
 

 

1 

 

saqarTvelos teqnikuri universitetiQ 
 

 

 

 

laSa iaSvili 

 

qaris datvirTvebis angariSi 
Comsol Multiphysics garemoSi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Tbilisi 

2015 



 

 

2 

 

  sacxovrebeli Tu samrewvelo maRlivi Senoba-
nagebobis asagebad, saWiroa, gaangariSebuli 
iqnas qaris datvirTvebic, aseTi amocanis 
uyuradRebod datoveba araa sasurveli, radgan 
sxva faqtorebTan  erTad nagebobaTa 
usafrTxoeba  qaris datvirTvebzecaa 
damokidebuli, dRes-dReisobiT SemouSavebulia 
programuli paketi romliTac SesaZlebelia misi 
angariSi da sxvadasxva ganzomilebaSi modeli.  
    aqedan gamomdinare, saWiro iyo daixvewiliyo 
da ganviTarebuliyo kompiuteruli meTodebi da 
programuli uzrunvelyofa, qaris datvirTvebTan 
mimarTebaSi. gamoviyeneT COMSOL Multiphysics 
programuli paketiT  gamovTvaleT qaris 
datvirTva sxvadasxva, rTuli gemoetriuli 
Senoba-nagebobebis proeqtirebisas. 
   .monografia gankuTvnilia bakalavrebisTvis, 
magistrebisaTvis doqturantebisTvis da am 
dargSi momuSave specialistebisa da farTo 
profilis mecnierebisTvis. 
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შესავალი 
 

Temis aqtualoba. sacxovrebeli Tu 
samrewvelo maRlivi Senoba-nagebobis 
asagebad, saWiroa, gaangariSebuli iqnas 
qaris datvirTvebic, aseTi amocanis 
uyuradRebod datoveba araa sasurveli, 
radgan sxva faqtorebTan  erTad nagebobaTa 
usafrTxoeba  qaris datvirTvebzecaa 
damokidebuli. 

tradiciulad, es problema 
saqarTveloSi wydeboda qaris dinamikis 
gansazRvris naxevradempiriuli formulebiT, 
romlebic mocemulia samSeneblo normebSi 

(СНиП 2.01.07-85), an, xdeboda Senobis an 
SenobaTa masivi maketis damzadeba da 
aerodininamikur milSi haeris daberva, rac 
saSualebas  iZleva  eqsperimentulad 
SeviswavloT Senobebze qaris mosalodneli 
datvirTvebi, regionebis gaTvaliswinebiT. 

qaris datvirTvebis СНиП-iT  
gaangariSeba metad uxeSia da miaxloebuli, 
gansakuTrebiT, rodesac saqme gvaqvs rTuli  
geometriuli konfiguraciis nagebobebTan. 
ase, rom normebis gamoyenebis areali metad 
SezRudulia. 

xolo, aerodinamikur milSi qaris 
bervis eqsperimenti iwvevs did energetikul 
xarjebs, amitomac, mas iSviaTad iyeneben. 
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Sesabamisi dinamikis gantolebebis 
arsebuli analizuri amonaxsnebi, ar 
iZlevian qaris datvirTvebis gaTvlis 
saSualebas, radgan analizuri amonaxsnebi 
arsebobs ZiriTadad, gawrfivebuli 
amocanebisaTvis, rac qarisaTvis metad uxeSi 
miaxloebaa. 

 TumcaRa, arsebobs qaris datvirTvebis 
saangariSo arawrifivi maTematikuri 
modelebis ricxviTi amonaxsnebis povnis 
programuli paketebi, magram maTac gaaCniaT 
rigi naklovanebebi: 

1) ar iZlevian sakmarisad zust 
informacias, romelic  
daakmayofilebs mSeneblebs rTuli 
geometriis  nagebobaTa SemTxvevaSi; 

2) ar arian universaluri da TiTeul 
maTgans gaaCnia gamoyenebis viwro 
areali; 

3) ar iZlevian saSualebas gavTvaloT 
nagebobaTa masivebi. 
 

aqedan gamomdinare, saWiro iyo 
daixvewiliyo da ganviTarebuliyo 
kompiuteruli meTodebi da programuli 
uzrunvelyofa, qaris datvirTvebTan 
mimarTebaSi. programuli paketiT unda 
gamovTvaloT qaris datvirTva sxvadasxva, 
rTuli gemoetriuli Senoba-nagebobebis 
proeqtirebisas. gasaTvaliswinebelia, 
aramarto jamuri moqmedi Zala, aramed, 
Senobis zedapiris gaswvriv wnevebisa da 
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siCqareTa velis gadawilebis suraTic, rac 
saSualebas iZleva gavTvaloT, rogorc 
jamuri gadamtrialebeli Zalis sidide, 
aseve, qaris infiltracia nagebobaTa 
konstruqciis zedapiris gaswvriv. 

 samuSaos mizania, SemuSavebuli iqnas 
rTuli geometriuli konfiguraciis 
samSeneblo nagebobebze, qaris datvirTvebis 
gamosaTvleli maTematikuri modeli da 
Sesabamisi ricxviTi amonaxsnebis povnis 
algoriTmebi, rac saSualebas mogvcems 
dazustebul iqnas naxevradempiriuli 
analizis Sedegebi da SemuSavebuli iqnas 
datvirTvebis gamoangariSebis Sesabamisi 
meTodika. dasmulia Semdegi amocanebi: 
1) gamoTvliTi hidrodinamikis meTedebze 

dayrdnobiT, SemuSavebuli iqnas, rTuli 
geometriis saanJinro nagebobebze, 
aerodinamikuri datvirTvebis  
gaangariSebis algoriTmebi; 

2) Seswvalil iqnas nagebobaTa aerodinamikis 
organzomilebiani da samganzomilebiani 
amocanebi. gaTvlis Sedegebis Sedareba 
sxva, cnobili sainJinro meTodebiT 
gaTvlis Sedegebsa da aerodinamikuri 
eqsperimentebis SedegebTan; 

3) Camoyalibdes rvaCov-obgaZis funqciebis 
gamoyenebis algoriTmi, rTuli geometriuli 
konfiguraciis nagebobebis zedapiris 
gaswvriv sasazRvro-mikvris pirobebis 
gaTvaliswinebisaTvis; 
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4) SemuSavebuli algoriTmebi, 
gamoyenebuli iqnas nagebobaTa da 
nagebobaTa kompleqsebis qaris 
datvirTvebze gaangariSebisaTvis. 

 
       
 

 mecnieruli siaxle mdomareobs SemdegSi: 
1) SemuSavebul  iqna qaris datvirTvebis 
gaTvlis axali algoriTmebi, risTvisac 
gamoyenebul iqna navie-stoqsis gantolebaTa 
sistemisaTvis: 
a)geometriuli kodirebis rvaCov-obgaZis 
meTodi, 

b)sasrul-sxvaobaTa da ვარიაციული 
meTodebi; 
g)obgaZe-gabriCiZis regularul wyaroTa 
meTodi; 

2) SemuSavebul iqna axali algoriTmebis 

Sesabmisi programebi Mathcad-is da Comsol 
bazaze; 
3) gaTvlil iqna organzomilebiani da 
samganzomilebiani, rTuli geometriuli 
konfiguraciis sainJinro nagebobebis, qariT 
garsdenis amocanebi da Seswavlil iqna 
Sesabamisi datvirTvebi; 
4) gaTvlil iqna nagebobaTa kompleqsebis 
garsdena qaris turbulenturi nakadiT. 
     SemuSavebuli iqna kompiuteruli 

programebi Comsol-is bazaze, romlebic 
saSualebas iZlevian gamovTvaloT 
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aerodinamikuri datvirTvebi Semdegi tipis 
Senoba-nagebobaze; 

 marTkuTxa paralelipedis formebis 
Senobebi; 

 cilindruli formis nagebobebi: 
koSkebi, sakvamuri milebi, anZebi; 

 SenobaTa masivebi rTuli reliefis 
gavlenis gaTvaliswinebiT. 
     rTuli geometriuli konfiguraciis 
figuraTa analizuri gamosaxva da 
funqcionaluri simravleebi, ganxilulia 
predikatebisa da geometriuli kodirebis 
Teoriis gamoyeneba rTuli geometriuli 
konfiguraciis geometriuli figurebis 
sazRvris maTematikuri formulebiT 
aRsawerad. ganxilulia bulis algebrebis 
kategoria, sadac morfizmebi inducirebulia 
homomorfizmebiT. rac saSualebas iZleva, 
rvaCov-obgaZis homomorfizmebis gamoyenebiT 
avagoT rTuli geometriuli konfiguraciis 
nagebobaTa sazRvris analizuri 
gamosaxulebebi, romlebic nulis tol 
mniSvnelobas miiReben mxolod am sazRvris 
wertilebisaTvis. geometriuli kodirebis 
meTodi pirveladaa gamoyenebuli maRlivi 
nagebobebis masivisaTvis, rac saSualebas 
iZleva, martivad gaviTvaliswinoT blanti 
siTxis nagebobis kedlebze mikvris 
sasazRvro pirobebi. simartivisaTvis, 
ganxilulia ori sxvadasxva diametris 
sakvamuri milis, horizontuli kveTisaTvis 
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(miiReba ori wrewiri) Sesabamisi RO - 

funqciis agebis algoriTmi: 

rLLL  21
 ,                              (1) 

sadac 
1L  - aris simravleebze agebuli bulis 

algebra, 
       

2L  - aris predikatebze agebuli bulis 

algebra, 
       

rL - aris rvaCovis funqciebis bulis 

algebra. 
isrebiT aRniSnulia bunebrivi 

homomorfizmebi. 
es algoriTmi ganixileba konkretul 

magaliTze. vTqvaT, gvsurs avagoT rTuli 
wiris gantoleba, maSin roca viciT Tu, misi 
nawilebi romeli funqciebis 
grafikebia(nax.1.). sxvanairad rom vTqvaT, Tu 
gvaqvs ori sxvadasxva diametris mili, maSin 
SegviZlia sibrtyeze maTi kveTi gamovsaxoT 
erTi analizuri formuliT. 

 

 
nax.1. ori wrewiri R da r radiusebiT 
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Cveni amocanaa SevadginoT iseTi 

funqciis analizuri gamosaxuleba, romelic 
nulis tol mniSvnelobas iRebs am ori 
wrewiris sazRvarze da sxva wertilebSi 
araa nuli. 

(1) diagramidan gamomdinare, jer 
1L  

simravleTa bulis algebraSi vagebT sayrden 
simravleebs, anu im simravleebs, romelTa 
saSualebiTac SesaZlebelia simravleTa 
bulis algebraSi aRvweroT saZebni simravle. 

 0)()(),( 222

1  Rbyaxyx ,         (2) 

 0)()(),( 222

2  byaxRyx ,           (3) 

 0)()(),( 222

3  rdycxyx ,       (4) 

 0)()(),( 222

4  dycxryx .       (5) 

es is simravleebia, romelTa 
saSualebiTac SeiZleba avagoT saZebni 
funqciis simravluri gantoleba: 

)()( 4321                   (6) 

sayrdeni simravleebis agebisas, Cven 
viyenebT Sesabamisobas “metia an toli 
nulze”, rac am SemTxvevaSi saWiroa raTa 
SegveZlos advilad gadasvla 
homomorfizmebis saSualebiT  

2L -Si. marTlac, bunebrivi homomorfizmis 
saSualebiT 

2L -Si miviRebT wiris 
predikatul gantolebas : 

)()( 4321 PPPPP  ,                       (7) 
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sadac 1P aris gamonaTqvami 01 x , 
       2P aris gamonaTqvami 02 x ,          

       3P aris gamonaTqvami 03 x , 

       4P aris gamonaTqvami 04 x ,                                         
222

1 )()( Rbyaxx 
222

2 )()( byaxRx  ; 

        
222

3 )()( rdycxx  ;         (8)                                         
222

4 )()( dycxrx  . 
exla, gadavideT rL Si rvaCovis 

homomorfizmis meSveobiT : 



















ii

jijiji

jijiji

xP

xxxxPP

xxxxPP

22

22

                        

(9) 
  
miviRebT R – funqcias : 

22

4

2

343

22

2

2

121

2

4

2

3

2

2

2

14321

2

4

2

343

2

2

2

121

)()(

)()(

xxxxxxxx

xxxxxxxxxxxxxxxxR





(10) 

sadac gaTvaliswinebuli unda iyos (9) 
Tanadobebi. 

iseT SemTxvevebSi, roca zustad 
cnobilia bmis ramdenime elementis mqone 
wiris Semadgeneli elementebis gantolebebi, 
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ufro mizanSewonilia obgaZis homomorfizmi 
struqturebs Soris : 

roKKK  21 ,                     (11) 











22

jiji

jiji

xxPP

xxPP
 .                  (12) 

sadac aris Sesabamisoba: “WeSmariti”   
“udris nuls”; 
“mcdari”  “ar udris nuls”. 

ganxiluli magaliTis SemTxvevaSi, 
sayrdeni simravleebi iqnebian : 

 0)()( ),( 222

1  Rbyaxyx       (13) 

 0)()( ),( 222

2  rdycxyx .       (14) 

maSin, 

21   ;                           (15) 

e.i.                 
21 PPP   ;        (16) 

sadac 
1P aris gamonaTqvami 

0)()( 222  Rbyax ,                   (17) 
  2P aris gamonaTqvami  

0)()( 222  rdycx  ;             (18)                

e.i. 
        

])()[(])()[( 222222 rdycxRbyaxRO  (19) 
 
rogorc vxedavT, obgaZis 

homomorfizmebi sagrZnoblad amartiveben 
saZiebeli wiris gantolebas, romelic Tavis 
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mxriv mravladbmuli geometriuli 
simravleebis kodirebis saSualebas iZleva 
uwyveti funqciebis saSualebiT.  

aseve, rig SemTxvevebSi mniSvnelovnad 

martivdებa R – funqciis analizuri saxec. 
amitom, miRebul algoriTms xSirad, rvaCov-
obgaZis RO–meTods eZaxian. aqve, ganxilulia 
fuqcionaluri simravleebis konstruqciuli 
agebis algoriTmic. agebulia L  hilbertis 

funqcionaluri sivrce da sobolevis  
sivrce, romlebic saSualebas iZlevian, 
avagoT qaris nakadis maTematikuri modelis 
ricxviTi amonaxsnis povnis Sesabamisi 
algoriTmebi variaciuli da sasrul-
sxvaobiani meTodebis bazaze.  

gamoTvliTi hidroaerodinamikis 
amocanebis amoxsna da sainJinro nagebobebze, 
qarisagan warmoebuli datvirTvebis  
gansazRvra, gadmocemulia 
hidroaerodinamikis amocanebis ricxviTi 
amoxsnis algoriTmebisa da sainJinro 
nagebobebze qaris datvirTvebis gansazRvris 
istoriuli mimoxilva. ganxilulia 
liuvilisa da bolcmanis gantolebebi 
statistikuri aerodinamikis amocanebisaTvis. 
gamoyvanilia navie-stoqsisa da eileris 
gantolebebi qaris nakadisaTvis. agebulia 
dinamikis gantolebebis amoxsnis variaciuli 
meTodi, romelic emyareba kupraZe-brebbias 
Sebrunebul variaciul formulirebasa da 
rvaCov-obgaZis geometriuli kodirebis 
meTods. agebulia aseve, qaris dinamikis 
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Seswavlis sasrul-sxvaobiani sqemebi da 
gaTvlilia rogorc organzomilebiani, aseve, 
samganzomilebiani amocanebi.  

 gamoyvanilia qaris datvirTvebis 
gansazRvris sainJinro formulebis 
damazustebeli formulebi da SemuSavebulia, 
rTuli geometriuli formis nagebobebis 
qaris datvirTvebze gaTvlis algoriTmebi, 
romlebic realizebulia MathCad da COMSOL 

Multiphysics garemoSi  
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Tavi I. gamoTvliTi hidroaerodinamikis 
amocanebis amoxsna da sainJinro nagebobebze 

qarisagan warmoebuli datvirTvebis 
gansazRvra 

 

 
1910 wels riCardsonma Tavisi naSromiT 

[18], safuZveli Cauyara kerZowarmoebuliani 
diferencialuri gantolebebis ricxviTi 
amoxsnebis povnis sasrul sxvaobian 
meTodebs. riCardsonma SeimuSava laplasis 
gantolebis, biharmoniuli gantolebis, 
hiperboluri da elifsuri gantolebebis 
amoxsnis iteraciuli meTodebi. man, pirvelma 
SeZlo aego qvis dambis angariSis sasrul   
sxvaobiani sqema[18] da gaeTvala damba. 

