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OOPMVIJIA JUIA PACYETA YIJIOB MUKPOBACKYJIAPHOI'O Y3JIA

© 2025 r. lpyanuxos U. M., Bopucos B. B.?

Llenv. Ananuz ypasnenuu C. J[. Myppesa, nonyyenue ananumuueckou u
epaghuueckou  3a8UCUMOCU  MeHcOy COoOOU Y208 OMKIOHEHUU CcOoCy008 8
MUKPOCOCYOUCMOM Y3Jie.

Memoouka. Pewaemcs cucmema ypasnwenuii Myppes, onucwigaowas
MUKPOCOCYOUCTbLLL Y3€l KPOGEHOCHOU CUCmeMbvl uenogeka unu sxcueomuozo. C
NOMOWbIO annapama JUHeUHoU aneebpvl 00KA3AHA JUHEUHAs 3d8UCUMOCHLb
cucmemvol ypaeuenuti Myppes. Ilosmomy oOHO ypasHeHue cucmemvl YPAGHEHU
3AMEHUNU HA YPAGHeHUe Hepa3pul8HOCMU NOomoKa Kposu. Pewenuem wHogoll
cucmemvl YpasHeHUll s611emcs ypagHeHue OJisl Y2l08 MUKPOBACKYIAPHO20 V3Id,
paHee He cmpeuasuieecsi 6 aumepamype. YpasHenue peuiaemcs ¢ NOMOWbIO
mamemamuyeckux nakemos MATCAD u ancopummuueckoeo azvika Python.

Pezynomameui. Ilonyyeno ypasnenue 05 y2n08 OmMKIOHEHUL Opy2 Oom Opyad
€OCy008 8 y371e MUKPOCOCYOUCMOU KPOGEHOCHOU Cemu 4el08eKd Ul HCUBOMHO2O.
VYpasnenue peweno Ha xomnviomepe, UCNOIBL3I0BAE MAMEMAMUYECKUU NAKem
MATCAD, a maxkoice aneopummuueckuii sizoix Python. B umoece oana epaghuueckas
3a8UcUMOCmb MeAHcOy cOOOU Y2108 OMKIOHEHUU COCYO008 8 MUKPOCOCYOUCHOM Y3/ie
KPOBEHOCHOU CUCEMbl, NOCMPOEH 2PApUK 3a8UCUMOCTIU OOHO20 Y2la 0 0PY202o.
lIpusedenvl mpexmepHvle epaghuxu GyHKYul, onucvl8aroujux 3a8UCUMOCMb Y2l08
OMKJIOHEHU cOCcy008 Opy2 Om Opyad 8 y3/ie KPOBEHOCHOU CUCEMDbI.

3axnouenue. Bviseoennoe ypasnenue 0Jisl Y208 OMKIOHEHUU opye om opyaa
co0Ccy008 6 y3lie KPOBEHOCHOU CUCMeMbl UMeem NpaKkmuyeckoe npumeHeHue npu
NOCMPOEHUU UCKYCCMBEHHBIX KANUIAPHBLIX Cemel, a MAaKdice pa38emeleHHbIX
mpyoonposoonbIX cemell 0N ONMUMAILHOU, 8 CMbICNe 3ampama 3Hepaul,
nepekauku Hegmu, 2aza u mo6ou xcuokocmu. llomyuennoe ypagnenue modxcem
ObIMb UCNONL30BAHO OJISl IKCHEPUMEHMATbHOU nposepKu ypasHenuti Myppes.

Kniouegvle cnosa: ypasnenus Myppes, npasuna ougyprayuu KanuiisapHsix
cemeti, NPUHYUN ONMUMATILHOCMU OJIs1 MUKPOCOCYOUCMBIX V3108.

BBenenue


http://mbiomorph67.ru/N-86-html/cont.htm
http://mbiomorph67.ru/N-86-html/TITL-86.htm
http://mbiomorph67.ru/
http://sgma.alpha-design.ru/MMORPH/N-86-html/cont.htm
http://sgma.alpha-design.ru/MMORPH/N-86-html/TITL-86.htm
http://sgma.alpha-design.ru/MMORPH/TITL.HTM

Martemarunuyeckas MopgoJ10rusi.
DJIEKTPOHHBII MATEMATHYCCKUI H MeJUKO-010JIOrHYeCKHIi 5Ky pHAJI.
Towm 24. Bein. 2. 2025.

