yacom)

49



ISSN 2312-2897. BicHuk HinpoBcbkoro yHiBepcuTteTy. Cepia: MexaHika. Ne5. T.28.2020.Bun. 24

BexTopHi mosst IBUAKOCTI y pi3HI MOMEHTH 4acy IpeicTaBiieHi Ha puc. 4, 5, 6. Ha
OUX PUCYHKaX BHIHO TMPOIEC CTBOPEHHS BEIMKOMACIITAOHUX BUXOpPIB, SKi
YTBOPIOIOTHCS: TEPIINi — Hall AaxoM OyniBii, Apyruil — 3a Oyxieiero. dami mi BUXpoBi
YTBOPEHHS 3HOCATHCSA BHM3 32 MOTOKOM, a Ha iX MICI{i MOYMHAIOTh YTBOPIOBATHCS HOBI
BEJIMKOMACIITa0HI BUXOPHU.
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Puc. 4. MoaeawBanHs noJiiB mBuakocti (20-if kpok 3a yacom)
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Puc. 5. MoaemoBanHs moJiiB mBHAKOCTI (55-if Kpok 3a yacom)
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Puc. 6. MoaeawoBanHs noJiiB mBuakocti (135-ii kpok 3a yacom)

IIpucyTHicTh BUXOpiB MOOIHM3Y TBIpHOI OYAIBIII MPHU3BOIUTH 10 3HAYHUX IMIKOBUX
HABAaHTAXKCHb: CTBOPIOIOTHLCS JIOKAIBbHI 30HH IiJIBUIIICHOTO a00 PO3PIPKEHOTO THUCKY.

Ha puc. 7, 8 300pakeHO po3paxyHKOBI JIiHIi CTpyMEHiB HaBKOJIO Oy[iBenb pi3HOT
reoMeTpii.
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Puc.7. IobGymosa Jiniit crpymento npu h =1, | =1.
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Puc.8. Ilo6yaoBa ainiii crpymento npu h =1, | =3.

BucHoBku. YV naniii poOoTi B paMKax MOJIeNI iJeaibHOI HECTHCIUBOI PiAMHUA Ha
0a3i YMCENBbHOTO METOMYy IHCKPETHHUX BHXOPIB PO3POOJIEHO Ta YMCENBHO pPeati3oBaHO
METOJIUKY BH3HAYEHHs aepoJoriyHol cuTyamii HaBkomo OyniBii abo rpynu OymiBens 3
ypaxyBaHHSIM HPUCYTHOCTI 3eMHOI moBepxHi. /laHa mporpama g03BOJISE€ BHU3HAYUTH
HecTal[ioHapHI aepoJUHaMiYHI HaBaHTaXEHHS Ha MOBepXi Oy[iBii, po3paxyBaTH IOJIS
MIBUKOCTEH Ta (opMy BUIBHMX BHXPOBHX HEJICH HABKOJO PO3MISIHYTHUX CHOPYI.
[IpencraBinena MeToAWKa Ta OTPHMaHI PE3YJIbTaTH MOXYTh OYTH BUKOPHCTaHI TpH
MPOEKTYBaHHI BUCOTHHUX CIIOPY] IIOJI0 BU3HAYCHHS acpoJIOriuHOi CUTyallil B paioHi ix
pO3TallyBaHHs, pO3paxyHKy BITPOBUX HABAaHTa)KEHb Ha TIOBEPXHIO CIIOPYAHU TOIIO.
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