1918 wels libmanma SeZlo aego, ufro 
swrafad krebadi iteraciuli sqema. 
krebadobis pirveli damtkiceba da 
iteraciuli procesis cdomilebis Sefaseba 
libmanis iteraciuli sqemisaTvis, gaakeTes 
filipsma da vinerma 1923 wels [19] elifsuri 
tipis gantolebebis amosaxsnelad.  

hidroaerodinamikis gantolebaTa 
sistemisaTvis, sasrul-sxvaobiani meTodiT 
ricxviTi amonaxsni, pirvelad ipova tomma 
1933 wels [20].  1955 wels sausvelma da 
alenma SeimuSaves, sausvelis relaqsaciis 
meTodiT, wriuli cilindris blanti, ukumSi 
siTxiT garsdenis amocanis amosaxsnelad 
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Sesabamisi algoriTmi. es iyo pioneruli 
naSromi am mimarTulebiT. aRmoCnda, rom 
reinoldsis ricxvis gazrdiT 100-s zemoT, 
adgili aqvs fizikur aramdgradobas, rac 
kargad Seesabameba arsebul eqsperimentebs[21]. 
gaTvlebi, Catarebuli iqna reinoldsis 
ricxvis zrdadi mniSvnelobebisaTvis: 0, 1, 10, 
100, 200, ...,1000. 

sasrul sxvaobaTa meTodis 
ganviTarebaSi, didi wvlili Seitanes 
rixtmaierma da mortonma [22], vazovma da 
forsaitma[23], samarskim[24], , h.melaZem, 
d.grdezianma, T.vaSaymaZem  da sxv. 

sasrul  sxvaobaTa meTodis arsi 
mdgomareobs imaSi, rom diferencialur 
gantolebebSi, warmoebulebi icvlebian 
Sesabamisi sasruli sxvaobebiT, rac emyareba 
funqciebis teiloris mwkrivad gaSlis 
formulebs: 

, 

, 

. 

sadac 

. am 
formulebidan miviRebT, rom 

,  

, 

,  
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sadac  . 

 
qaris datvirTvebis sapovnelad, 

pirvelad, eifelma gamoiyena aerodinamikur 
milSi dabervis eqsperimenti eifelis koSkis 
daproeqtebisas. mouwesrigeblad iyenebdnen, 
aerodinamikur milSi Senobebis dabervis 
eqsperimentebs 1930 wlidan 1960 wlamde, 
rasac negatiuri mxareebic qonda. radgan 
aerodinamikuri eqsperimentebi, im droisaTvis 
warmatebiT gamoiyeneboda safreni aparatebis 
frTis aerodinamikis Sesaswavlad, CaiTvala 
rom aq dagrovili gamocdileba SeiZleboda 
pirdapir gadataniliyo samSeneblo 
aerodinamikaSic, Tumca, aRmoCnda draidenisa 
da xilis eqsperimentebis Sedeged, rom 
miRebuli Sedegebi ar Seesabameboda 
naturul eqsperimentebs. vinaidan, 
TviTmfrinavebi didi siCqariT moZraoben 
fardobiT, uZravi haeris mimarT da maTze 
moqmedeben SedarebiT mudmivi Zalebi, 
nagebobebi ki ganlagebulia dedamiwis 
zedapirze da maT irgvliv adgili aqvs qaris 
rTul, turbulentur dinebas, romelzedac 
gavlenas axdens dedamiwis zedapiri, sxva 
nagebobebi da qaris araTanabari, rxeviTi 
moZraoba, aseve, simaRlis mixedviT qaris 
siCqareebic da wnevis ganawilebac icvleba. 
1943 wels beilisa da vinsentis [39-41] mier 
SemuSavebuli iqna samSeneblo nagebobebis 
gamosacdeli aerodinamikuri milis axali 
konstruqcia, sadac gaTvaliswinebuli iqna 
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damberavi qaris dedamiwis zedapiridan 
daSorebis mixedviT siCqareebis cvlilebis 
kanonzomierebebi. Sesabamisi msgavsebis 
kriteriumebi Seadgina jenkinsma 1954 wels.  

1963 wels londonSi, pirvelad Catarda 
nagebobebze qaris datvirTvebis gansazRvris 
problemebisadmi miZRvnili saerTaSoriso 
konferencia. Sromebi moicavdnen, rogorc 
eqsperimentul, aseve, Teoriul sakiTxebs. 
ganxiluli iyo rogorc determinirebuli 
modelebi, aseve, statistikuri 
aerodinamikuri midgomiT agebuli modelebi. 
frankma warmoadgina jensenis masStabirebis 
kanonebi, devenportma SeimuSava datvirTvebis 
statistikurad gaTvlis wesi da niuberrim 
SeimuSava naturuli eqsperimentebiT 
samSeneblo normebis dadgenis sawyisebi. 1975 
wels meoTxe saerTaSoriso konferenciaze, 
Camoyalibebul iqna samSeneblo 
aerodinamikis asociacia. 

rogorc konferenciaTa masalebi 
gviCveneben, paralelurad viTardeba rogorc 
eqsperimentuli midgomebi, aseve, Teoriuli 
gaTvlis meTodebi: sasrul-sxvaobaTa da 
pirdapiri, variaciuli meTodebi samSeneblo 
aerodinamikis amocanebis amosaxsnelad. 
amitom, Cven ganvixilavT rogorc 
statistikur(liuvilisa da bolcmanis) 
midgomas, aseve, hidroaerodinamikur navie-
stoqsis midgomas. 
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1.1. liuvilis maTematikuri modeli 
 
 

  im SemTxvevaSi, roca sistema Sedgeba 
metad mravalricxovani nawilakebisagan, 
TiTouli nawilakisaTvis lagranJis 
gantolebis Cawera, an moZraobis gantolebis 
romelime sxva formiT Cawera, ar gvaZlevs 
saimedo Sedegs, radgan kompiuteris 
operatiul mexsierebac Semofarglulia, 
amasTan SeuZlebelia sawyisi pirobebis 
zusti codnac.  
 aseT SemTxvevaSi, magaliTad, Tu saqme 
gvaqvs gazTan, siTxesTan, an deformirebad 
sxeulTan, romlebic uamravi 
molekulebisagan Sedgeba, Cven ver 
gamoviyenebT pirdapir, Teoriuli meqanikis 
cnobil modelebs, amitom, unda veZioT sxva 
maxasiaTeblebi da ganmsazRvreli 
parametrebi, romlebic Sesaswavl garemos 
ara molekulur doneze, aramed ufro 
globaluri – saSualo maxasiaTeblebis 
doneze warmoadgenen [25-38]. an, ganvixiloT 
sistemis albaTuri, statistikuri 
maxasiaTeblebi.  
 
 sistemis, albaTuri, statistikuri 
maxasiaTeblebiT modelirebas axdenen 
ststistikur meqanikasa da kvantur fizikaSi. 
 ganvixiloT, hamiltonis gantolebebi 
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i

i
p

H
q








   ,   
i

i
q

H
p








.               (1.1) 

n-materialuri wertilisaTvis, rodesac 
n-imdenad didia, rom wertilTa sawyisi 

ganlagebani )0(iq  da maTi sawyisi impulsebi 

)0(ip  - ganisazRvrebian mxolod garkveuli 

albaTobiT, garkveul sazRvrebSi magaliTad, 

1sm 3  gazi normalur pirobebSi Seicavs 

daaxloebiT 10 23  molekulas, amitom cxadia, 
rom SeuZlebelia maTi zusti ganlagebisa da 
impulsebis dadgena.  

Tu CtqpfN ),,(


-aris (1.1) sistemis 

pirveli integrali anu Tu is Seesabameba, 
mocemuli sistemis realur moZraobas, maSin 
sistemis moZraobisas is rCeba mudmivi, e.i.  

0
dt

df N .                                         (1.2) 

 magram, Tu gavSliT (1.2) tolobas 
sruli warmoebulis formuliT, miviRebT 
gantolebas: 

 










i

i

i

N
i

i

NN p
p

f
q

q

f

dt

df
0)(  .             (1.3) 

 am gantolebaSi, Tu SevitanT (1.1) 
formulebs, miviRebT 

 




















i ii

N

ii

NN

q

H

p

f

p

H

q

f

dt

df
0)( .             (1.4) 

am gantolebas liuvilis gantolebas 
uwodeben. Tu gamoviyenebT puasonis 
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frCxilebis cnebas, liuvilis (1.4) gantoleba 
gadaiwereba saxiT: 

  0 fH
dt

df N .                    (1.5) 

Tu, gaviTvaliswinebT sistemis statistikur 

ganxilvas da Nf -funqcias ganvixilavT, 

rogorc SesaZlo sawyisi monacemebis 

ganawilebis simkvrives, maSin (1.5) liuvilis 
modeli, swored is modelia, romelic 
safuZvlad udevs mTel statistikur 
meqanikas.  

 (1.5)-modeli aRwers, (p,q)---(p+dp, q+dq) 
fazur sivrceSi, sistemis yofnis  

Nf -albaTobis simkvrivis ganawilebas drois 

mixedviT, Tu, ar xdeba sxva-dasxva 
nawilakebis urTierTSejaxeba. xolo, Tu 
gvinda gaviTvaliswinoT sistemaSi Semavali 
materialuri wertilebis Sejaxebebic, maSin 
unda mivmarToT bolcmanis maTematikur 
models. 

 

1.2. bolcmanis maTematikuri modeli 
 

 ganvixiloT gazi, romelic Seicavs N-
erTnair molekulas, romlebic moTavsebuli 
arian V moculobis WurWelSi. dauSvaT, rom 
molekulebi warmoadgenen idealurad drekad 
burTulebs. Sejaxebisas, molekulebis 
sruli energia da impulsi inaxeba (ar 
icvleba). gazis simkvrive imdenad mcirea, rom 
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ori molekulis Sejaxebaze, mezobeli 
molekulebi ar moqmedeben. amasTan, Cven 
SemovifarglebiT TiTqmis idealuri gaziT.  

 avRniSnoT vdvfN


)( -im molekulebis 

raodenoba )( N  romelTa siCqareebis 

komponentebic moTavsebuli arian xv  da 

xx dvv  , yv  da yy dvv  , 
zv  da 

zz dvv  -s Soris. 

)(vf N


- funqcias uwodeben siCqareebis 

ganawilebis funqcias. ganvixiloT 
erTgvarovani da izotropiuli gazi da 
ugulvebel-yoT gareSe moqmedi Zalebi. aseT 
SemTxvevaSi, ganawilebis funqcia araa 
damokidebuli sivrciT koordinatebze da 
damokidebulia, mxolod siCqaris sidideze, 

e.i.  )()( 2vfvf NN 


. ganawilebis funqciis 

normirebis pirobas aqvs saxe: 





 Nvdvf N


)( .            (1.6) 

cxadia, rom usasrulo siCqareebi ar 

arsebobs, amitom Nf -funqcia unda qrebodes 

 -saken )(v


-s miswrafebisas. gazi imyofeba 

molekuluri qaosis mdgomareobaSi. 
ganvixilavT mxolod iseT SemTxvevas, roca 
ejaxeba ori molekula. (e.i. sami molekulis 
an metis erTdrouli dajaxeba ar 
ganixileba). vTqvaT, dajaxebamde molekulebs 
hqondaT v


 da 

1v
  siCqareebi. dajaxebis 

Semdeg, maTi siCqareebia v 

 da 

1v 
 . 
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vgulisxmobT, rom maSin erT-erTi 
uaxlovdeba meores vvg


 1

 fardobiTi 
siCqariT da scildeba mas vvg 


1

 
siCqariT. dajaxebis mimarTuleba avRniSnoT 
erTeulovani n


-veqtoriT, mimarTulia g


 da 

g 

-s Soris kuTxis biseqtrisis gaswvriv. 

maSin,  

)( gnnvv

  ;    gg  ;                   (1.7) 

)(11 gnnvv

 .                             (1.8) 

Tu, gamovTvliT (1.7) da (1.8) gardaqmnis 
iakobians mocemuli n


 da g


 veqtorebisaTvis, 

miviRebT rom  

11 vdvdvdvd 


.                (1.9) 
ase, rom siCqareebis fazur sivrceSi 
elementaruli moculoba dajaxebis mimarT 
invariantulia.  
 ganvixiloT nawilak-samiznis zedapiris 
koncentruli sfero romlis radiusicaa a  da 
avagoT Sejaxebis cilindri, romlis fuZec 
mdebareobs sferos zedapirze da centrebis 
xazze. cilindris msaxveli paraleluria 
pirveli nawilakis siCqarisa dajaxebamde. 
vTqvaT, daxrili cilindris fuZis farTobia 

 dda sin2  , xolo msaxvelis sigrZea 
1wm g . drois erTeulis ganmavlobaSi 
samiznes daejaxebian yvela nawilakebi, 
romelTa siCqareebic moTavsebulia 

),( 111 vdvv


  SualedSi, xolo centrebi 

vardebian am cilindrSi. aseTi nawilakebis 



 

 

25 

 

raodenobaa vdvfN


)(  gamravlebuli cilindris 

moculobaze: 

 dggIvdvfddagvdvf NN ),()(cos)sin()( 2 


(1.10) 

sadac 

 ddd sin ;                (1.11) 
  -gabnevis kuTxea, 
 ),( gI   - gabnevis kveTia, romelic 

Cvens SemTxvevaSi udris 
4

2a  

 aseTi gabnevis centrebis raodenoba, 
anu im molekulebis raodenoba, romelTa 
siCqareebic moTavsebulia ),( 111 vdvv


  

SualedSi, udris vdvfN


)( . amitom, aRniSnuli 

tipis dajaxebaTa raodenoba drois 
erTeulSi iqneba: 
 

 dggIvdvdvfvfA NN ),()()( 11 


.              (1.12) 

arseboben, agreTve mocemuli dajaxebebis 
Seqceuli dajaxebebic, romelTa raodenoba: 

 dggIvdvdvfvfB NN ),()()( 11 


.            (1.13) 

ganawilebis funqciis sruli cvlileba 

vd
dt

df N   iqneba B-A sxvaobis integrali 
1v


,
1v 
  

da kuTxeebis mixedviT:  

  dvdggIffff
dt

df
NNNN

N
111 ),()(


 .         (1.14) 

sadac )(vff NN


 , )( 11 vff NN


 , )(vff NN




, 

)( 11 vff NN



.            (1.15) 
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(1.14) gantolebas bolcmanis gantolebas 
uwodeben. 
 statikuri meqanikis ZiriTadi amocanaa, 
gamosaxos makroskopuli sidideebi: T-
temperatura, p-wneva,   -simkvrive da a.S. 

ganawilebis albaTobaTa Nf  simkvrivis 

meSveobiT fazur sivrceSi. uwyvet tanTa 
meqanikis modelebis Sesadgenad gamoiyeneba 
tenzoruli aRricxva da Senaxvis kanonebi.  
 

1.3. tenzoruli aRricxvis elementebi 
 
 
 tenzoruli algebra aris veqtoruli 
aRricxvis ganzogadoeba mrudwiruli 
koordinatebis SemTxvevaSi. tenzoruli 
aRniSvnebi saSualebas gvaZleven 
gavamartivoT uwyvet tanTa maTematikuri 
modelebi.  
 tenzorul algebraSi a


 - veqtoris 

komponentebis aRsawerad gamoiyeneben 
simbolur aRniSvnebs:  

ia da
ia ;                              (1.16) 

 Tu indeqsebi Cawerilia zemoT – maSin 
maT uwodeben a


-veqtoris  

ia -kontravariantul komponentebs, xolo Tu, 
indeqsebi Cawerilia qvemoT, maSin maT 

uwodeben a

-veqtoris ia -kovariantul 

komponentebs.  
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 tenzoris, kontravariantuli da 
kovariantuli komponentebis gansasazRvrad, 

ganvixiloT erTi 
i -mrudwiruli 

koordinatTa sistemidan meore 
ix -

koordinatTa sistemaze gadasvlis 
formulebi. 

 

nax. 1.1. 
i da 

ix  mrudwiruli koordinatTa 
sistemebia 

 
vTqvaT, gardaqmnis formulebs aqvs saxe: 

O 

3
 2

 
1

O 

3x  
2x

 
1x
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













),,(

),,(

),,(

32133

32122

32111







xx

xx

xx

.               (1.17) 

es sami formula simboluri aRniSvnebiT 
Caiwereba erT striqonSi: 

),,( 321 ii xx           (1.18) 
 CavTvaloT, rom (1.8) gardaqmnebi arian, 
urTierTcalsaxa da ormxriv uwyvetni 
(homeomorfizmi), P-wertilis midamoSi. maSin, 
cxadia rom gardaqmnis iakobiani am 
wertilSi gansxvavdeba nulisagan, anu 
 

i

ix
J




  ,       0det J .              (1.19) 

 am SemTxvevaSi, aracxadi funqciis 

Sesaxeb Teoremis ZaliT, (1.8) formulebi 
SeiZleba SevabrunoT P-wertilis midamoSi, 

anu amovxsnaT 
i -koordinatebis mimarT, 

),,( 321 xxxii                   (1.20) 

(1.8) formulebis bazaze, davadginoT Tu 
rogor gardaiqmnebian Sesabamisi 
koordinatebis diferencialebi.  

      3IRP  wertilis midamoSi, (1.18)-dan 
miviRebT: 

3

3

2

21

1

1









d

x
d

x
d

x
dx

iii
i














 .        (1.21) 
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simboluri aRniSvnebis meSveobiT (1.21) 
gadaiwereba mokled: 

j

j

i
i d

x
dx 




 .           (1.22) 

 am formulaSi gamoyenebulia 
ainStainis SeTanxmeba Sejamebis Sesaxeb, e.i. 
roca romelime Canaweris erT wevrSi, orjer 
meordeba romelime indeqsi, maSin 
igulisxmeba rom am j-indeqsiT xdeba Sejameba 

3,1j . 

 gansazRvreba: im j-indeqss, romliTac 
xdeba Sejameba – yru indeqsi ewodeba.  
 zogadobis SeuzRudavad, yru indeqsi 
SeiZleba Seicvalos nebismieri sxva 
indeqsiT, romelic ar gvxvdeba mocemul 
CanawerSi.  
 gansazRvreba: im indeqss, romelic 
erTwevrSi ar meordeba Tavisufali indeqsi 
ewodeba.  