BnepBbeie y3en MmukpococynucTol cetn maremarnuecku ommcan C. [l
Myppeii B cBOEH, CTaBIICH yKe KIIacCHUSCKOM, padoTe [4]. dopMyIibl OH HOIYYHI,
UCXOJsl U3 NPUHIMUIIA HAUMEHBIIIETO JIEUCTBUSA, XOPOIIO W3BECTHOTO B MEXAHUKE.
@aKkTUYECKU 3TOT MPUHIUIT OCHOBAH HA HAUMEHBIIEH 3aTpaTe SHEPTUU KPOBU MIPU
ee JBW)KEHUM B KamwuisipHou cetu. [locne 3Hamenutoit padorsl C. . Myppes
MOSIBUIIOCH OTPOMHOE KOJIMYECTBO PabOT, MOCBALIEHHBIX aHAIM3Y YPaBHEHUN U UX
¢dusnueckoit TpaktoBke [2-6]. Tak B pabote [1] ObLIM BBeICHBI KBAaHTHI KPOBU U
NO0Ka3aHo, 4yTo ypaBHenuii C. JI. Myppes cliely1oT U3 3aK0OHa COXPaHEHUS UMITYJIbCa
KBaHTa KPOBH IIpU €r0 JEJICHUM HA NOJKBAHTHI B y3JIe KanmwuisipHou cetu. Hanmo
y4ecTb, 4To camu ypaBHeHus C. [[. Myppes ObUIM MOSyYEeHBI JJI JTAMUHAPHOIO
JBUKEHUS KPOBU B cocyae auamerpoM Oonee 100 MKM, Tak Kak B 3TOM cilydae
BSI3KOCTh KMAKOCTH HE yuuThIBaercs. B cocynax nmamerpom menHee 100 MM
BO3HUKAET TYpOYJIEHTHOCTb (3aBUXPEHUE), IPOSBIISAIOTCS BA3KUE CBOWCTBA KPOBH.
[Tosromy ypasHenus C. [I. Myppest TpeOyroT MoauduKany, a MIMEHHO: BBEICHUS
K03 duUIMeHTa BI3KOCTH, YTO U OBLIO ceaaHo B pabdote [1].

ABTOpBI TOCTaBUJIM TI€pes COOOM 3a7auy JaJbHEHIIEro aHaIu3a ypaBHEHUH
C. . Myppes, ontuMu3anus UX pPEIICHHs, a TAaKKE aHAJIW3 PE3yJbTaTOB Ha
KOMIIBIOTEpPE C MPHUBJICYEHUEM OOIIMPHOrOo MareMmarudeckoro ammaparta. Hamo
OTMETUTH, YTO CaMU YPAaBHEHUs, 3alIMCAHHBIE HMXKE, JJUHEWHO 3aBUCUMBIE, YTO
nokasaHo. lloaTomy 1u1s MX pemeHus HaJo MCIOJIB30BATh €I OJHO YPaBHEHUE,
OCHOBAHHOE Ha JIPYroM (U3HUYECKOM 3aKOHE, 3 UMEHHO: Ha 3aKOHE COXPaHEHHS
ITOTOKA KUJIKOCTH B MUKPOCOCYIMCTOM y3i€e. CoxpaHsis ABa ypaBHEHUS B CUCTEME
ypaBuenuii C. JI. Myppess u 100aBiisisi HOBOE, Mbl TOJY4YUM CHUCTEMY TpeX
HE3aBUCUMBIX ypaBHEHMW. /[lanpHeWmmass 3agadya — 3TO PEMINTh MOJYYEHHYIO
CUCTEMY YPAaBHEHUU M BBIBECTH 3aBUCUMOCTH IS YIJIOB OTKJIOHEHWW COCYJIOB B
y3J€ KaluUIIpHOW CeTH, 4To U ObLIo crenaHo. C MOMOUIbI0 ONTUMH3AIMOHHBIX
METOJ/IOB C HCIIOJIb30BaHWEM INTpadHbIX (YHKIMA C pa3TuYHBIMA HaYaJIbHBIMU
TOYKAMM TIOJY4YeH MAacCHB JaHHBIX, [0 KOTOPOMY IIOCTPOEHO TIpaduyeckoe
pelieHue ypaBHeHus. 13 rpadukoB BUHO, YTO YTJIbl OTKIOHEHUH 3aBUCAT APYT OT
Jpyra COTJIACHO TOJYYE€HHOW KPHUBOJMHEWHOW 3aBUCHUMOCTH, rpaduK KOTOPOU
MPUBECH: 3a]]aBasi OAMH YToJI, MBI MOJTy4YaeT APYTrou yrou (yribl).