 (1.22)-CanawerSi i-aris Tavisufali 
indeqsi, j-yru indeqsia.  
gansazRvreba: tenzoris komponentebis 
Tavisufal indeqsTa ricxvs – tenzoris 
rangi ewodeba.  

magaliTad: ia  da 
ia - pirveli rangis 

tenzoris (rangis) komponentebia; 

  
j

i

ij

ij aaa ,, -meore rangis tenzoris 

komponentebia ),,( 321 xxx -skalaruli 

funqcia, anu, nul-rangis tenzoria. 
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 gansazRvreba:  P-wertilSi gansazRvrul 
ia -sidideebs ewodebaT pirveli rangis 

tenzoris (veqtoris) kontravariantuli 
komponentebi, Tu koordinatTa sistemis 
Secvlisas, isini gardaiqmnebian, iseve, 

rogorc gardaqmnis formulebis (2.22) 

diferencialebi, anu, Tu Zvel sistemaSi 
ja  

da axal sistemaSi 
ia -komponentebi 

dakavSirebuli arian TanadobiT: 

j

j

i
i a

x
a




 .               (1.23) 

imisaTvis, rom gavigoT kontravariantuli 
komponentebis arsi, avagoT mrudwiruli 
koordinatTa sistema (nax. 1.2) P-wertilSi, 
sadac modebulia  
a

-veqtori.  
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nax. 1.2. a


-veqtoris kontravariantuli 

komponentebis geometriuli inetrpretacia 
 

 gavavloT mrudwiruli 
ix -RerZebis 

mxebebi P-wertilSi. maSin a

-veqtoris 

kontravariantuli komponentebi warmoadgenen 

am veqtoris orTogonalur proeqciebs 
ia , 

Sesabamisi mrudwiruli RerZebis mxebis 
mimarTulebebze, romlebic gavlebulebi 
arian P-wertilSi. 
   meore rangis tenzoris kontravariantuli 
komponentebic gardaiqmnebian (1.23) 
formulebis analogiurad. 
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 gansazRvreba: P-wertilSi gansazRvrul 
ij -sidideebs ewodebaT meore rangis 

tenzoris kontravariantuli komponentebi, 
Tu koordinatTa Secvlisas, isini 
gardaiqmnebian formulebiT: 

mn

n

j

m

i
ij xx













 .                   (1.24) 

am formulebSi ainStainis SeTanxmebis 
Tanaxmad, igulisxmeba ormagi Sejameba m da 
n yru indeqsebiT, xolo i da j – Tavisufali 
indeqsebia. 
 ufro maRali rangis tenzoris 
kontravariantuli komponentebi 
ganisazRvrebian analogiurad.  
 exla ganvixiloT tenzorebis 
kovariantuli komponentebi. amisaTvis, 
dagvWirdeba  -funqciis gradientis 

gardaqmnis formulebis Seswavla. Tu, 

mocemuli gvaqvs ),,( 321 xxx - skalaruli 
funqcia, maSin misi gradienti simboluri 
aRniSvnebiT Caiwereba Semdegnairad:  

jx


.               (1.25)    

                               
cxadia rom 

i

j

ji

x

x 




















.                       (1.26) 
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(1.26) – formulaSi igulisxmeba Sejameba j-
yru indeqsiT (es aris rTuli funqciis 
warmoebuli), i-Tavisufali indeqsia. 

gansazRvreba: P-wertilSi gansazRvrul ia  - 

sidideebs ewodebaT pirveli rangis 
tenzoris (veqtoris) kovariantuli 
komponentebi, Tu koordinatTa mrudwiruli 
RerZebis gardaqmnisas, Zvel koordinatTa 

sistemaSi ja da axal koordinatTa sistemaSi 

ia  dakavSirebuli arian erTmaneTTan 

skalaruli funqciis gradientis gardaqmnis 

(1.26) formulebis msgavsad: 

ji

j

i a
x

a



 .                                (1.27) 

am formulebSi j-yru indeqsia (xdeba Sejameba 
am indeqsiT), i-Tavisufali indeqsia. 
 meore rangis tenzoris kovariantuli 
komponentebis gansazRvrisTvis gamoiyeneba 

(2.27) formulebis msgavsi gardaqmnebi. 

gansazRvreba: P-wertilSi gansazRvruli ij  

sidideebs ewodebaT meore rangis 
kovariantuli komponentebi, Tu koordinatTa 
gardaqmnisas isini gardaiqmnebian 
formulebiT: 

mnj

n

i

m

ij

xx













  .            (1.28) 
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am formulebSi m da n yru indeqsebia 
(ormagi jamia), xolo i da j – Tavisufali 
indeqsebia. 
 pirveli rangis tenzoris (veqtoris) 
kovariantuli komponentebis geometriuli 

azris asaxsnelad, ganvixiloT nax.1.3 
pirveli rangis tenzori, anu, 
a

-veqtori modebulia P-wertilSi.  

 
 

 
nax. 1.2. a


-veqtoris kovariantuli 

komponentebis geometriuli interpretacia 
 

a

-veqtoris 1a  - kovariantuli komponenta 

warmoadgens a

-veqtoris orTagonalur 
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proeqcias 
2x  da 

3x  RerZebze moWimuli 
minimaluri zedapiris P-wertilSi aRmarTul 
dadebiT normalur (perpendikular) 
mimarTulebaze,  

 321

32

1
ˆˆˆ

ˆˆ
ˆ

eee

ee
e




;                             (1.29) 

aq 
321 ˆ,ˆ,ˆ eee - P-wertilSi gansazRvruli 

kontravariantuli bazisia 
321 ,, xxOx  

mrudwiruli koordinatTa sistemisaTvis, 
romelTac aqvs RerZebisadmi mxebi 

mimarTuleba, 
321 ˆ,ˆ,ˆ eee  - Sesabamisi 

kovariantuli bazisia, sadac 

 321

13

2
ˆˆˆ

ˆˆ
ˆ

eee

ee
e




   ,      321

21

3
ˆˆˆ

ˆˆ
ˆ

eee

ee
e




.     (1.30) 

 

      xolo  321 ˆˆˆ eee  - kontravariantuli 
bazisis veqtorebis Sereuli namravlia.  
 maSasadame, sabolood SegviZlia 

vTqavT, rom a

-veqtoris, ia -kovariantuli 

komponentebi warmoadgenen a

-veqtoris 

orTogonalur proeqciebs, Sesabamisi  

iê - kovariantuli bazisis veqtoris 

mimarTulebaze. 

P.S.  Tu gamoviyenebT (1.28) gardaqmnis 
formulebis analogiur formulebs, 
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SegviZlia SemoviyvanoT ufro maRali rangis 
tenzorebis kovariantuli komponentebis 
cnebac.  
 zogjer, ganixilaven tenzoris Sereul 
komponentebs, e.i. iseT komponentebs, 
romlebsac zogierTi indeqsi aqvT 
kovariantuli da zogic kontravariantuli.  
 ganvixiloT mesame rangis tenzoris 
Sereuli komponentebi.  
gansazRvreba: P-wertilSi gansazRvruli 

..

.

m

nqT -sidideebs ewodebaT mesame rangis 

tenzoris Sereuli komponentebi, Tu 
koordinatTa gardaqmnisas, isini 
gardaiqmnebian formulebiT: 

..

.

..

.

m

nqp

q

s

n

m

r
r

sp T
xx

x
T 



















.    (1.31) 

SeniSnva: am komponentebSi s da p –
kovariantuli indeqsebia, r-
kontravariantuli. marjvena mxareSi, 
igulisxmeba Sejameba sami indeqsiT (sammagi 
jami) m, n da q.  

 

1.4. simboluri aRniSvnebi 
 

 maTematikuri modelebis kompaqturad 
Casawerad iyeneben simbolur aRniSnvebs 
(xSirad ganixilaven dekartul tenzorebs). 
 ganvixiloT velis Teoriis 
operatorebi (rogorc dekartuli tenzorebi, 



 

 

37 

 

sadac ar ansxvaveben kontravariantul da 
kovariantul komponentebs): 
skalaruli velis gradienti 























321

321 ,,),,(
xxx

xxxgrad
def 

 .   (1.32) 

simboluri aRniSvnebiT Caiwereba 
Semdegnairad:   

 i,                      (1.33)                                               

maSasadame, 

 11,
x





  ;  22,

x





  ;  33,

x





 . (1.34) 

analogiurad, v

-veqtoruli velis 

divergencia,  

 























1

3

1

2

1

1

x

v

x

v

x

v
vdiv

def
.     (1.35) 

 
simboluri aRniSvnebiT Caiwereba ase:   

i
iv .,                            (1.36) 

aq i-yru indeqsia (igulisxmeba Sejameba i-

indeqsiT). 
 veqtoruli v


-velis rotori, rogorc 

viciT gamoiTvleba determinantiT: 

321

321

321 ˆˆˆ

vvv
xxx

eee

vrot
def















.     (1.37) 
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am operatoris Casawerad simboluri formiT, 
unda ganvixiloT levi-Civitas 

fsevdotenzori, romlis kovariantuli ijk -

komponentebic ganisazRvrebian formuliT: 

 










,0

,1

,1

ijk                          Sesabamisad,                                                       

(1.38) 
Tu, (i,j,k) luwi Casmaa (gadanacvleba) (1,2,3)-
dan; 
Tu, (i,j,k) kenti Casmaa (gadanacvleba) (1,2,3)-
dan; 
Tu, (i,j,k)-Si, romelime ori an samive indeqsi 
erTmaneTis tolia. 

magaliTad: 1312  , 1132  , 0122      da a.S.  

 levi-Civitas fsevdotenzoris ijk -

komponentebi, saSualebas gvaZleven 
kompaqturad CavweroT ori veqtoris 
veqtoruli namravli. magaliTad, Tu  

bac


 ;                     (1.39) 
maSin  

kjijki bac  .               (1.40) 

 
aseve, sami veqtoris Sereuli namravli,  
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  
321

321

321

)(

ccc

bbb

aaa

bacbacba kjijk  


. (1.41) 

maSasadame, levi-Civitas tenzoris 
kovariantuli komponentebis meSveobiT, 
mokled Caiwereba veqtoruli namravli, 
Sereuli namravli da aseve determinantic.  
 radagan veqtoruli v


-velis rotori 

warmoadgens nabla  



-operatorisa da v


-veqtoris, veqtorul 

namravls 
vvrot


                                                  
(2.42) 
simbolurad, velis rotoris komponentebi 
Caiwerebian formuliT: 

 jkijki vvrot ,)( 


.           (1.43) 

ganvixiloT exla, laplasis  -operatori: 

 2

3

2

2

2

2

2

1

2

xxx 















 .            (1.44) 

simbolurad, Caiwereba formiT  ii,  .                    

(1.45) 
aq i-yru (munji) indeqsia e.i. igulisxmeba 
Sejameba. 
 simbolur aRniSnvebSi gawarmoebis 
operatori aRiniSneba mZimeTi, yvela indeqsi 
romelic mZimes moyveba, warmoadgens im 
cvladis indeqss, romliTac xdeba 
gawarmoeba. magaliTad: 
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ij

ji

T
xx

T
,

2





 ;  mnij

nm

ij

xx
,

2








.    (1.46) 

 
 

1.5. operatorebi tenzorebze. metrikuli 
tenzorebi 

 
   
gansazRvreba: ori tenzoris gare namravli 
ewodeba iseT tenzors, romlis 
komponentebic warmoadgenen Tanamamravli 
tenzorebis komponentebis yvela SesaZlo 
namravls. magaliTad: 

 ijji Tba          ijkjki TTv  .       

P.S. gare namravlis rangi warmoadgens 
TanamamravlTa rangebis jams.  

 211  jiij rangbrangarangT  

gansazRvreba: tenzoris naxvevis operacia, 
ewodeba iseT operacias, roca erTmaneTs 
utoldeba romelime ori indeqsi da xdeba 
Sejameba am indeqsiT.  

magaliTad: ijk -tenzoris komponentebze 

naxvevis operacia mogvcems: ijjijiiik   . 

P.S. naxvevis operaciis Sedegad, tenzoris 
rangi mcirdeba oriT.  



 

 

41 

 

magaliTad: meore rangis tenzoris naxvevi – 

skalaruli funqciaa, ij -s naxvevia ii -

skalari.  
gansazRvreba: ori tenzoris Siga namravli, 
ewodeba iseT namravls, romelzedac 
moqmedebs iseTi naxvevis operacia, rom 
utoldebian romelime ori indeqsi 
sxvadasxva Tanamamravlebidan.  
magaliTad: Tu gvaqvs ori veqtori (pirveli 

rangis tenzorebi) a

 da b


, maSin maTi gare 

namravlia jiba , xolo Siga namravli iqneba: 

iiba -e.i. skalaruli namravli.  

 maRali rangis tenzorebs gaaCniaT 
ramodenime Siga namravli. 

magaliTad: Zabvis- ij  tenzorisa da 

deformaciis mn  tenzorebisaTvis, gvaqvs 

Siga namravlebi: 

inij   ; miij   ;   jnij   ;  mjij .                                                                

(2.47)  
metrikuli tenzoris Semosatanad, 

ganvixiloT 
3IR -Si maxlobeli wertilebi 

P(x) da Q(x+dx). am or wertils Soris 
manZilis diferencialis kvadrati, dekartis 
marTkuTxa koordinatTa sistemaSi aris: 

2322212 )()()( dxdxdxds  .    (1.48) 
simbolur aRniSvnebSi gvaqvs Canaweri: 
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iidxdxds 2
.                  (1.49) 

Tu, gadavalT mrudwiruli koordinatTa 
sistemaSi  

q

q

i
i d

x
dx 




    da 

p

p

i
i d

x
dx 




   (1.50) 

maSin (4.49) miiRebs saxes: 

pq

p

i

q

i
p

p

i
q

q

i

dd
xx

d
x

d
x

ds 






 
















2

 (1.51) 

SemoviRoT aRniSvnebi: 

p

i

q

i

qp

xx
g

 






 .                      (152) 

qpg -warmoadgenen meore rangis tenzoris 

komponentebs, romelsac metrikul tenzors 
uwodeben.  
 or maxlobel wertils Soris manZilis 

(2.51) kvadrati, (2.52)-metrikuli tenzoris 
meSveobiT moicema mrudwirul koordinatTa 
sistemaSi:  

ji

ij ddgds 2
.             (1.53) 

gansazRvreba: mravalsaxeobas, sadac metrika 
(manZili) ganisazRvreba dadebiTad-

gansazRvruli (1.53) kvadratuli 
diferencialuri formiT-rimanis 
mravalsaxeoba ewodeba. 
 rimanis mravalsaxeobaSi ar arsebobs 
erTiani dekartis koordinatTa sistema 
mTeli sivrcisaTvis da es aris sivrcis 
Sinagani Tviseba. or wertils Soris 



 

 

43 

 

umoklesi manZili, rimanis mravasaxeobaSi 
SeiZleba iyos raRac mrudi (da ara wrfis 
monakveTi), romelsac geodeziur wirs 
uwodeben. es cneba SemoiRo gausma, romelic 
swavlobda sferos zedapirze manZilebis 
gamoTvlis amocanas (dedamiwisTvis). 
 zogad SemTxvevaSi metrikuli tenzoris 

ijg  komponentebi damokidebuli arian sivrciT 

koordinatebze. Tu, metrikuli tenzori ar 
aris damokidebuli sivrciT cvladebze, 
maSin aseT sivrces erTgvarovan rimanis 
mravasaxeobas uwodeben.  
 imis miuxedavad, rom rimanis sivrceSi, 
sazogadod, SeuZlebelia erTiani dekartuli 
koordinatTa sistemis Semotana, am sivrcis 
nebismieri wertilisaTvis SegviZlia 
SemoviRoT lokaluri(adgilobrivi) dekartis 
marTkuTxa koordinatTa sistema, romelic 
mogvcems saSualebas SeviswavloT am 
wertilis maxlobeli areebis geometria. 
aseT areebs – ruqebs uwodeben, xolo 
ruqebis erTobliobas uwodeben rimanis 
sivrcis atlass. 

 metrikuli tenzoris 
kjg -

kontravariantuli komponentebi 
ganisazRvrebian formuliT: 

k

i

jk

ji

kj

ij gggg  .                   (1.54) 

sadac 
k

i –kronekeris tenzoris Sereuli 

komponentebia. (1.54) tolobidan Cans, rom 
metrikuli tenzoris kontravariantuli 
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komponentebis 
kjg -matrica, warmoadgens misi 

ijg -kovariantuli komponentebis matricis 

Sebrunebul matricas.   
 metrikuli tenzoris komponentebi 
saSualebas gvaZleven SemoviRoT indeqsTa 
Jonglirebis operacia, anu maTi awev-dawevis 
operacia. 
magaliTad:  

i

kkj

ij TTg   ;               (1.55) 

jmn

i

mnij TTg  .             (1.56) 

 gansazRvreba: iseT tenzorebs, 
romelTaTvisac ganixileba koordinatTaA 
sistemis mxolod orTogonaluri 
gardaqmnebi, dekartuli tenzorebi ewodebaT.  
 dekartuli tenzorebisaTvis, 
metrikuli tenzoris komponentebi emTxvevian 
kronekeris tenzoris komponentebs: 

ijijg  ;               (1.57) 

sadac   

 





0

1
ij    

Sesabamisad, 
            Tu, i=j ;  

            Tu, i j. 

anu ij -komponentebi adgenen erTeulovan 

matricas.  
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SeniSvna: dekartuli tenzorebisaTvis 
kontravariantuli da kovariantuli 
komponentebi erTmaneTs emTxvevian.  
 
 
 

1.6 meore rangis tenzoris invariantebi. 
Hhamilton-kelis Teorema 

 
 ganvixiloT, meore rangis T tenzoris 
Siga namravli, pirveli rangis n tenzorze: 

  nTv

 ;                               (1.58)  

es toloba komponentebSi miiRebs saxes: 

   jiji nTv  ;                              (1.59)                                                                   

 meore rangis T tenzors SeiZleba 
SevxedoT, rogorc wrfiv operators, 
romelic moqmedebs n


 veqtorul velze da 

gvaZlevs axal v

veqtorul vels.  

ismis kiTxva: arseboben, Tu ara iseTi n

 

veqtorebi, romlebic wrfivi T operatoris 
moqmedebis Semdeg, ar icvlian moqmedebis 
wrfes, anu  
 –invariantulni arian T operatoris 
mimarT? 
pasuxi: Tu n


 veqtori invariantulia T 

operatoris mimarT, maSin nv



  anu 

ji nv   ;                  (1.60) 

sadac  –nulisgan gansxvavebuli ricxvia, 
maSin  

    jjij nnT   .               (1.61) 
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aseT, invariantul mimarTulebebs, meore 
rangis T tenzoris mTavar mimarTulebebs 
uwodeben, xolo Sesabamis  -ricxvebs, 
mTavari mimarTulebis Sesabamis sakuTriv 
ricxvebs (mnisvnelobebs) eZaxian.    
cxadia, rom 

 jiji nn   ;           (1.62) 

 amitom, Tu SevitanT (1.61)-Si, 
gadavitanT marcxena mxareSi da frCxilebs 

gareT gavitanT jn -s, miviRebT wrfiv 

gantolebaTa erTgvarovan sistemas jn -is 

mimarT: 

  0)(  jijij nT  .                (1.63) 

 es aris wrfivi erTgvarovani 
gantolebaTa sistema. imisaTvis, rom mas 

hqondes aranulovani jn  amonaxsni, 

aucilebelia da sakmarisi, rom adgili 
hqondes gantolebas: 

0 ijijT  .         (1.64) 

am gantolebas saukunovan(maxasiaTebel) 
gantolebas uwodeben, radgan is Semovida 
ganxilvaSi cis meqanikis amocanebidan 
(planetaTa orbitebis saukunovani 

cvlilebebis Seswavlidan). gaSlilad (1.64) 
gantoleba Caiwereba ase: 

023  TTT IIIIII  .                  (1.65) 
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am gantolebas, maxasiaTebel gantolebas 
uwodeben, xolo skalaruli koeficientebi 

TI , 
TII  da 

TIII  warmoadgenen ijT -meore rangis 

tenzoris invariantebs. 

 ijjjT trTTI        (matricis kvali) (2.66) 

 )(
2

1
ijijjjiiT TTTTII     (meore invarianti) (2.67) 

ijijT TTIII det       (mesame invarianti) (2.68) 

(2.65) gantolebis 
1 ,

2 , 3  - fesvebs, ijT -

tenzoris mTavari (sakuTrivi) mniSvnelobebi 
ewodebaT.  

simetriul tenzorebs (namdvil 
ricxvTa simravles zemoT), yovelTvis aqvs 
namdvili sakuTrivi mniSvnelobebi. Tu, isini, 
yvela gansxvavebulia erTmaneTisagan, maSin, 
maTi Sesabamisi mTavari mimarTulebebi 
urTierTperpendikularulia.  

mTavar RerZebSi, meore rangis tenzors 
aqvs saxe: 



















3

2

1

00

00

00







T  .      (1.69) 

 
Tu, 

21   , maSin tenzoris 

diagonaluri saxe araa damokidebuli maTi 
Sesabamisi mimarTulebebis arCevaze da 

damokidebulia mxolod 3 -is Sesabamis 
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mimarTulebaze. Tu 
1 =

2 = 3  maSin yvela 

mimarTuleba mTavari mimarTulebaa.  

321 xxOx -dan, mTavar 


321 xxOx  RerZebze, 

gadasvlis matricas aqvs saxe: 
 

 
1x  2x  3x  



1x  
)1(

111 na   
)1(

212 na   
)1(

313 na   



2x  
)2(

121 na   
)2(

222 na   
)2(

323 na   


3x  
)3(

131 na   
)3(

232 na   
)3(

333 na   

sadac 
)( j

in aris j-iuri mTavari 

mimarTulebis mimmarTveli kosinusebi. 

imisaTvis, rom ijT -meore rangis 

tenzoris komponentebi gadaviyvanoT mTavar 

mimarTulebebSi T , saWiroa gamoviyenoT 
gardaqmna: 

TATAT   .               (1.70) 
 

sadac 


















)3(

3

)3(

2

)3(

1

)2(

3

)2(

2

)2(

1

)1(

3

)1(

2

)1(

1

nnn

nnn

nnn

A   . (1.71) 

gadasvlis matricaa, xolo 
TA -misi 

transponirebuli matrica. pirvel striqonSi 

(2.71) gvaqvs pirveli 
1  sakuTrivi ricxvis 

Sesabamisi sakuTrivi veqtoris komponentebi, 
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meoreSi 
2 -is Sesabamisi sakuTrivi veqtoris 

komponentebi, xolo mesameSi, 3 -is Sesabamisi 

sakuTrivi veqtoris komponentebi. 

hamilton-kelis Teorema:  meore rangis 
tenzoris komponentebis matrica 
akmayofilebs Tavis saukunovan 
(maxasiaTebel) gantolebas.  
damtkiceba: meore rangis tenzoris 
komponentebis matrica gadaviyvanoT mTavar 
RerZebSi, maSin mas eqneba saxe: 

   


















3

2

1

00

00

00







T  .          (1.72) 

ganvixiloT misi kvadrati, maSin miviRebT 

  TTT
2

 da maSasadame, 

   


















3
2

2
2

1
2

2

00

00

00







T .                  (1.73) 

aseve vpoulobT, rom 
  TTT 23 )()(  da 

   


















3
3

2
3

1
3

3

00

00

00







T .                  (1.74) 

Tu, SevadarebT (1.69), (1.72), (1.73), (1.74) 
davinaxavT, rom tenzors da mis xarisxebs 
erTnairi sakuTrivi (mTavari) mimarTulebebi 
aqvT. yvela sakuTrivi mniSvnelobebi 

akmayofileben (1.65) maxasiaTebel 



 

 

50 

 

gantolebas, amitom TviT T tenzoric 
akmayofilebs maxasiaTebel gantolebas  

  023  EIIITIITIT TijTijTij .  (1.75) 

sadac EE-erTeulovani matricaa.  
am Tanadobas Hhamilton-kelis Tanadoba 
ewodeba.  

Sedegi: (1.75)-dan gamomdinareobs, rom 

  EIIITIITIT TijTijTij  23)( ;  (1.76) 

Tu, gavamravlebT (1.76) tolobas ijT -ze, 

miviRebT  

EIIIITIIIIIITIII

TIIITIIEIIITIITIITIIITIITIT

TTijTTTijTT

ijTijTTijTijTTijTijTijTij





)()(

)()(

22

22234

     (1.77) 
kidev erTxel Tu gavamravlebT (1.77) 

tolobas ijT -ze miviRebT 
5)( ijT -s  

 
gamosaxulebas, Tu gamoviyenebT wina 
formulebs miviRebT sabolood, rom meore 
rangis tenzoris komponentebis matricis 
nebismier xarisxs aqvs saxe: 

2

210 ))(,,(),,(),,()( ijTTTijTTTTTT

n

ij TIIIIIITIIIIIIEIIIIIIT   .(1.78)  

 simboluri aRniSvnebiT integraluri 
formulebi Caiwereba Semdegnairad:  
 stoqsis Teorema: 

  
s

jkijki
c

ii dsFndxF ,    (1.79) 

  
      gausis Teorema: 
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   
 dsnvdv iiii ,               (1.80) 

 
 

1.7. Zabvisa da deformaciis tenzorebi 
 

 uwyvet tanTa meqanikis maTematikuri 
modelebi emyarebian iseT ZiriTad cnebebs, 
rogoricaa Zabva da deformacia.  
 Zabvis  -tenzori – meore rangis 
tenzoria, anu mas gaaCnia komponentebisagan 
Semdgari matrica: 
 

 


















333231

232221

131211







 ij .          (181) 

 am matricaSi, diagonalur 
11 ,

22 , 33 -

komponentebs normaluri Zabvebi ewodebaT, 
radgan isini iwveven gaWimva-SekumSvis 
deformacias.  
 Zabvis tenzoris danarCen komponentebs, 
mxeb Zabvebs uwodeben da isini iwveven 
sxeulis formis cvlilebas.  
 Zabvis tenzoris cneba – ganazogadoebs, 
meqanikuri Zabvis cnebas sivrciTi 
sxeulisaTvis. amitom, jer ganvixiloT 
meqanikuri Zabvis cneba: 
 gansazRvreba: meqanikuri Zabva  –aris 
sidide, romelic izomeba zedapiris n


 



 

 

52 

 

normalis mimarTulebiT S-farTis erTeulze 

moqmedi nF –Zalis sididiT.  

 

S

Fn .                                (1.82)  

 
 

nax. 1.4. meqanikuri Zabva 
 
 sruliad analogiurad, deformaciis   -
tenzoris cneba warmoadgens, Zelis 
fardobiTi  -wagrZelebis cnebis sivrcul 
ganzogadoebas. 

gansazRvreba: Zelis fardobiT  -
wagrZelebas deformacia ewodeba. 
deformacia Zelis gaWimvisas gamoiTvleba 
formuliT: 

0

0

l

ll 
 .                            (2.86) 
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deformaciis tenzors 
3IR -Si Seesabameba 

komponentebis matrica 

 


















333231

232221

131211







 ij .    (1.84) 

    aq, iseve rogorc Zabvis tenzoris 

SemTxvevaSi,
11 , 

22 , 33  normaluri deformaciaa, 

anu  gaWimva-SekumSvis deformacia, xolo 
danarCeni komponentebi Seesabamebian formis 
cvlilebas, maT mxebi deformaciebi, zogjer 
Zvris deformaciebi ewodebaT.   

rogorc cnobilia, mcire 
deformaciebis SemTxvevaSi ( 1 ) drekadi 
sxeulebi emorCilebian hukis kanons: 

  E ;                                 (1.85) 
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sadac E-iungis modulia. iungis moduli im 
Zabvis tolia, romelic iwvevs erTeulovan 
deformacias, anu sigrZis gaormagebas 

( 021 le  ) 

hukis kanons zogjer Caweren ase: 

S

ll
E

S

Fn 0
 ;            (1.86) 

 Tu, Cven gvinda ganvazogadoT hukis 
kanoni sivrculi SemTxvevisaTvis, unda 
CavweroT wrfivi damokidebuleba Zabvisa da 
deformaciis tenzorebs Soris: 

 mnijmnij A   .                  (1.87) 

(1.85)-tolobidan gansxvavebiT ,sadac 
sakmarisi iyo masalis Tvisebebidan 
gamomdinare, gvepova erTi E-mudmivi 

(eqsperimentebiT), sivrcul (1.87) SemTxvevaSi 
gvaqvs 81 mudmivi (Tu masala erTgvarovania, 
Tu arada, sazogadod, 81-funqcia 
koordinatebze da droze damokidebuli), 
romelTa raodenobac izotropuli 
masalebisaTvis (roca masalis Tviseba araa 
damokidebuli mimarTulebaze) dadis 2 
mudmivamde, ase rom gvaqvs   da   

egreTwodebuli lames mudmivebi. am mudmivebs 
aqvT sxvadasxva mniSvneloba, sxvadasxva 
masalisaTvis da maSasadame, damokidebulia 
masalis gvarobaze.  
 Zabvisa da deformaciis tenzorebis 
komponentebis fizikuri azris asaxsnelad, 
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ganvixiloT drekadi masalidan amoWrili 

kubi nax. 1.5.  
 

 
nax. 1.5. Zabvis tenzoris komponentebis 

meqanikuri azris interpretacia 
 
 

 am naxazidan Cans, rom ij -aris Zabvis 

komponenti, romelic moqmedebs i-uri 
RerZebis normalur farTze, j-uri RerZis 
mimarTulebiT. aseTivea ,deformaciis 
tenzoris komponentebis meqanikuri azric.  
 zogjer, cdiloben gamoyon saSualo 
normaluri Zabvebi da mxebi Zabvebi. am 
mizniT, Zabvis tenzors warmoadgenen 
sferuli da deviatoruli nawilebis jamis 
saxiT.  
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 gansazRvreba: Zabvis tenzoris sferuli 
nawili ewodeba tenzors, romlis 
komponentebic moicema matriciT: 
 



















.

.

.

.

00

00

00

ср

ср

ср

ср E







 ;               (1.88) 

sadac 
33

332211

.





 ii

ср p  - saSualo 

normaluri Zabvaa. 
gansazRvreba: Zabvis tenzoris deviatoruli 
nawili ewodeba tenzors, romelic avsebs 
sferul tenzors, Zabvis srul tenzoramde, 
anu 

 
























.333231

23.2221

1312.11

)(

ср

ср

ср

ijS







; (1.89) 

ase, rom Zabvis tenzori simbolur 
aRniSvnebSi SeiZleba CavweroT formiT: 

 ijij
kk

ij S 



3

.            (1.90) 

advilad dasamtkicebelia, rom Zabvis 
tenzoris deviatoris pirveli invarianti 

nulis tolia (marTlac (1.89)-is mTavar 
diagonalze mdgari wevrebis jami nulis 
tolia).  
 analogiurad, deformaciis tenzoris 
komponentebic SeiZleba warmovadginoT 
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sferuli da deviatoruli nawilebis jamis 
saxiT.  

 ijij
kk

ij e 



3

.                 (1.91) 

sadac ije -deformaciis tenzoris deviatoris 

komponentebia.  

Tu, gamoviyenebT (1.91) formulas hukis 
kanonisTvis izotropuli masali SemTxvevaSi, 
maSin (1.87) gadaiwereba formiT: 

 ijijkkij  2 .             (1.92) 

mcire deformaciis SemTxvevaSi, e.i. roca 
gadaadgilebis gradientebi gacilebiT 
mcirea erTze, deformaciis tenzorisa da 
gadaadgilebis gradientis komponentebi 
dakavSirebuli arian TanadobiT: 

 )(
2

1
,, ijjiij uu  ;       (1.93) 

sadac iu -gadaadgilebis veqtoris 

komponentia. xolo Tu, deformaciebi araa 
mcire, anu gvaqvs sasruli deformaciebi, 
maSin (1.93)-is magivrad gvaqvs fizikurad 
arawrfivi deformaciebi. (eileris 
deformaciis tenzori) 

 )(
2

1
,,,, jkikijjiij uuuu  .        (1.94) 

Tu, drekadobis Teorias avagebT hukis (1.92) 

kanonze da deformaciis (1.93) tenzorze 
miviRebT wrfiv maTematikur models, xolo 
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Tu gamoviyenebT eileris arawrfivi 
deformaciis tenzors, miviRebT arawrfivi 
drekadobis maTematikur models, miuxedavad 
hukis kanonis wrfivi xasiaTisa. 
sinamdvileSi, masalaTa umravlesobas aqvs 
Tavisi deformaciis wesi (damokidebuleba 
Zabvebsa da deformaciebs Soris), romelsac 
reologias uwodeben zogjer. masalaTa 
reologiis dasadgenad saWiroa 
eqsperimentebis Catareba da Sedegebis 
statistikuri damuSaveba.  
 
 
 

1.8. hukis ganzogadoebuli kanoni da 
mudmivaTa matricebi, 

drekadi sxeulis Tvisebebis simetriis 
xarisxis mixedviT 

 
 wrfivad-drekadi masalebisaTvis hukis 
ganzogadoebuli kanoni gvaZlevs kavSirs 

Zabvis tenzoris ij  komponentebsa da 

deformaciis tenzoris ij  komponentebs 

Soris:  

 mnijmnij A   .                    (1.95) 

erTgvarovani masalebisaTvis ijmnA  

mudmivebisagan Semdgari matrices 
komponentebi ar arian damokidebuli sivrciT 
cvladebze. maTi raodenobaa 81. Tu, 
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gaviTvaliswinebT Zabvis tenzorisa da 
deformaciis tenzoris simetriulobas.: 

 jiij       da    nmmn   ;  (1.96) 

miviRebT, rom 

 jimnijmn AA    da  jinmijmn AA   (1.97) 

e.i. damokidebul mudmivaTa ricxvi 81-dan 
mcirdeba 36-mde. 
Tu arsebobs deformaciis W energies 
funqcia, anu  

ij

ij

W







 ;                    (1.98) 

 
sadac  

 mnjiijmnAW 
2

1
 ;                 (1.99) 

maSin, koeficientebis ijmnA -matricas 

moeTxoveba simetriis ufro maRali xarisxi, 
e.i. 

 jinmijmn AA  .        (1.100) 

am tolobis (1.100) gaTvaliswinebiT, 

damoukidebel mudmivaTa raodenoba ijmnA -

matricaSi mcirdeba da xdeba 12.  
gansazRvreba: drekad masalas, romlis 
elastiurobis Tvisebebic simetriulia 
romelime sami urTierTmarTobuli 
sibrtyeebis mimarT orTotropiuli masala 
(sxeuli) ewodeba.  
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 orTotropiuli masalisaTvis 
damoukidebel mudmivaTa ricxvi aris 12. 
xolo Tu, orTotropiuli masalisaTvis 

arsebobs deformaciis energiis (1.99) 
funqcia, maSin mudmivTa ricxvia 9.  
 cxadia, rom rac metia aranulovan 

damoukidebel mudmivaTa raodenoba ijmnA  

matricaSi, miT ufro rTuli iqneba 
Sesabamisi masalis muSaobis maTematikuri 
modeli.  
 mudmivaTa didi raodenoba 
damaxasiaTebelia kompozituri 
masalebisaTvis. amitom, kompozitTa meqanikis 
maTematikuri modelebi ufro rTulia, vidre 
izotropiuli masalebis meqanika.  
 izotropiuli, drekadi masalebisaTvis 

ijmnA  matrica Seicavs mxolod or mudmiv 

elements, romelTac   da   lames 
mudmivebs uwodeben.  
hukis kanons izotropuli masalisaTvis aqvs 
saxe: 

 ijijkkij  2  .      (1.101) 

 am formulis gadasawerad iungisa E da 
puasonis   mudmivebis meSveobiT, ganvixiloT 
erTganzomilebiani Zelis gaWimvis amocana 

1Ox -RerZis gaswvriv, maSin iungis E-moduli 

da puasonis  -koeficienti warmoadgenen 
proporciulobis koeficientebs, E-sigrZivi 
deformaciisas da  -ganivi deformacisas: 
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1111   E      113322    .  (1.102) 

am tolobebisa da (1.01)-is gaTvaliswinebiT, 
zogadi izotropiuli masalisaTvis miviRebT 
hukis kanons Semdegi saxiT: 

 )
21

(
1

ijkkijij

E








 





 .  (1.103) 

rogorc ukve aRvniSneT adre, hukis kanoni 
axasiaTebs wrfivad-drekadi izotropiuli 
masalis elastiur Tvisebebs, amitom mas 
zogjer elastiuri (drekadi) masalis 
reologiur gantolebasac uwodeben mcire 
deformaciebis ( 1 ) SemTxvevaSi. 
elastiuri (drekadi) masalis muSaobis 
maTematikuri modelis Sesaqmnelad 
reologiuri gantoleba, is ZiriTadi 
gantolebaa, romelic aRwers Sesaswavli 
masalis elastiur Tvisebebs da romelic 
dgindeba, eqsperimentuli masalebis 
statistikuri gadamuSavebis Sedegad.  
     umeteswilad, mcire deformaciebis 
SemTxvevaSi, reologiur gantolebas aqvs 
saxe: 

  
ijij f    ;          (1.104) 

sadac f-funqciis konkretuli saxe dgindeba 
fizikuri eqsperimentebis Sedegad.  

ufro zogad SemTxvevaSi, roca 
ganixileba rTuli reologiis mqone 
masalebi, gamoiyeneba zogadi saxis 
reologiuri kanoni: 

0),,,,,,,,,,,( 321 txxxF ijijijijijij    (1.105) 
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F-funqciis konkretuli saxe damokidebulia 
Sesaswavli masalis elastiur da blant-
plastikur Tvisebebze.  
 am funqciis konkretuli saxis 
dasadgenad iyeneben fizikur eqsperimentebs 
da miRebuli Sedegebis statistikuri 
damuSavebiT adgenen umartivesi procesebis 

SemTxvevisaTvis (1.105) tipis Tanadobas da 
Semdeg xdeba am TanadobaTa ganzogadoeba da 
miRebuli rTuli modeliT testuri 
amocanebis Seswavla modelis adekvaturobis 
dasadgenad. 