MeTtoauka

Paznuunble wWccnegoBaTeld MO-pa3HOMY U3Y4YalOT CHUCTEMY YpaBHEHUH
Myppes. Tak B [1] BMecTO paauycoOB COCYJIOB aBTOpP HCIOJb3YeT JAHMAMETPHI
COCYZIOB M BBOAMUT YIVIbI MEXKIY COCYIaMH, a HE YIJbl OTKJIOHEHUW, KaK 3TO
HAMMCaHO HUXKE, & CAMM YPABHEHHUS TPAKTYET KaK 3aKOH COXPAHCHUSI UMITYJIbCA IS
KBaHTOB KpoBH. B pabote ucnonb3yrorcst 06o3HadeHus us [4].

Ilycth X U Y — yIiibl OTKJIOHEHUH (pa3BETBJICHUN) KaMIUIAPHBIX COCYJOB B
y37ie, Kak 3T0 n300paxkeHo Ha puc. 1.
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Pruc.1 S

MHuKpPOCOCYUCTBIN y3€ll KPOBEHOCHOW CUCTEMBI C YIJIaMU OTKJIOHEHHU X U Y.

Ilycte Takxke ro, r1, r2 — paguycsl KanwuiipHbix cocygosB 0,1,2
COOTBETCTBEHHO. Toraa ypaBHeHus Myppes 115 cocynoB 0,1,2, n300pa’keHHBIX Ha
pucyHke 1, 3anmceiBarotcs B Buae [4]

92 = (cosx)r + (cosy)rf
rZ = (—cos(x +y)r? + (cosx)ré
r7 = —cos(x +y)r + (cosy)ré

[Tokaxkem, 4TO AaHHAS CUCTEMa JINHEMHO 3aBUCUMAs], €CJIM €€ pacCMaTpPUBATh
KaK CUCTEMY OTHOCHTEJIBHO IIEPEMEHHBIX o?, 12, 2. TlomcraBum %) BO BTOPYIO U
TpeThIO (hOPMYJIbI, MPUBEIEM MOA0OHBIE. B uTOre mosyduum cucremy
202002 : : 2
(sin“x)r{ —(sinx)(siny)r; =0
—(sinx) (siny)r{ + (sin?y)r{ =0

KOTOpas JIMHEHHO 3aBUCHMasi, TaK KaK ONpPeIeIUTENb 3TOM CHCTEMBI PaBEH HYIIIO
B sin®x —(sinx) (siny) ~0
—(sinx) (siny) sin’y '

[ToaTOMYy BMECTO MEPBOT0 YPaBHEHHUSI 3aIIUIIIEM YPaBHEHUE HETIPEPHIBHOCTHU IMOTOKA
[4], u3 KOTOpOTO ClleyeT paBEHCTBO /sl KyOOB:

r® =r® +r2

DTO paBeHCTBO 1Jisi 00bEMOB KBAaHTOB KPOBM B TOYKE PAa3BETBIICHUS COCyAax.
BrniepBble TepMUH «KBaHT» KpoBHU ObLI BBeleH B [3]. ITlomydaeMm HOBYIO cuctemy
YpPaBHEHUH

T03 ES T13 + T23
rZ = (—cos(x +y)r? + (cosx)ré
rf = —cos(x +y)r + (cosy)ré
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OTHOCHTEJIFHO MEPEMEHHBIX [o?, 112, 122,
B pesyinbTare npeobpa3oBaHuii oay4acM YpaBHEHHE OTHOCUTEIBHO YIJIOB X,

y.
3 3
cosx — cos(x + y) cosy\2 [cosy — cos(x + y) cosx?2

sin?(x +y) sin?(x + y)
CIIEZICTBHEM KOTOPOTO SABJIACTCS YPaBHEHHE
sint®(x + y) = sint5(y) + sint®(x). (1)

Ha »1exTpoHHOI BBIYKMCIUTENBHON MAallMHE OBLIO MPOMOACIHPOBAHO
pEIICHHE 3TOr0 ypaBHEHUs Ha si3bike Python. J{ist pa3mmyHbIX Ha9aIbHBIX 3HAYCHUI
X gepe3 Y(X) 0003HaUNM peIlleHNEe HAITMCAHHOTO BBIIIE YPaBHEHHUS, T.€.

sin®S(x + y(x)) = sin*®>(y(x)) + sin>(x).