 

 

 

1.9. niutonis ganzogadoebuli kanoni 
siTxeebisaTvis 

 
 wylisa da sxva blanti siTxeebisaTvis, 
niutonma cdebiT daadgina kanoni: 

 
dy

dv
  ;                         (1.106) 

   sadac  -Zvris mxebi Zabvaa siTxis fenebs 
Soris, romelsac adgili aqvs siTxis 
siblantis gamo;  -siblantis koeficientia, 

v -siTxis siCqare nax. 1.6. 
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nax. 1.6. blanti siTxis moZraobis siCqaris 

epiura 
 

rogorc (1.106) formulidan Cans ,mxeb 
Zabvebsa da siCqaris gradients Soris 

damokidebuleba aris wrfivi. (1.106) aris 
hukis kanonis analogi: 

   E             (1.107) 
Tumca, hukis kanoni iZleva reologiur 
Tanadobas wrfivad-drekadi masalebisaTvis, 

xolo (1.106) aRwers ukumSvadi niutonuri 
blanti siTxis reologias.  
niutonis ganzogadoebul kanons blanti 
siTxeebisaTvis aqvs saxe: 

 mnijmnij DB ;                    (1.108) 
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sadac ijijD  -deformaciis sicqaris 

tenzoris komponentebia,  

 ijmnB -siTxis Tvisebebze damokidebuli 

mudmivaTa matrica 81 komponentiT. 
damoukidebel mudmivaTa raodenoba, 
damokidebulia, iseve rogorc drekadi 
masalis SemTxvevaSi, siTxis Sinagani, 
fizikuri Tvisebebis simetriis xarisxze.  
 izotropuli, blanti ukumSvadi 

siTxisaTvis ijmnB -matricaSi gvaqvs mxolod 

ori   da 
  damoukidebeli mudmiva 

(siblantis koeficienti) da (4.108) niutonis 
reologiuri kanoni, am SemTxvevaSi, Caiwereba 
formiT: 

 ijijkkijij DDp    2    (1.109) 

sadac p-hidrostatikuri wnevaa, 

 ijD -deformaciis siCqaris tenzoris 

komponentebia, romlebic miiRebian Sesabamisi 
deformaciis tenzoris gawarmoebiT droiT, 
maSasadame 

 )(
2

1
,, ijjiijij vvD   ;            (1.110) 

sadac iv -siTxis nakadis siCqaris 

veqtoris komponentebia 
 
 
 



 

 

65 

 

N1.10. ნavie-stoqs-diugemis modeli. 
gantolebaTa Cawera uganzomilebo formiT. 
navie-stoqsisa da eileris maTematikuri 

modelebi. 
 
 

siTxeTa dinamikas Seiswavlis 
hidroaeromeqanika. iseve, rogorc 
drekadi(elastiuri) masalebis SemTxvevaSi, 
hidroaeromeqanikaSic, siTxisa da gazis 
dinamikis maTematikuri modelireba iwyeba 
eqsperimentebiT, mocemuli siTxis(gazis anu 
airis) reologiuri kanonis dasadgenad. 

niutonuri siTxeebisaTvis gvaqvs 
niutonis ganzogadoebuli reologiuri 
kanoni: 

mnijmnij DB  ;                    (1.111) 

sadac  

      
.

mnmnD   deformaciis siCqaris 

tenzoris komponentebia.  

Tu siTxe erTgvarovania, maSin ijmnB - mudmivi 

sidideebisagan Sedgeba, romlebic 
axasiaTeben mocemuli siTxis blant 
Tvisebebs. 

Tu, ganvixilavT  izotropiul niutonur 
siTxes, maSin mudmivaTa matricaSi 81 
komponentidan mxolod oria *  da 

* damoukidebeli. 

Sesabamis reologiur kanons aqvs saxe: 
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ijijkkijij DDp ** 2   ;         (1.112) 

sadac 

*  da 
* - siTxis siblantis dinamiuri 

koeficientebia. 
saSualo normaluri Zabva iqneba: 

iiiiii DpDp *** )23(
3

1

3

1
    (1.113) 

sadac 
* - siblantis sivrculi 

koeficientia. 
Tu, miviRebT stoqsis pirobas da davuSvebT, 
rom 

* = 0,       (1114) 

maSin, miviRebT, rom 

pii 
3

1 ,           (1.115) 

anu, hidrostatikuri wneva blant 

siTxeSi, wonasworobis pirobebSi, saSualo 
normaluri Zabvis tolia da mimarTulia 
siTxis SigniT.                                   
amiT aixsneba siTxis wveTis wonasworoba 
sibrtyeze. aseT SemTxvevaSi, Termodinamikuri 
wneva – mTlianad ganisazRvreba meqanikuri 
sidideebiT. 

garda reologiuri (1.111) kanonisa, 
maTematikuri modelis asagebad 
izotropiuli niutonuri siTxeebisaTvis, 
saWiroa: moZraobis gantolebebi koSis 
formiT, masis Senaxvis(uwyvetobis) 
gantoleba, energiis Senaxvis kanoni da 
mdgomareobis gantoleba. 
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moZraobis gantolebas koSis formiT aqvs 
saxe 

.

, iijji vb   ;      (1.116) 

sadac iv - siTxis nawilakebis moZraobis 

siCqaris veqtoris komponentebia. 
uwyvetobis gantoleba Caiwereba formiT: 

0,

.

 iiv .                      (1.117) 

energiis Senaxvis kanons aqvs forma: 
.

,

11
ZCDU iiijij 





;          (1.118) 

sadac 
UUU – Sinagani energiaa, Ci- siTburi 

nakadis veqtoris komponentebia, romelic 
gadis siTbogamtarobis xarjze, drois 
erTeulSi, erTeul farTSi, Z – erTeul 
droSi gamosxivebuli siTbos mudmivaa, 
gaangariSebuli masis erTeulze. 
mdgomareobis gantoleba(eqsperimentebidan) 
Caiwereba ase: 

),( Tpp  .             (1.119) 

Tu, saWiroa siTburi efeqtebis 
gaTvaliswinebac, rac xSirad gvxvdeba 

praqtikaSi, maSin (1.112), (1.116) – (1.118) 
gantolebaTa sistemas unda mivuerToT 
furies siTbogamtarobis gantoleba da 
kaloriuli gantoleba. 
furies siTbogamtarobis gantolebas Caweren 
mokled: 
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ii kTC ,          (1.120) 

sadac k – siTbogamtarobis koeficientia. 
kaloriuli gantoleba Caiwereba 
eqsperimentebze dayrdnobiT 

).,( TUU                         (1.121) 
miiReba 16 gantoleba 16 ucnobiT, anu 

sistema aris Caketili. am gantolebaTa 
sistemas miuerTeben sasazRvro da sawyis 
pirobebs. 

hidrodinamikaSi, blanti siTxisaTvis 
gamoiyeneba specifikuri sasazRvro pirobebi, 
romelTac siTxis mikvris pirobebs uwodeben: 

0 )( iv .                (1.122) 

 
 
a) navie – stoqs – diugemis gantoleba. 
ganvixiloT blanti siTxis maTematikuri 

modeli im SemTxvevisaTvis, roca siTburi 
efeqtebi imdenad umniSvneloa, rom SeiZleba 
ugulebelvyoT. 

 
Tu, kinematikur Tanadobebs: 

)(
2

1
,, ijjiij vvD  ;      (1.123) 

SevitanT niutonis (1.112) reologiur 
gantolebaSi, miviRebT 

).(

)(
2

1
2)(

2

1

,,

*

,

*

,,

*

,,

*

ijjiijkkij

ijjikkkkijij

vvvp

vvvvp








 (1.124) 
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Semdeg, (1.124) gantolebas Tu SevitanT 

moZraobis (1.116) gantolebaSi, gveqneba: 

ijijjjiijkjkii bvvvpv   )( .,

*

,

*

,

.

 (1.125) 

anu, sabolood 

ijjijijii bvvpv   ,

*

,

**

,

.

)( ;  (1.126) 

am (1.126) gantolebas navie – stoqs – 
diugemis gantoleba ewodeba blanti 
siTxeebisaTvis. 
P.S. Tu siTxe ukumSavia(rogorc wyali), maSin 

0 , iiv .                     (1.127)  

 

b) navie – stoqsis gantoleba ukumSi 

siTxeebisaTvis. 

Tu, ganvixilavT ukumS siTxeebs, maSin 

siTxis ukumSvadobis (1.127) pirobis 

gaTvaliswinebiT (1.126) – dan miviRebT navie 

– stoqsis maTematikur models: 

ijjiii bvpv   ,

*

,

.

;           (1.128) 

0 , iiv ;                   (1.129) 

0 )( iv ;                (1.130) 

00 )( iti vv  .               (1.131) 

miRebuli (1.128) – (1.131) maTematikuri modeli 

aRwers blanti, ukumSi siTxis moZraobas   - 
areSi,  - sazRvriT. 
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g) navie – stoqsis gantoleba 
gazebisaTvis. 

Tu navie – stoqs – diugemis modelSi, 
gaviTvaliswinebT stoqsis pirobas  

**

3

2
 

                    (1.132) 
maSin, miviRebT navie – stoqsis gantolebas 
gazebisaTvis: 

ijijjjiii bvvpv   ,

*

,

*

,

.

3

1 .     (1.133) 

 
d) gantolebaTa Cawera uganzomilebo 
saxiT. 
simartivisaTvis, ganvixiloT 

organzomilebiani, blanti, ukumSi siTxis 
dineba. Sesabamisi maTematikuri modeli 
gadavweroT uganzomilebo saxiT da 
davadginoT msgavsebis kriteriumebi, 
dinebaTa fizikuri modelebis Sesadgenad 
(eqsperimentebis Casatareblad). 
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(1.135) 

0
2

2

1

1 









x

v

x

v
;                        (1.136) 

 0 )( iv ;                           (1.137) 

00 )( iti vv  .                          (1.138) 
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Tu, (1.134) – (1.138) gantolebebSi 
gadavalT uganzomilebo Strixian cvladebze 
formulebiT: 

.b  ;vp  ;
v

l
  t;  v; '

i

'2

0

'

0

0'

0i

'

0 iiii gbptvvxlx   (1.139) 

maSin, miviRebT amocanas: 
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'
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;(1.140) 
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;0)(
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1

'

1
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



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                      (1.142) 

'

100

'

1)( vv t  ;    '

200

'

2 )( vv t  ;             (1.143)   

0)( '

1 v ;      0)( '

2 v .               (1.144) 

Tu, (1.140) – (1.144) gantolebebSi SemoviRebT 
aRniSvnebs 

;
gl

v
Fr      ;Re

0

0

*

00 


lv
    (1.145)    

da aRar davwerT Strixebs, miviRebT 
maTematikur models uganzomilebo formiT: 

 1

1

2

1

2

1
2

1

1
1

1

Re

1
v

x

p

Fr

b

x

v
v

x

v
v

t

v




















 ;  (1.146) 
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 0
2

2

1

1 









x

v

x

v
;                           (1.148)   

 1001 )( vv t   ;     2002 )( vv t   ;          (1.149) 

 0)( iv  .                               (1.150)   

mudmiv koeficients Re – reinoldsis ricxvi 
ewodeba, xolo 
Fr – frudis ricxvia. 

 
imisaTvis rom, sxvadasxva masStabis ori 

modeli iyos eqvivalenturi, maT Soris unda 
arsebobdes msgavseba. cxadia, rom ori 
modeli msgavsi iqneba, Tu modelis reJimis 
ganmsazRvreli mudmivi koeficientebi 
(Re da Fr), iqnebian Sesabamisad tolebi, anu, 
Tu 

21 ReRe  ;    
21 FrFr  .          (1.151) 

am pirobebis erTdroulad dacva ki 
Zalzed rTulia, gansakuTrebiT im 
amocanebSi, sadac mniSvneloba aqvs simZimis 
Zalis gavlenas. 
modelebis matematikurad gamosakvlevad, maT 
rogorc wesi, gadaweren uganzomilebo 
formiT. GgaTvlebis Sedegebis praqtikaSi 
gadasatanad iyeneben Sesabamisi gadasvlis 
formulebs (1.139) 
e) eileris maTematikuri modeli idealuri 
siTxeebisaTvis. 
 

ganvixiloT blanti, ukumSvadi siTxis 
dinamika im SemTxvevaSi, roca reinoldsis 
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ricxvi izrdeba. eqsperimentebiT dadgenilia, 
rom mocemuli amocanis pirobebSi, arsebobs 
reinoldsis ricxvis kritikuli mniSvneloba, 

ise rom, Tu krReRe   gvaqvs 

laminaruli(fenovani) dineba, xolo, Tu 

krReRe   gvaqvs fenebis Sereva-difuzia, am 

reJims turbulenturi dineba ewodeba.  
Tu ganvixilavT dinebas, romlis drosac 
Re , miviRebT iseT turbulentur dinebas, 

romlis drosac ganviTarebuli difuziis 
gamo, siblantis Tvisebas aRar aqvs fizikuri 
gavlena, anu dineba SeiZleba ganxiluli 
iyos, rogorc iseTi siTxis dineba, romlis 
fenebs Sorisac ara gvaqvs xaxunis Zala(aseT 
siTxeebs idealurs uwodeben). 

idealuri siTxis dinamikis maTematikuri 
modeli SeiZleba miviRoT blanti siTxis 
modelidan, Tu movaxdenT Sesabamis zRvarze 
gadasvlas im pirobiT, rom Re . maSin, 
maTematikuri modeli miiRebs saxes 
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00)( iti vv  ;                            (1.155) 

0)( 





n

vi  .                          (1.156) 
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  maTematikur models, romelic moicema 

(1.152) – (1.156) saxiT eileris modeli 
ewodeba.  

 

 

 

 
1.11 variaciuli meTodebis gamoyeneba 

qaris nakadis dinebis modelirebisaTvis 

 
 

mravalsarTuliani sacxovrebeli 
saxlebisa da kompleqsebis proeqtirebisas, 
aucilebelia, mosalodneli qaris 
datvirTvebis winaswari gaTvaliswineba. 
Tumca, es sakiTxi araa bolomde 
gaTavisebuli, ramac gamoiwvia Tbilisis vake-
saburTalos raionSi, nucubiZis platoze 
daproeqtebuli binebis arakomfortuli 
xasiaTi. qaris datvirTvebis swor 
angariSzecaa damokidebuli, aramarto 
sacxovrebeli saxlebis komfortuloba, 
aramed, maTi mSeneblobis fasic. samSeneblo 
konstruqciebis geometriuli konfiguracia, 
sakmaod mravalferovania da rTuli; aris 
rogorc marTkuTxa paralelepipedis, aseve, 
sxva formis maRlivi Senobebi, vanturi 
xidebi da maRlivi anZebi. 

tradiciulad, civilizebul qveynebSi, 
amocanebi qaris datvirTvebis gansazRvris 
Sesaxeb, ixsneba samSeneblo normebisa da 
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wesebis bazaze [42-44], an Sesabamisi Senobebis 
maketis aerodinamikur milSi daberviT da 
datvirTvebis gadaTvliT naturuli 
nagebobisaTvis. Tumca, arsebuli normebiT 
gaTvlili datvirTvebi, xSirad, metad uxeSia 
sizustis TvalsazrisiT. aseve, 
aerodinamikur milSi daberva sakmaod Zviria 
da gadaTvlis SasaZleblobac araa saTanado 
sizustis. 

qaris datvirTvebis Sesabamisi 
amocanebis zusti analizuri amoxsna jer-
jerobiT araa cnobili, amitom didi 
mniSvneloba eniWeba procesis kompiuterul 
modelirebasa da gaTvlebs. swored am 
amocanas isaxavs Cveni naSromi. 

 

 
1.12 maTematikuri modelireba da qaris 

datvirTvebis  
saangariSo formulebi 

 
 

nagebobebze qaris datvirTvebis 
sapovnelad, gamoviyenoT saqarTvelos “qaris 
vardis” cnobili rukebi. sadac, 
meteorologiuri dakvirvebis Sedegebis 
statistikuri damuSavebis Sedegad, 
Sedgenilia, saqarTvelos  mocemul 
raionebSi, qaris yvelaze albaTuri 
mniSvnelobebi da mimarTulebebi; rac 
saSualebas gvaZlevs, amocanis dasmisas, 
SenobasTan Semxvedri nakadi aRvweroT 
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funqcionalurad kinematikuri pirobebis 
saSualebiT. 

qars ganvixilavT, rogorc blant, ukumS 
siTxes. amitom mis aRsawerad gamoviyenebT 
dinamikis gantolebas koSis formiT 

ijjii bV  


, ;                                  (1.157) 

uwyvetobis gantolebas 

      0
,




iiV ;      (1.158) 

da reologiur Tanadobas 

ijijij Dp  2 ;       
ijjiij VVD ,,

2

1
               (1159)    

 
cxadia, rom (1.157),(1.158),(1.159) navie-

stoqsis gantolebaTa sistemas, unda 
mivuerToT kedlebTan mikvris pirobebi (1.160) 

0/ iV ;                         (1.160)  

da sawyisi pirobebi (1.161)  

      0/ 0 tiV ,                  (1.162)  

piroba (1.162) sruldeba, Tu, 0xx   . xolo im 

SemTxvevaSi, roca 0xx   gveqneba 

kinematikuri pirobebi qarisaTvis, romelsac 
viRebT qaris vardis cnobili monacemebis 
bazaze (1.163), (1.164): 

),(),,( 1001 tyVtyxV  ;          (1.163) 

),(),,( 2002 tyVtyxV  .                        (1.164) 

amrigad, gvaqvs (1.157)-(1.164) amocanis 
dasma qaris parametrebis gasaTvlelad. aq 
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SeiZleba gamoviyenoT sxvadasxva ricxviTi 
meTodebi da paketebi [45-47]. 

qaris datvirTvebis sapovnelad 
visargebloT formuliT 

 iiji nF   ,                (1.165) 

sadac iF  - nagebobaze moqmedi sruli Zalaa, 

integreba xdeba mTeli nagebobis 

 zedapiris gaswvriv, in  - nagebobis gare 

normalia. 
davSaloT Zabvis tenzori sferul da 

deviatorul nawilebad 

ijijsij   .                   (1.166) 

maSin nagebobaze moqmedi sruli Zala, 
warmodgeba or mdgenelad, esenia: wnevis 
Zala da xaxunis Zala   

     ,dsndsnF ijjisi       (1.167) 

sadac, integreba vrceldeba Sesaswavli 
nagebobis zedapiris gaswvriv.     

Tu, formulebSi (1.167) davubrundebiT 
ganzomilebian ganmsazRvrel parametrebs, 
miviRebT 

   (1.68) 

sadac  - garsdenadi nagebobis mideluri 
kveTis farTobia. maRlivi Senobebis 
garsdenisas xaxunis Zalisagan gamowveuli 
sinaRobis Zalis mdgeneli gacilebiT mcirea 
wnevis winaRobis ZalasTan SedarebiT, amitom 
inJinrul gamoTvlebSi (1.68) formulis meore 
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Sesakrebs ugulebelyofen xolme da 
winaRobis Zalas Caweren formuliT 

,                      (1.69)                                   

sadac  -wnevis aerodinamikuri 
koeficientia, romlisTvisac sainJinro 
praqtikaSi SemuSavebulia normebi da 
mocemulia cxrilebi mis gamosaTvlelad 
sxvadasxva tipis nagebobebisaTvis. Cven ki 
SegviZlia misi dazustebuli mniSvnelobebis 
gamoTvla (1.68) formulebis bazaze.  

Aamrigad, miviReT maTematikuri modeli, 
qaris datvirTvebis Teoriuli 
gaangariSebisaTvis, rac saSualebas mogvcems 
davazustoT maRlivi Senobebisa da anZebis 
datvirTvebis saangariSo naxevradempiriuli 
formulebi. 

amocana (1.57)-(1.64), siCqare - wnevis 
cvladebSi SegviZlia gadavweroT saxiT 

       -
Re

1
,,, 



jjiijiiij VfpVVV ,   (1.70) 

            0, jjV ,                                        (1.71) 

       
0




o

jtj
VV ,                                         (1.72) 

  0
 


j
V      .                                        (1.73) 

sadac  Re reinoldsis ricxvia. 

aseve, unda mivuerToT damberi qaris 
kinematikuri pirobebi (1.63),(1.64).  

 
 
 



 

 

79 

 

1.13 qaris ganmsazRvreli parametrebis 
povnis ricxviTi algoriTmi 

 
Tu, (1.70) dinamikis gantolebebSi 

siCqareebis droiT warmoebulebs SevcvliT 
sasruli sxvaobebiT, miviRebT 





jj

jjijiiij

VV
fPVVV






,,,
Re

1
.   (1.74) 

ganvixiloT solenoidaluri funqciebis 
simravle, romlebic akmayofileben 
sasazRvro – mikvris pirobebs rvaCov – 
obgaZis RO – funqciebis meSveobiT. maSin 
kupraZe – brebias meTodis mixedviT[45-46], 
gavamravloT (1.74) gantolebis orive mxare 

)(2  LW j  skalarulad )(2 L  azriT da 

gamoviyenoT grinis formula. maSin miviRebT 
lions – temamis sust formulirebas [47] 

 ),(),,()),((
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1  W
VV

fWVVbWV
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
 




  (1.75) 

sadac 

     )( NSj DV ,  

   )(),( 


 
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
 dxW

VV
fW

VV
f j

jj

j




,      (1.76) 

 ),,b(V ,

+




  dxWVVWV jiji

  ,           (1.77) 

                )),(( ,,


  dxWVWV jiji

 .        (1.78)  

Tu, (1.78) formulebisaTvis kvlav 
gamoviyenebT grinis formulas, miviRebT 
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kupraZe – brebias Sebrunebul variaciul 
formulirebas [48-49] 

 

                                 )),(( ,


  dxWVWV jjii

   (1.79) 

 

vipovoT )( NSj DV -romelic 

daakmayofilebs (1.75) gantolebebs (1.76)-(1.79) 

pirobebSi )(2  LW j  funqciebisaTvis. aseT 

funqciebad, Cven virCevT laplasis 
operatoris fundamentalur amonaxsnebs da 
(1.75) gantolebaTa amonaxsnebs veZebT saxiT 

 

      , jkijkiV                     (1.80) 

                                                      ii WW       (1.81)   

sadac  ijk  levi-Civitas fsevdotenzoris 

komponentebia. 

                                 k ikiRO    (1.82) 

                                                                                   , ijjiW 
  .83) 

sadac  i - srul funqciaTa sistemaa  2L  

azriT, xolo RO  - rvaCov-obgaZis [9-11]  
funqciebia, romlebic nulis tol 
mniSvnelobebs iReben sazRvris wertilebSi 

  ,      i dirakis funqciaa. 

moyvanili algoriTmis meSveobiT qaris 
ganmsazRvreli parametrebis povnis amocana 
daiyvaneba kvadratul gantolebaTa sistemis 
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amoxsnamde ki    gaSlis koeficientebis 

mimarT.  
      
 

1.14.sasruli-sxvaobis meTodis gamoyeneba 
qaris nakadis dinebis modelirebisaTvis 

 
     
nagebobebze qaris datvirTvebis sapovnelad, 
gamoviyenoT saqarTvelos “qaris vardis” 
cnobili rukebi. sadac, meteorologiuri 
dakvirvebis Sedegebis statistikuri 
damuSavebis Sedegad, Sedgenilia, 
saqarTvelos mocemul raionebSi, qaris 
yvelaze albaTuri mniSvnelobebi da  
mimarTulebebi; rac saSualebas gvaZlevs, 
amocanis dasmisas, SenobasTan Semxvedri 
nakadi aRvweroT funqcionalurad 
kinematikuri pirobebis saSualebiT. 
    qars ganvixilavT, rogorc blant, ukumS 
siTxes. amitom mis aRsawerad gamoviyenebT 
dinamikis gantolebas koSis formiT 

 
uwyvetobis gantolebas 
 
da  reologiur Tanadobas  
 
 

xolo im SemTxvevaSi,  

ijijij Dp  2 
ijjiij VVD ,,

2

1


i j ji i b V      
 

, 

  0
,




iiV
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roca  gveqneba  kinematikuri pirobebi 
qarisaTvis, romelsac viRebT qaris vardis 
cnobili  

monacemebis bazaze 

 
                 
 
 
amrigad, gvaqvs amocanis dasma  qaris 
parametrebis gasaTvlelad.  

aq SeiZleba  gamoviyenoT sxvadasxva  
ricxviTi meTodebi da  paketebi 

qaris datvirTvebis sapovnelad visargebloT 
formuliT 

 

 
 
nagebobaze moqmedi sruli Zala, warmodgeba  
or mdgenelad, esenia: wnevis Zala  da  xaxunis 
Zala    

  ,dsndsnF ijjisi 
 

 

 

 

 

 

 

 

),(),,( 1001 tyVtyxV 

),(),,( 2002 tyVtyxV 

 iiji nF  ijijsij  

0xx 

0xx 
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      1.15.rTuli geometriuli konfiguraciis 
sainJinro nagebobebze da nagebobaTa 

kompleqsebze  qaris datvirTvebis gaTvlis 
Sedegebi 

 

    
amocanis Seswavlisas, ganvsazRroT qaris 

datvirTebi sainJinro nagebobebisTvis, 
mniSvnelovan faqtors warmoadgens qaris 
garsmdeni nakadi romelic warmodgenilia 
qaris nakadis naxazze, qaris  nakadis 
aRwerisas viyenebT blanti siTxis „navie-
stqosis“ models. am SemTxvevaSi 
turbelenturi nakadi romelic iTvalswinebs 
sxvadasxva empiriul cvlilebebs da 
gamoviyenoT fenomenaluri gantolebebis 
safuZvelze garkveuli mosazrebebi iqna 
miRebuli. Cven gamoviyeneT „navia stoqsis“ 
gantolebas turbelanturi nakadis 
Seswavlisas, am modeliT SeviswavliT epiuri 
qaris siCqaris garsmden nakads da qaris 
nakadis zemoqmedeba Senobaze naCvenebia 
nax2.7-ze 



 

 

84 

 

  
nax2.7 naxaze naCvenebia qaris nakadi Senobaze 
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SemTxveviTi polempiriul TeoriT, Sesabameba 
СниП-s normebs,miRebulia rom Senobaze qaris 
datvirTva damokidebulia Senobis z 
simaRlis mixedviT, sadac qaris datvirTva 
ganisazRvreba Wр = W×k(z)×c sadac W aris 
qaris nakadi, k-koeficienti  qaris 
zewolisas, xolo z -i aris simaRle romelic 
mocemulia cxril2.8-Si,xolo c-
aerodinamikuri koeficenti, qaris Zalis 
zewolisas damokidebulia imaze Tu romel 
mxares uberavs qari, c-koeficienti qaris 
mxares mocemula nax1.-ze k(z) koeficenti 
adgilebis mixedviT   

simaRle z მ A B C 
Aara umetes 

5 
0,75 0,5 0,4 

10 1,0 0,65 0,4 

20 1,25 0,85 0,55 

A- gaxsnili adgilebi zRvebis, tbebis da 
wyalsacavebis, udabnoebi 

B- qalaqebi, tyeebis da sxva  
regularuli dabrkolebebi ar 
aRematebeba simaRle 10 m-s; 

C- qalaqebi,tauerebi romelic 25-m-ze 
maRlaa 

 
cxrili 1. aerodinamikuri koeficientebis 

sidideebi mocemulia 
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        SevadgineT qaris nakadis maTematikuri 
modeli da  qaris nakadi ganvixileT rogorc 
mkvrivi blanti siTxe, Sesabamisad dgeba 
dinamikuri navie-stoqsis gantolebaTa  qaris 
nakadisTvis, radgan bgeramde dinebis reJimis 
SemTxvevaSi, SeiZleba uguleblvyoT haeris 
kumSvadoba, qaris nakadi SegviZlia 

ganvixiloT Ω-areSi rogorc ukumSi blanti 

siTxe, romlis Ω sazRvari akmayofilebs 
lipSicis pirobebs, maSin qaris modeli 
SegviZlia warmovadginoT saxiT: 

       -
Re

1
,,, 



jjiijiiij VfpVVV ,                   (1.84) 

             0, jjV ,                                     (1.85) 

             
0




o

jtj
VV ,                                   (1.86) 

     0
 


j
V      .                                   (1.87) 

sadac Re- aris reinoldsis ricxvi 
      dasawyisTvis ganvixiloT qaris nakadiT 
marTkuTxa winaaRmdegobis garsdebis 
amocanas, sadac  qaris sawyisi 
turbulenturi nakadi moicema 
naxevradempiriuli monacemebis safuZvelze 

0
Re

1
,,,  jijiiij PVVV ,                     (1.88)                                                              

             0, jjV
,                                 (1.89) 

  0
 


j
V     ,                                     (1.89) 

garda amisa, gaTvaliswineba garsmdeni 
nakadis  kinematikuri pirobebic  romelic 
mocemulia nax 1.9 
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nax.1.9  marTkuTxedis garsdenis gaTvlis 
sqema 
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wnevis koeficienti 
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siCqareTa veli 
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rTuli formis  nagebobebis gaTvla xdeba  

analogiurad, icvleba  mxolod X da Y 
masivebi. 
A aerodinamikuri koeficientebis 
mniSvnelobebi SenobebisaTvis, romlebic 
miRebulia Teoroul safuZvelze mocemulia 
nax.1.1 (a) da nax.1.1(b) 
(a) 
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(ბ) 

N 

nax1.0 (ა) da (b) erodinamikuri koeficientebis 
mniSvnelobebi SenobebisaTvis 
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 Nnax.1.1 mocemulia wneva CP koeficientis 
mniSvnelobebis ganawilebis grafikebi 
Senobis simaRlis mixedviT qaris bervis 
mxridan (Senobis wina fasadi, marcxnidan) da 
sawinaaRmdego mxridan (Senobis ukana kedlis 
mxridan, marjvnidan). Fferadi wirebi 
wertilebiT Seesabameba Senobis sxvadasxva 
fardobiT simaRkes, muqi-mwvane horizontuli 
wrfeebi СниП 2.0.07-85 gaTvlil 
mniSvnelobebs. 

Teoriuli gaTvlebis Sedegebi Sedareba 
saerTaSoriso normatiuli gaTvlis 
standartebTan gvaZlevs karg Tanxvedras, 
erTulovani  nagebobebisaTvis, Tumca, 
SenobaTa masivebis garsdenis amocanebis 
Seswavlisas, normatiuli dokumentebisagan, 
Teoriuli gaTvlis Sedegebi sakmaod 
gansxvavebulia, radgan normatiuli 
dokumentebs ar SeuZliaT gaiTvaliswinon 
garsdenis realuri suraTi. Cveni Sedegebi, ki 
ufro rialurad asaxavs warmoqmnil 
datvirTvebs, rac kargad Cans natural 
eqperimentebTan Sedarebisas. 

 

 

 



 

 

97 

 

Tavi II. rTuli geometriis sainJinro 
nagebobebze moqmedi, qaris datvirTvebis 

gansazRvris arsebuli literaturis 
mimoxilva 

 
 

2.1 qaris datvirTvebis gansazRvris 
normebi da meTodebi amerikis SeerTebul 

StatebSi 
 
  bevr qveynaSi, maT  Soris amerikis  
SeerTebul  StatebSi Senoba-nagebobebis 
usafrTxoebisaTvis SemuSavebuli iqna 
usafrTxoebis zomebi qaris 
datvirTvebisTvis. 
  Qqaris siCqariT gamowveuli zewola (q2, 

romelic damokidebulia z-simaRleze, 
gamoiTvleba Semdegi formuliT: 

                   (2.1) 
sadac: 

siCqaris zewolaa z-simaRlaze. 
siCqaris zewolisas gamowveuli 

zemoqmedebis koeficienti z-simaRlaze, 
zemoqmedeba B,C Dda D (cxrili 2.1)  

qaris mimarTulebis faqtori. speqtrSi 
0.85(Senobis) 0.95 (sakvamuri mili) 

siCqare MPH (MPH (Miles per hour –mil 
saaTSi) = 0.44704 m/w) 3-wamiani nakadiT 33 futi 
(1 futi=30.48 sm, 33*30.48=1005,48sm, 
1005,48/100=10m anu Senoba-nageboba aris 10 
metriis simaRlis) miwis zemodan, cxril 2.1-
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Si naCvenebia C kategoriaSi. 
 mniSvnelovani faqtorebi qaris 

datvirTvebisas 

 
cxrili.2.1 DDSenobaze siCqaris zewolisas 
masze  
   
Senobis gare nawilze qaris zewola aris p, 

romelic angariSdeba  Semdegnairad: 

                       (2.2) 
sadac: 
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 qaris zewola, qaris Zala-winaRobis 

meTodi, psf(psf-force per square foot-Zalis zewola 

TiTeul futze da 1 psf = 0.047880258906 კპ)  

 siCqaris zewola z-i simaRleze 
0.85  (C-kategoriidan) 

 sxva zewolis koeficienti (cxrili 2.2) 
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nax.2.2 qaris Zalis zemoqmedeba Senobaze 
zemoqmedebis aerodinamikuri koeficeinti  
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  ganvixiloT magaliTi, sadac gaTvlilia 
Senobaze qaris datvirTvebi   
P  
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nax2.3 mocemulia Senoba 
 
jer ganisazRvreba qaris zewola kedelze 
qaris mxridan 

a) kedeli, saqare mxridan(saiTkenac 

naklebad duberavs) 

b) saxuravi, qaris mxridan; 

c) Tavxeebi;  

1) saxuravis simaRlis gansazRvra miwis 

zedapiridan 

 
2) qaris zewolis gansazRvreba 
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sadac:  

0.90 mocemulia (simaRle ht=20მ, romelic 

aRebulia cxrilidan 2.1(  C-

adgilmdebareobidan)) 
0.85 (Senobis struqtura) 

 (150*0,44704=67,056 m/w) 

 
3) qaris zewolis gansazRvra kedelis, qaris 

mxridan 

 
sadac: 

  
  
 cxril2.2-Sia mocemuli  

 
 
 ( )=  radgan aris daxuruli Senoba 
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an 25.4psf=2.21კპ 

4)qaris zewolis gansazRvreba qaris kedelze: 
mocemulia igive sidideebi, rogorc zemoT 
ugulelyofilia  

gansazRroT =40/100=0.4 
gamoviyenoT  sTvis (cxril2.2-
dan) 

 
               

 
   an -12.4psf=-0.59კპ 
xazgasmuli aRniSnavs rom uaryofiTi Zala 
romelic STainTqmeba 
 