[ToyyeH OombIION MAacCHB AaHHBIX, IO KOTOPOMY IOCTPOEH rpaduK peuieHus,
MpUBEICHHBIN HIKE. [locTporM MOBEpXHOCTH

z2(x,y) = sin™>(x +y) — sin™*(y) — sin™> (x)

U HalJIeM ee ceueHHe IIOCKOCThIo, mapauiensHoi X0Y Ha yposHe Z (X, y) = 0.

1) Mlpu x € [0; g] ,y € [0; %] nojiy4yeH rpaduk nosepxuoctu z=z(X,y).

02

I'paduk 1. I'paduk moBepxHocTr Z=Z (X, Y) 11 x € [O; %] ,Y € [0; %]
4
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I'paduk 2. l'paduk pemenns Y=Yy(X) ypasaenus sin'>(x + y) — sin'>(y) —
sin’®(x) =0.

2) Tlpu x € [0; 2m],y € [0; 2m] moBepxHOCTB: Z=Z (X, Y) HMEET CIIeAYIOIIHii
rpaduk

I'paduk 3. I'paduk dyakmmm 2=z (X, y) mig x € [0; 2m],y € [0; 2m].

VYpasuenue (1) MokeT ObITh IEPENUCAHO, UCTIONB3YsI YTIIbl MEXKIY COCYIaMHU.
5
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O6o3HauuMm yriuel Mexay cocygamu 0-1, 1-2, 0-2 yepes U, V, W
COOTBETCTBEHHO. Torja COOTHOIIEHHWE MEXJIy yriamu U, V, W U yriamu X, Y
cieaymoiIiee

USTT—X,W=T—Y,V=X+y.
[Tockosbky
sin(x) = sin (r—u) =sin u, sin(y) =sin (t- w) =sinw, X +y =V,

TO ypaBHeHHUe (1) MOKeT ObITh IEPENUCAHO B BUE

sin'®(v) = sin*>(w) + sin'®(u).

O0cyxaeHue pe3yJibTaTOB UCCJIET0BAHMS

N3ydyenneM cucTeMbl ypaBHEHUW Myppes  3aHUMAlOTCS  MHOTHUE
uccienoparenu [1-7]. Drta cucrema UWHTEpecHa TEM, 4YTO OHA OIKCHIBAET
MOP(OJIOTUIO KPOBEHOCHON CHCTEMBI YeJIOBEKa M JII0O0ro *kuUBOTHOro. Cucrema
ypaBHeHU Myppes JTUHENHO 3aBMcUMAa. bblla MojgydeHa JUHEWHO HE3aBHUCUMAs
CUCTEMA YPaBHEHUMU, CBS3BIBAIOIIAS PANAUYChl KPOBEHOCHBIX COCYJIOB U YIJIbI
OTKJIOHEHUH COCYJIOB B Y3JI€ KPOBEHOCHOW CHCTEMBbI. PellleHneM ypaBHEHHI
ABJISIETCS yPAaBHEHHE [UISl YIJIOB OTKJIOHEHHUM COCYIOB B y3Ji€ KPOBEHOCHOM
CUCTEMbl. AHAJIUTUYECKHU PEIIUTh MOJYUYEHHOE YPAaBHEHUE HE YJIA€TCsl, TOITOMY
NPUMEHSUIOCh ~ TpaUuecKoe  pelieHuEe Ha  KOMIBIOTEPE € MOMOIIBIO
MaTeMaTUYECKHUX MMAKETOB U aJlTOPUTMHYECKOTO si3bika Python.

Pemienne mMoaydeHHOro ypaBHEHHMSI HAa KOMIBIOTEpE BaXHO IS
MPAKTUYECKOTO MPUMEHEHHUSI. JTO pPEelIeHUEe 1aeT HaM BO3MOXHOCTh MOHSTh, KaK
yCTpOE€Ha Hallla KanuuisipHasi ceTh s ee 3D Mozaenu. PesynbTaThl HacToAIIEro
UCCJIEIOBAHUSI MOTYT OBITH HCIIOJIb30BAaHBI TMPHU Pa3palOTKEe MUKPOMAIIMHHBIX
KHOCpHETUYECKUX  TIaThOpM M TEXHOJOTHH Uil  KyJIbTUBUPOBAHUS
CaMOPa3BUBAIOMINXCA (DYHKITMOHUPYIOUTUX SHIOTEINATBHBIX KAMWIISIPHBIX CETeH
IN Vitro B MpOCTpaHCTBE OPraHM30BAHHBIX MHUKPOITIOTOKOB MHUTATEIBHOW CpPEeIbl U
onodabpukau Ha UX OCHOBE TKAHEMOJA00HBIX 00pa30BaHUN U OPraHOMOJOOHBIX
CTPYKTYPHO-(DYHKIIMOHABHBIX ~€IMHMI] C 3aJaHHBIMA OWUOJOTHYECKUMU H
(YHKIIMOHATBLHBIMU CBOMCTBaMH, KOTOpBIE CO3JAIOTCS B paMKax MPOBOJIUMBIX
MIPOCKTOB.