5)qaris  zewolis saxuravze gansazRruli 
qaris mxares 
igive sidideebi gvaqvs zemoT, garda  

pirvelad ganisazRvreba h/L farTi=20/40=0.5 
ganisazRvreba  saxuravis kuTxe  romelic 
gazomilia horizontalurad 

 gansazRrulia cxrili2.2-dan “kideeze 

qaris norma”  
 da 0.3 (interpolacia h/L=0.5 da ) 

ganvsazRroT qaris zewola P iqneba: 

 
 

 
an 
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6)qaris zewolis  gansazRvra saxuravis 
saqare xares(saiTkenac naklebad uberavs) 
igive sidideebi gvaqvs zemoT, garda  

 gansazRrulia cxrili.2.2-dan “kideeze 

qaris norma”  

 
ganvsazRroT qaris zewola P iqneba: 

 
 

 
7)qaris zewolis  gansazRvra gverdiT 
kedlebaze 
igive sidideebi gvaqvs zemoT, garda  

 gansazRrulia cxrili 2.2-dan gverdiT 

“kedlebi”  yvela sidიdebiisTvis L/B 

ganvsazRroT qaris zewola P iqneba: 
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naxaze naCvenebia yvelaze cudi datvirTva 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax2.4 Senobis gegmili qaris datvirTvebisas 
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2.2. qaris datvirTvebis gansazRvris normebi 

da meTodebi ruseTSi 
 

 qaris datvirTvebisas (p) gaiTvalisiwineba 

Senobis simaRle (z) unda gaviTvaliswinoT. 
mocemuli gvaqvs formula:  
P                   P=qkcn                                  (2.3) 

  sadac q aris qaris zewola, viRebT 
monacemebs cxrili 2.3 dan  

 
cxrili.2.3 qaris zewola 
 

k-aris koeficienti romelic aRniSnavs qaris 
cvlilebas simaRlis mixedviT 
C-aerodinamikuli Zala 
n-gadatvirTvis koeficienti 
 
 qaris dinamikuri berva q dakavSirebulia 
qaris simkvrivesTan v formula: 

                                     (2.4) 
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v-qaris siCqare m/w 
 qaris datvirTva kedelze F, romlis 
formula gvaqvs: 
F=pA         F                                                                  (2.5) 

A-aerodinamikuli  koeficienti 
 qaris Zalis sawinaaRmdegod, nakadis mrgval 
RerZze, misi diametric ganisazRvreba 
cxrili 2.3-dan damokidebuli qkd2 parametrze 

AA=ld                                                                      (2.6) 

 l-grZeli RerZi 
 d-diametri RerZis 
 RerZis saSualod mrgvali kveTis diametric 
mniSvneloba d ganisazRvreba formuliT: 

                                 (2.7) 

sadac  da  aris sawyisi da bolo RerZis. 

 
cxrili 2.4 RerZis diamteri da Senobis 

simaRle 
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2.3. qaris datvirTvebis gansazRvris 
normebi da meTodebi belorusiaSi 

 
        cnobilia, rom maRlivi nagebobebisaTvis 
ZiriTad datvirTvas warmoadgens qari. 
ganvixiloT, mokled, mocemuli nagebobebis 
qaris datvirTvaze inJinruli gaTvlis 
inJinruli safuZvlebi 

q                                                            (2.8) 

V -qaris siCqare m/w; 

𝝆 -haeris simkvirvie, kg/m3 damokidebulia mis 
sinesteze, temperaturaze da atmosferul 
wnevaze      
         mocemul wertilSi siCqare da qaris 
mimarTuleba iTvleba, droze damokidebulad.  
naxazze monacemebiT gamosaxulia qaris 
siCqaris drosTan damokidebulebis grafiki, 
saidanac Cans, rom qaris  siCqare 
oscilirebs, anu, pulsirebs VsaS  saSualo 
mniSvnelobis maxloblobaSi. yofacxovrebaSi 
am movlenas qaris  bervas uwodeben.  unda 
aRiniSnos rom qaris siCqaris rxeva  
saSualo mniSvnelobebTan axlos, ar iwvevs 
Zabvisa  da daZabulobis niSnis cvlilebas 
nagebobebis umravlesi elementebisTvis 
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Nnax.2.5 monacemebiT gamosaxulia qaris 
siCqaris drosTan damokidebulebis grafiki 

 
     qaris datvirTvas normebSi 𝝎𝒆 
nagebobaze warmoadgenen statikuri 
mdgenelis 𝝎𝒎 saxiT, romelic Seesabameba 
qaris saSualo siCqares VsaS  da dinamikur 
danamatis 𝝎𝒑 (pulsirebuli mdgeneli, 
romelic Seesabameba qaris sxvaobas saSualo 
da WeSmarit siCqareebs Soris). 

                                 

∝𝒇-saimedobis koeficientia qaris 
datvriTvaze, 2.4 
 
𝝎𝒎 qaris datvirTvis   saSualo  
normatiuli  mniSvnelobaa z simaRleze 
dedmiwis zedapiridan; 
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 𝝎𝒑-qaris datvirTvis pulsaciuri mdgenelis 
normatiuli mniSvnelobaa  z simaRleze 
(dinamikuri danamati, gamowveuli haeris 
pulsaciiT) sidide  
 
𝝎𝒎  normativebis gaTvaliswinebiT 
gamoiTvleba formuliT; 
 

                            (2.10)  
     
       𝝎𝟎-qaris wnevis normatiuli mniSvnelobaa 
miiReba imisda mixedviT, Tu romel raionSi 
Sendeba nageboba.  
C-aerodinamikuri koeficienti-fizikur arsze 
ufro dawvrilebiT gavCerdeT    K-
koeficienti qaris cvlileba simaRlis 
mixedviT  TiTeuli Senoba aerodinamikidan 
gamomdinare warmoadgens  cudad garsdenad 
dabrkolebas.  
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nax2.6(a). gamosaxulia Senobis qaris nakadiT 
garsdenis suraTi, sadac naTlad Cans 
grigalis warmoqmnis zonebi, turbelunturi 
zona, xolo nax.2.6(b) -qaris wnevis ganawileba 
am Senobis gare zedapirze. avRniSnoT, rom 
qaris siCqaris, haeris simkvrividan, Senobis 
formis da misi gare kedlebis xaoianiebidan 
gamomdinare, wnevis suraTi SeiZleba iyos 
gansxvavebuli.  
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      vinaidan qaris wnevis albaTobiTi 
maxasiaTeblebi droTa ganmavlobaSi ar 
icvleba, qaris siCqaris pulsacia, 
turbulenturi nakadis wertilSi, ganixileba 
rogorc  stacionaruli SemTxveviTi procesi. 
dgindeba ra turbelunturi qaris nakadis 
korelaciuri funqciebi eqsperimantuli 
monacmebis damuSavebis safuZvlebze, vpoulobT 
speqtrul simkvirves da reaqciis saSualo  
kvadratul mniSvnelobas nagebobisaTvis. es 
iZleva saSualebas, ganisazRvros nagebobis 
saSualo gadaadgilebebis dinamiurobis 
koeficienti. Semdeg, igeba normatiuli dinamiuri 
koeficientis grafiki im masalis 
gaTvaliswinebiT, risganacaa Sesrulebulia 
nageboba 
      𝝎𝒑 -is mixedviT nagebobis  dinamikur 
maxasiaTeblebze damokidebulebiT (sakuTriv 
sixSire, Tavisuflebis xarisxi da Sinagani 
xaxunis koeficienti), romelzedac  moqmedebs  
qaris  datvirTva. qaris wneva warmoadgens 
arsebiTad dinamiur datvirTvas, vinaidan misi 
moqmedebisas SesaZloa  Seicvalos  datvirTvis 
sidide, misi modebis wertili da mimarTuleba. 
qaris moqmedebiT nageboba irxeva, rxevebis dros 
nagebobebis elemntebSi warmoiqmneba inerciis 
Zalebi, romelebic gavlenas axdenen nagebobis 
daZabul-deformirebul mdgomareobaze. 
nagebobis sakuTrivi rxevebis sixSirisa da qaris 
pulsaciebis sixSirem, SeiZleba gamoiwvios 
rezonansi. amitom, normebSi sezonis mixedviTaa 
moyvanilia reaqciis Zalebis zRvruli 



 

 

114 

 

mniSvnelobebi fl,  nagebobis sakuTriv rxevebis 
sixSireebis qariani raionebis da nagebobis 
masalisagan damokidebulebiT, rodesac 
daSvebulia qaris datvirTvis pulsaciuri 
mdgenelis  ar gaTvaliswineba. Tu fl imyofeba  
nagebobebis sakuTriv  sixSiris qveda 
nawilis speqtrSi, maSin normebi 
rekomendacias uweven ganxiluli iqnas sami 
SemTxveva. 
 
SemTxveva a)  

 maSin   xolo -qaris 
wnevis pulsaciis koeficienti  

v-qaris wnevis pulsaciis sivrcobrivi 
korelaciis koeficienti.  vinaidan qaris 
datvirTva ganisazRvreba garkveuli  
albaTobiT (SemTxveviTi xasiaTisaa), sidide 
ganiszRvreba maTematikuri statistikis 
meTodebis safuZvelze.   
 
SemTxveva b) 

       

dinamiurobis koeficinetia 

erTi Tavisuflebis xarisxis sistemebisaTvis 
(wyaldawnevis koSki, qarenergetikuli 
danadgarebi, retransliatorebi da sxva 
anZiani nagebobebi).  
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SemTxveva g) 
   

gegmaSi simetriuli nagebobisaTvis  
 

m-nagebobis masaa z doneze, romelic 
Sefardebulia am zedapiris farTobTan, 
romelzedac modebulia qaris datvirTva; 
y -pirobiTi horizontaluri gadaadgileba z-
is doneze sakuTrivi rxevebis pirveli 
formiT. 
-koeficienti, romelic ganisazRvreba  

nagebobis dayofiT  nawilebaT, romelTa 
kveTebSic, qaris  datvirTva  mudmivadaa 
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miCneuli.  
 
moviyvanoT magaliTi milis gostze da 
SemoviRoT sawyisi monacemebi 

-mili gosti 1074-76 сdн= 630 mm da  
dв= 610 mm 

6-milis simaRle-20m 
-qariani raioni-I, adgilmdebareobis tipi-B; 
-sakuTrivi rxevis sixSiris zRvruli 
mniSvneloba fl=2,9 hc qaris  datvirTvebis 
gansazRvramde, jer vpoulobT milis 
sakuTrivi rxevebis  sixSireebs f1 da f2, aseve   
sakuTrivi rxevebis formebs. 

a)sakuTrivi rexevebis sixSire: f1= 1,6672 hc; f2= 

13,8748 hc 

b)masebis horizontaluri gadaadgileba 
sakuTrivi rxevebis formiT  Sesabamisad 
qaris  datvirTvebis gansazRvramde, jer 
vpoulobT milis sakuTrivi rxevebis  
sixSireebs f1 da f2, aseve   sakuTrivi 
rxevebis formebs. 
 
a)sakuTrivi rexevebis sixSire: f1=1,6672hc; 
f2=13,8748hc 
b)masebis horizontaluri gadaadgileba 
sakuTrivi rxevebis formiT Sesabamisad 
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— forma I —Y1I= 100 mm; Y2I= 667 mm; 
— forma II —Y1II= 674 mm; Y2II= –101 mm. 
aerodinamikuri koeficienti C ganisazRvreba   
с = к× сxh= 0,91× 0,59 = 0,54 
 
 

2.4 qaris datvirTvebis gansazRvris 
normebi da meTodebi evropis qveynebSi 

 
     evropis qveynebSi ganixileba Senoba-
nagebobebze qaris datvirTvebi arsebobs CEN 

-ს dokumenti romelSic aRwerilia qaris 
datvirTvebi, am dokuments  aseve 
moixsenieben evrokodiT, unda aRiniSnos rom 
TiToeuli qveynebisTvis Tu regionebisTvis 
saWiroebs damatebiTi kvlevebs.  

                            

             ნახ2.7 Qqaris zemoqmedeba Senobaze 
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         damokidebulia simaRlisa da Senobis 
dizainze, qaris Zalam SeiZleba gamowvios 
Senobis rxeva xolo turbelentobis done 
gvexmareba, rom avRweroT dinamikurad, 
Senobaze qaris zemoqmedeba.  
       qaris Zalis nakadis SemTxveviTi 
maxasiaTeblidan gamomdinare, Senobis zemoTa 
nawili maqsimalurad gadairxeva da vadgenT 
Senobis standartul gadaxras da pik 
faqtors aqedan gamomdinare gvaqvs 
mocemuloba:  

                                   (2.11) 
    standartuli gadaxra  miRebulia B2 
nawilSi, xolo dinamikuri nawili 
(rezonansuri nawili R2) naCvenebia naxaz 2.8.-
ze. -pik faqtori romelic dakavSirebulia 

stanadartul  gadaxrasTan. B2 – aris amRznebi 
foni, romelic gamowveulia qaris bervis 
moqmedebiT da romelic moqmedebs Senoba-
nagebobaze rogorc statikuri Zala. 
rezonansuri R2–warmodgeba interaqtiuri 
Senobis dinamikis parametrebsa da qaris 
bervis Soris. 
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nax.2.8 standartuli gadaxra da pik faqtori 
 
gantoleba (2.11) mocemulia qaris aqtivobis 
Sesaxeb, naCvenebia maqsimaluri datvirTvisas: 

    (2.12) 

                        (2.13) 

   gantolebebi (2.12) da (2.13) dafuZnebulia 
evrokodis da SvedeTis kodis safuZvelze 
(BSV 97) 
 
 
evrokodi EN 1991-1-4 qaris aqtivoba 
  evrokodis Canawerebidan, qaris datvirTva 
Senobis bjenebze vibraciisas gvaqvs: 

              (2.14) 

 aris ganmsazRvreli faqtori: 
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                        (2.15) 

 aris  dinamikuri faqtori romelic 
Sedgeba statikuri da rezonansuri 
nawilebisgan da ganiszaRvreba rogorc: 

                        (2.16) 

statikuri qaris datvirTvisTvis  
rezonansuri nawili  da gantoleba 
(2.17) Caiwereba rogorc: 

                                      (2.17)  

             
N 

nax2.9 simaRlis  gamoTvla -iT 
M  
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   maqsimaluri wnevis siCqare   riTac 
ganisazRvreba saSualo siCqare, 
uswormasworo zedapiri da turbulentobis 
intesovaba, mocemuloba gvaqvs: 

               
(2.18) 

     turbelentobis intesivoba  
ganisazRvreba rogorc:   

                            (2.19) 

 
   D daucvelobis faqtori  ganisazRvreba 
zedapiris siuxiSesa mixedviT da 
ganisazRvreba: 
 

                           (2.20)      

  aris ZiriTadi wnevis siCqare saSualo 10 
wuTiani da 10 metriani simaRlis 
maxasiaTeblebiT  Ria adgilze ( ) 
pirobisTvis   

                                      (2.21) 
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naxazi.2.10  simaRlis damokidebuleba  da 
 da wnevis siCqaris parametri 

 
SevcvaloT gantoleba (2.17) gantoleba (2.21)-
iT da miviRebT (2.22): 

    (2.22)          
 
 
Sveduri kodi BSV 97 

     BSV97  aseve  gamoviyenebT  gantoleba (2.23)-
s, magram winaswar unda gamoviTvaloT cota 
qaris datvirTva, gadavweroT gantoleba (2.23) 
da  ganvsazRroT dinamikuri faqtori: 

           (2.23) 

                       (2.24) 
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viRebT: 

                 (2.25) 

                      (2.26) 
 aris pik faqtori da daaxloebiT tolia 

datvirTva 3-s statikuri struqturaze. 
Ggantoleba (2.25) aravibraciuli Senoba 
SeiZleba Caiweros: 

                                                  (2.27) 
 naCvenebia relifiuri zedapiris siuxiSe 

da naCvenebia cxril2.5-Si.  

 uxeSi adglebi   

  

ევროკოდი 

  

BSV 
97 

0 
sanapiro 
adgilebi 

0.16 0.003 1  

1 tbebi 0.17 0.01 1 2 
2 Ria 0.19 0.05 2 4 

3 
aSenebuli 
adgilebi 

0.22 0.3 5 8 

4 
qalaqis 
centrebi 

0.24 2.0 10 16 

cxrili2.5 parametrebi  sxvadasxva uxeSi 
zedapiris 

gamoTvla B2 da R2 

statikuri nawili B2  da rezonansuli nawili 
R2  aris aRebuli BBSV97 –dan da moicavs 

NAD-s, ევროკოდი დანართში იმყოფება B და C 

1.                               
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2. rezonansuri nawili 

                                                    

3. pik faqtori 

+                                

4. turbelentobis intensivoba 

                                                                                                  

5. qaris energia 

                                              

                                           

 

6. zomis efeqti (Senobis sigane) 

                                                                     

7. zomis efeqti (Senobis simaRle) 

         

8. aerodinimaikuli biZgebi 

 
 

- masis eqvivalanti    
masa sigrZils erTeulze (kg/m) 
-modebis zoma 

Mmaqsimaluri aCqareba Senobis bjenis 
vibraciisas pirveli warmoeblidan viRebT: 
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- aris standartuli gadaxra qaris  
aCqareba da Caiwereba rogorc: 

                                                 (2.28) 
-aris rxevisas standartuli gadaxra da 

Caiwereba rogorc:  
                  (2.29) 

 da   arian statikuri da 
rezonansuri nawilebi romelic naCvenebia 
naxaz2.7-ze, aCqarebis gamomwve mizezad 
SeiZleba miviCnioT rezonansuri nawili da 
statikuri nawili romelic SeiZleba 
uguleblyoT gamoTvlebisas. standartuli 
gadaxra moZraobisas rezonansulia da 
Caiwereba me-2.23 gantolebaSi ase: 

                                       (2.40) 

                           (2.41) 
 
rezonansuli nawili R gvaqvs mocemul 
gantoleba (2.43) 

 aris saSualo gadaxra da mocemuli 
gvaqvs: 

                   (2.42) 

 aris ganzogadebuli Zala da 
ganisazRvreba rogorc: 

                      (2.43) 

 aris konstanta da ganisazRvreba: 

                               (2.44)  
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-pirvel warmoebuli brjenis. Qqaris 
siCqare 1 wlis ganmavlobaSi da 
mocemuloba gvaqvs: 

     (2.45) 

sadac  aris wlis ricxvi, 10 wlis 
SemTxvevaSi gvaqvs: 

                          (2.46) 
 
reinoldsis ricxvi 
    reinoldisis ricxvisa, siCqaris da 
Senobis zomas Soris gveqneba mocemuloba: 

                              (2.47) 

 
     reinoldis ricxvis meSveobiT SegviZlia 
ganvsazRvroT da gamovyoT regulauri 
siCqare, perioduli da sxva cvladi 
maxasiaTeblebi. wriuli cilindruli, sami 
maxasiaTeblebi reinoldisi ricxvi 
ganisazRvreba: 

 
 

 
struxalis ricxvi da wevis koeficienti 
 struxalis ricxvi Caiwereba ase: 

                                          (2.48)  

    sadac  warmoadgens vortexsis 
sixSires da  rezonansi  xdeba, rodesac 
fizikuri da vorteqsis sixSireebi arian 
axlos. 
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Nnax.2.12. struxalis ricxvi marTkuTxedis 
kveTisas 

 
nax2.12 wevis koeficienti wriuli 

cilindrisTvis 
 
 

wevis koefiecienti da reinoldsis ricxvi 
aerodinamikuri stabiluruba: 
        Tu maqsimalurad Semcirda rxeva 0.06-mde, 
da SevadarebT sakvamuri milis  
aerodinamikur stabilurobas da:  

                                (2.49) 
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M   marto myofi didi milis radiusis 

amplida aris , TandaTanobiT 

xveuli RerZebi mcirdeba misaReb donemde, 
qaris datvirTva xdeba: 

                 (2.50) 

rameTu sakvamuri Senobebis teritoriaze, 
xveuli mili ar aris efeqturi da ar 
Seamcirebs amplitudas  

 
Nnax.2.14 datvirTvis Cveneba xveuli da 

araxveuli RerZebis SemTxvevaSi 
 
cikluri datvirTvebi vorteqsis Zalebis 
gamo aris gamowveuli  

saerTo raodenoba ciklebi N, xdeba T wlis 
periodSi 
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(2.51) 
 T-Senobis sicocxlis unarianoba (wlebi) 
P(v)-albaToba qaris siCqaris xdeba drois 
intervaliT  da  
P(v)-savaraudoT mocemulia wnevis  ganawileba 

da Caiwereba: 

P      (2.52) 

Kkoeficienti  aris aRebuli 2.25, 
minimaluri intervali  da -s Soris 
aris 2m/w. 
 v(z) gvaCenebs wlebis ganmavalobaSi saSualo 

qaris siCqares, Z simaRleze da mocemuli 
siuxeSeTi miRebulia gantoleba (2.42) 

v(z)=5.5                    (2.53) 
 
Eevrokodisa SegviZlia gamovyoT  ori 
mniSvenelovani faqtori. 

1. ganixileba nakadebis datvirTvisas 

2. ganixileba vorteqsis Semcveli Zala. 

     momcemuli ori meTodindan  qaris 
nakadis datvirTvisas evrokodebi, romelic 
ar gvaZlevs zust da sakmariss informacias 
da iTxovs damatebiT informacias sxvadasxva 
qveynebisa Tu regionebisTvis. praqtikulad 
pikuri sidideebisTvis aRmoCnda 
rekomendirebuli nakadis datvirTvebis 
gantolebi. aqedan gamomdinare  BSV97 unda 
iqnas gamoyenebuli nakadebis datvirTvisas. 
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    evrokodi moicavs aseve vorteqsis Zalas, 
da gayofilia 2 sxvadasxva nawilad. am ori 
meTodis gamoyenebam aCvena aqtualur rkinis 
milis dizainze, romelic struqturis 
Seufaseblad SeuZlia deformacia miiRos. 
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2.5 qaris aerodinamikuri modelireba 
 COMSOL Multiphysics –sis bazaze 

 

 

COMSOL Multiphysics kompania daarsda 1986 
wels SevedeTSi, kompiuteris evoluciasTan 
erTad ixveweboda arc Tu ise, cnobili 
programuli paketi, romelic Tavidan 

mogvevlina rogorc MATLAB-ის damxmare 

xelsაwyo. dRes ukve, organzomilebiani da 
samganzomilebiani sainJinro proeqtebis 
Seqmna SeiZleba. 2010 wlidan is aqtiurad  
gamoiyeneba sxvadasxva qveynebSi. nelnela 
inergeba COMSOL Multiphysics  evropis 
qveynebSi da ixsneba kompaniis filialebi. 

COMSOL Multiphysics aris progrmauli 
paketi romelic uzrunvelyofs, maTametikuri 
da fizikuri modelebis martiv  modelriebas 
sxvadasxva ganzomilebaSi, programul 
paketSi Cadebulia yvela is maTematikuri 
formula, romelic dRes-dReisobiT 
aqtulauria sxvadasxva samecniero 
kvlevebisaTvis. programa gankuTvnilia 
fizikosebisTvis, inJinrebisTvis, 
maTematikosebisTvis. 

   
COMSOL Multiphysics-is programaSi Tavidan 

SevadgineT garsmdeni qaris dinamikis 
proeqti. 
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gavTvaleT  qaris nakadis dinebebi, 
turbulenturi zonebi da SevadgineT misi or 
da samganzomilebiani modelebi 

Qqaris siCqare - 4m/wm; 
 wneva - 102.02 kps. 
SevadgineT nax. 2 - ze mocemuli saxlis 

garsdenis modelireba or ganzomilebaSi. 
vxedavT, rom saxlis garSemo wamroiqmna 

nakadis turbulenturi zona, grafiki  

Seqmnilia 2D ganzomilebaSi  

    reinoldsis ricxvi Re hidrodinamikaSi 
aris uganzomilebo ricxvi, romelic 
axasiaTebs dinebis xasiaTs, reinoldsis 
ricxvi xSirad Cndeba hidrodinamikuri 
problemebis ganzomilebiTi analizis dros. 
reinoldsis ricxvi, aseve, gamoiyeneba 
dinebis sxvadasxva reJimebis daxasiaTebisas, 
rogricaa turbulenturi da laminaruli 
reJimebi. laminaruli dinebebi gvxdeba 
SedarebiT dabali reinoldsis ricxvebis 
dros, rodesac siblantis Zalebis gavlena 
Zlieria, xolo turbulenturi nakadebi 
SeiniSneba maRali reinoldsis ricxvebis 
dros, rodesac siTxis moZraoba ZiriTadad 
ganisazRvreba inerciuli Zalebis 
moqmedebiT. 

 inerciis  Zala (ρ u L)  

 siblantis koeficienti (μ) 

Tanafardoba aris  
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 dinamikuri ZalasTan (ρ u2)  

 wnevaze (μ u / L) 

 da SeiZleba Caiweros Semdgenairad 

Re = (ρ u2) / (μ u / L) 

                                       = ρ u L / μ)             

                   (2.54) 

= u L /  

sadac: 

Re = reinoldsis ricxvi (uganzomilebo 
ricxvi) 

ρ = siTxis simkvrive (kg/m3  )  

u = siTxis saSualo siCqare  (m/w) 

μ = dinamikuri siblante (nw/m2) 

L = sigrZis maxasiaTebeli zoma (m) 

= kinematikuri siblante (m2/w) 

reinoldis ricxviT, SeiZleba ganisazRvros 
dinebis xasiaTi 

 laminaruli, roca Re < 2300 
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 tranzituli, roca 2300 < Re < 4000 

 turbulentri, roca Re > 4000 

 
N 
nax.2.14 qaris nakadis modelireba COMSOL 

Multiphysics -sis garemoSi 
 

 
 

nax.2.15. Senobis garsdenis sqema 
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nax2.16. qaris nakadis denebis wirebis 

angariSi COMSOL Multiphysics –sis  
garemoSi

 
 
Nnax.2.17. Mmocemulia samganzomilebaSi qaris 

turbulenturi dineba 
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Hhidrologiuri monacemebis dayrdnobiT 
avegT modeli  sadac: 
qaris siCqare-2.6m/w 
wneva-104 kps 

nax.2.18 wnevis grafiki mocemulia  
 
    grafikze mocemulia wnevis zemoqmedeba 
Senoba nagebobaze (nax2.20) wneva aris 102.02 
kps, da  grafikze ki naCvenebia Senobaze 
wezolis Sedegad rogor xdeba zemoqmedeba 
180kilometris sigrZe (Tu xelmSeSleli 
pirobebi araa)  
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     nax.2.19 da nax.2.20 -ze aris warmodgenili 
wnevis zemoqmedeba da mniSvnelobebi  Tu 
rogor moqmedebs 
 

 
Nnax.2.19 wnevis zemomqedeba Senoba nagebobaze 
 

 
nax 2.20 aRniSnulia wnevis faqtorebi 
sxvadasxva wertilebSi Tu rogorc icvleba 
wneva 
 
     rogorc vxedavT kedlis midamoebiSi 
wneva moqmedebs 132.18kps da 150 kps-iT, xolo 
reinoldsis ricxvi aris: 
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ρ = 1 (kg/m3 ) 

u = 2.6111 (m/w) 

μ = 1 (nw/m2) 

L = 12 m) 
ν = 1 (m2/w) 

Re = 43 
     rogorc vxedavT aseTi dineba aris  
laminaruli, Senoba nagebobaze 
urTerTqmedebisas, warmoiqneba turbulenturi  
zonebi 

Semdeg rialur monacemebze dayrdnobiT 
da rialuri maStabis saxlis pirobebSi 
SeviswavleT qaris dineba, romlis 
monacemebia: 

simaRle-5m; 
     sigrZe-12m; 
     sigane-11mm. 
     saxli aris banuri gadaxurvis amitomac 
3D ganzomilebaSi aRweriali maqsimaluri 
sizustiT, saxlis wina mxares 15 metris 
manZilze xelmSeSleli pirobebi ar aris, 
qaris siCqare da wneva aRebulia 
hidrologiuri monacemebze dayrdnobiT. 
 

modelis agebisas gaTvaliswinebulia 
zemoqmedebis parametrebi qari, wneva da 
temperatura: 

 m/w 
kps  
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nax.2.21  Senobis sadac xdeba qaris garsdenis 

modelireba 
 

 
nax.2.22 naCvenebia qaris nakadis Zvra 
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Q 
qaris nakadi daZvra da urTerTqmedeba 
SenobasTans da miwis zedapirTad 
 
       Fluid Properties (siblantis parametri) 

mocemulia gantoleba da sxva parametrebebi 
romelic damokidebulia droze 

 

 
                           (2.55) 

     

 

 
    
  

    aqve aris Wall-kedilis fuqciac romelic 
gansazRravs ZiriTad zewolas kedelze da 
Caiwereba formuliT 
  

 
U  

                  (2.56) 



 

 

141 

 

 
    

 

       Inlet-qaris saidanac uberavs anu e.w 
damberavi da misi formulebi da parametrebi,  

(2.58) 
 
romelic damokidebulia droze 
 
turbulenturi intesivoba da  sigrZe 
turbulentobis intensivoba 

lT=0.05 
turbulentobis damaxasiaTebeli sigrZe 
LT=0.01 m 
   

    Outlet-berva anu saiTkenac uberavs da misi 
gantoleba 
xolo wnevis gantoleba romelic romelic 
ar warmoadgens daZabulobas gveqneba Semdegi 
formula  

   (2.59) 
xolo Tu gvsurs Cvens SemTxvevaSi  wnevis 
gansazRvrac iqneba Semdegi 
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        (2.60) 

  წneva PP=106.02 kpa 
   sasazRvro pirobebi da simetriuloba 
 

  
(2.61) 

     
   unda aRiniSnos rom daTvlisas, animaciis 
modelis drois intervali 30 wamia, 
kompiuteri iTvlida 0.01wm intervaliT, da 
maqsimaluri sizustiT, Tavidan Senobis 
garsdena xdeba bolos ki turbulentoba 
warmoiqneba. 

Nnax.2.23 warmoqmneba turbulentoba 
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nax.2.24 saxlis qaris nakadiT garsdena 
 

 
 

Nnax.2.25 saxlis garSemo xdeba 
turbulenturi zonebis warmoqna 
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    isrebiT aRniSnulia is zedapiri sadac 
xdeba zewola Senoba negebobaze, romelic 
mocemulia nax.2.25-ze 
 

Nnax.2.26 Senobaze zemoqmedeba aRniSnulia 
isrebiT 
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Nnax.2.27 Senobis ukan warmoiqneba 
turbulentoba 

 

 
 

Nnax2.28 gverdiTa xedidan warmodgenili 
zewola da turbulentoba 
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ρ = 2000 (kg/m3  ) 

u = 3 (m/w) 

μ = 100 (nw/m2) 

L= 11 (მ) 
Re = 660 

 

 
 
nax.2.29 mocmulia qaris dinebebi Senoba 
nagebobis garSemo 
 
sadac xazebi aRwers qaris denis wirebs,  
vxedavT rom 2m/w siCqarisTvis ar 
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warmorqneba daZabulobas kompleqsuri 
SenobebisTvis. 
    parmatrebis agebisas gamoviyeneT navia-

stoqsis gantoleba, gamoyenebuli iqna 
Semdegi parametrebi: 
Fluid Properties 
Wall  
Initial Values  

Inlet  

Outlet 
        ganvixiloT cal-calke TiTeuli 
komponetis mniSvneloba 
Fluid Properties  (siblantis parametri)  

gantoleba: 
 

 
                 

(2.62)         

 

 
     xolo ( wneva kg/m2 -ze) da   
(siblantis koeficienti)  
 =100kpa 
 =1 kg/m2 

          Wall-kedilis fuqcia romelic 
calkeulad moicavas Inlet da Outlet 

komponentebs, unda aRiniSnos rom kedeli 
gluvia ara gluvia da a.S misi formulac 
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icvleba magaliTad Cvens SemTxvevaSi kedeli 
uxeSia amitomac da areklva ar xdeba 

 
          Initial Values–sawyisi sidideebi sadac 
mocemulia Fluid Properties (siblantis 
parametrebi) 

          Inlet-SemSvebi, modelis agebisas vniSvaT 
parametrebs saidan xdeba qaris daberva ra 
siCqariT da ra wneviT xdeba Senoba 
nagebobaze. 
    Wall funqcia anu kedlis funqcia, 
iTvaliswinebs im mxares sadac xdeba  Senoba 
nagebobaze ZiriTadi zewola. 
xolo gantoleba: 
 

                                  (2.63) 
sadac  2.6 m/wm  
2.6 m/wm –ze warmoiqneba turbulentoba. 
      

  Outlet -gamomavali, saiTkenac gamoedineba 
qaris nakadi formula  wnevis da zewolis 
gveqneba:  

 

        (2.64) 
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Nnax.2.30Mmocemulia wnevis zemoqmedeba Senoba 
nagebobebze 
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Nnax2.31 rogorc vxedavT Senobis maqsimaluri 
simaRle 80 metria 
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Qnax.2.32 qaris dinebisa da wnevis zemoqmedeba 
Senoba-nagebobaze 
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Nnax2.33 qaris siCqare 3m/w wneva 108kps 
L = 20 (m) 
ν = 1 (m2/w) Re = 60  

ρ = 1 (kg/m3  )  
u = 3 (m/w) 

μ = 1 (nw/m2) 
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monografiaSi  agebuli iqna: 

 
1.agebuli iqna qaris organzomilebiani da 
samganzomilebiani maTematikuri modelebi; 
2.SemuSavebuli iqna rvaCov-obgaZis RO - 
geometriuli kodirebis meTodis gamoyenebis 
algoriTmi, rTuli geometriuli 
konfiguraciis nagebobaTa sazRvris 
modelirebisaTvis; 
2.qaris nakadis nagebobebze mikvris pirobebis 
gasaTvaliswineblad RO - funqciebze 
dayrdnobiT, agebuli iqna funqciaTa konis 
gantolebebi, romlebic avtomaturad 
akmayofileben sasazRvro pirobebs; 
4.qaris nakadis dinamikuri modelisaTvis, 
agebul iqna lions-temamis susti 
formulireba da kupraZe-brebbias  
Sebrunebuli variaciuli formulirebis 
amocanebi; 
5.SemuSavebuli iqna Sesabamisi amoxsnis 
algoriTmi da programa MathCAD garemoSi; 
6.gaTvlili iqna marTkuTxedis formis 
nagebobis garsdena sasrul-sxvaobaTa 
meTodiT da variaciuli meTodiT. 
gansazRvruli iqna Sesabamisi aerodinamikuri 
parametrebi da winaRobis koeficientebi 
reinoldsis ricxvis sxvadasxva 
mniSvnelobebisaTvis; 
7.gaTvlili iqna maRlivi marTkuTxa 
paralelepipedis formis nagebobis garsdenis 
amocana. gansazRvruli iqna Sesabamisi 
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aerodinamikuri koeficientebi qaris siCqaris 
sxvadasxva mniSvnelobebisaTvis; 
8.gaTvlili iqna maRlivi sakvamuris 
garsdenis amocana da gansazRvruli iqna 
garsdenis Sesabamisi ganmsazRvreli 
parametrebi; 
9.Seswavlili iqna nagebobaTa kompleqsebis 
garsdenis amocanebi; 
10.dazustebuli iqna qaris datvirTvebze 
nagebobaTa gaTvlis naxevradempiriuli 
formulebi; 
11.gaTvlebma aCvena, rom normatiuli, 
naxevradempiriuli formulebi nagebobaTa 
kompleqsebis SemTxvevaSi cudad 
iTvaliswineben baftingis problemas da 
saWiroeben Semdgom dazustebas. 
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