[TonydenHsle ypaBHEHHS BaKHbl ISl ONTHUMAJILHOTO TOCTPOCHUSI CETU
TpyOONPOBOJOB [IJIsl MEpeKauku HePpTH, raza u maoooh xkuakoctu. Cetu
TpyOONPOBOJOB, IOCTPOCHHBIX HA OCHOBE IIOJIYUYEHHBIX YpaBHEHUs, OyIyT
ONTUMAJILHBIMU B CMBICJIE 3aTpaTa dHEPTUH.

JlanpHelias 3agad4a — 3TO SKCIEPUMEHTalIbHAs MPOBEPKA MOJIYUYEHHOIO
ypaBHEHUS, IPUMEHSS CTATHCTHYECKYI0 00pabOTKy C IPOBEPKOM HA TOCTOBEPHOCTD
MOJYYEHHBIX PE3YyJIbTATOB. DKCIepUMEHTalbHasl MPOBEPKAa MOJIYYEHHOIO
YpaBHEHHUS MPOILIE, YEM CUCTEMBI U3 TpEX YpaBHEHUN Myppesi, Tak Kak OHO OJIHO U
B HETO HE BXOJSAT PAJANYChl COCY0B KPOBEHOCHOW CUCTEMBI.

6



Martemarunuyeckas MopgoJ10rusi.
DJIEKTPOHHBII MATEMATHYCCKUI H MeJUKO-010JIOrHYeCKHIi 5Ky pHAJI.
Towm 24. Bein. 2. 2025.

BriBoabI

1. IIpumeHeHUE MOTYUYEHHOTO YpaBHEHHUS AJIS YIJIOB MEXKIY COCYAaMHU B y3Jie
KPOBEHOCHOM CHUCTEMBI MO3BOJISET MOCTPOUTH €€ TPEXMEPHYIO MOJIEINb, YTO
BAXHO Ui KYJIBTUBUPOBAHUS CaMOPa3BUBAIOMIMXCS (YHKIMOHHPYIOIINX
SHJIOTEIHATBHBIX KAMJUIIPHBIX CETEH.

2. HeoOxomumMo HCMONB30BaTh MOJYYEHHOE YpPAaBHEHHE B TEXHHUKE IMPH
NPOKJIAJKE TPYOOIPOBOAHBIX U BOJOMPOBOAHBIX CETEH MMl MEpEeKauKH
He(TH, ra3a u 1000 KUIKOCTH.
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FORMULA FOR CALCULATION THE ANGLES OF A
MICROVASCULAR NODE

Prudnikov I. M.%, Borisov V. V.2
Objective. Analysis of the Murray’s equations, obtaining an analytical and

graphic relationship between the angles of deviations of the vessels in a
microvascular node.
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Methods. The system of the Murray's equations is solved, which describes a
microvascular node of the human’s or animal’s circulatory system. Using the
apparatus of linear algebra, the linear dependence of the system of the Murray’s
equations is proved. Therefore, one equation of the system of the equations was
replaced by the equation of continuity of blood flow. The solution of the new system
of equations is the equation for the angles of a microvascular node, which has not
previously been found in the literature. The equation is solved using the
mathematical packages MATCAD and the algorithmic language Python.

Results. An equation for the angles of deviations from each other of the
vessels in a node of the microvascular circulatory system of a person or an animal is
obtained. The equation was solved on a computer using the mathematical package
MATCAD, as well as the algorithmic language Python. As a result, the graphical
relationship between the angles of deviations of the vessels in a microvascular node
of the circulatory system is given, a graph of the dependence of one angle on another
is plotted. The three-dimensional graphs of functions describing the dependence of
the angles of deviations of the vessels from each other in a node of the circulatory
system are presented.

Conclusion. The obtained equation for the angles of deviation from each other
of the vessels in a node of the circulation system has practical application in the
construction of artificial capillary networks, as well as pipeline networks for the
optimal, from the point of view of energy consumption, pumping of oil, gas and any
liquid. The obtained equation can be used for experimental testing of the Murray’s
equations.

Key words: the Murray’s equations, the rules for bifurcation of capillary
networks, the principle of optimality for microvascular nodes.
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