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HanpaseH e nperneq Ha MeToanTe 3a NPOrHO3MpaHe pasnpeaeneHNeTo Ha HanaraHeTo u febnta Ha Bb3AYLIHUTE TeYeHUs B HeNTbTHU Tpbbonposoau. CpaBHeHK
ca iBa OCHOBHW MaTeMaTi4ecku MOfiena, 13non3Banm 3a u3BexaaHe Ha pasnpeaenurenHute dyHkumm hx n Qx. Mocodenm ca KpUTepuuTe 3a TAXHATa CXOAMMOCT.
OBocHoBaHa € Bb3MOXHOCT 3a BUPTyanHa MoamsiHa Ha WHTErpanHus Mofen CbC cucTema anrebpuyHn ypaBHeHUs 3a pekypeHTHU uauucnenus. MpeanoxeHo e
TUNU3MpaHe Ha pasnpedenuTentuTe MyHKLMM 4Ype3 CreumudmyHn XapakTepucTukvM Ha Bb3pyxoBoauTe (nacnoptn Rx-Px). Taka ce u3bsrsa MHOroKpaTHOTO
nporHoavpaHe Ha hx n Qx npu pasnnyHM rpaHNYHK YCMOBUS B U3YMCTIMTENHIUTE CEKTOPM, @ pasnpedeneHNeTo Ha HansraHeto u aebuta B TaX ce onpegens no
13BEAEHUTE B NacnopTuTe 3aBMCMMOCTW. B Aoknaaa ce NpefcTaBAT anroputbM Ha pa3paboTeHns OT aBTOpUTE METOA W MPUMEPHMN U3HUCTIEHMS.

BBLBEAEHME

Pa6oTaTa Ha BEHTUNATOpUTE B NITbTHU Bb3AyXONPOBOAN CE
onUcBa OT TOYEH MaTemaTudyeH Moden. MpoekTupaHeTo Ha
TakMBa  TPLOHO-BEHTUNALMOHHM  CUCTEMM He  Cpella
3aTpyaHeHus. He Taka uarmexmar pelleHusITa npyu HenmbTHU
Bb3fyxonpoBoan. MpocMyKBaHUATa Ha Bb3ayxa OT WK KbM
TpbbuTe  o0pasyBaT  MHOrOKNOHOBa  Mpexa  OT
B3aMMOCBbP3aHM TPAH3UTHU W (OUITPALIMOHHMN TEYEHMS, KOETO
YCMOXHSIBA MPECMSATaHETO Ha MpeHacsHata OT TsX maca U
eHeprus.

PyoHu4HUTE  BeHTMNAUMOHHM TpbbompoBoan He ce
OTNINYaBaT C BWUCOKA CTENEH Ha NITbTHOCT MOpagW TPYOHM
€CTECTBEHM W  TEXHOMOTUYHM  YCMOBUS MpU  TAXHOTO
usrpaxgaHe W nogbpxaHe. Hai-pasnpocTpaHeHata UM
HenMbTHOCT Ce NpeacTass ¢ ABa Pu3nyHM Mogena:

* wMpexoB (dur. 1) - dukcupaHu no octa Ha
Tpb60NPOBOAA HENMLTHOCTM (PNaHLY UK apyr
BUA CbenHEHNS);

* HenpekbcHaT (ur. 2) - CryvyanHo
pasnpeaernexm no CTeHnTe Ha TpbbuTe oTBOPY
(nopw).

Qn+1 ,
— Foo —
n1 3 2 1 0

n+1 n
Queypa 1. Mpexos moden Ha mpbbonpogoda

[BKEHNETO Ha Bb3yXa B NOCOYEHNTE Tp'b60r|p0B0£|,VI ce
onucBa OT YpaBHEHUATA Ha CbXpaHEHWETO Ha MacaTta U
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eHeprusTa, KOUTO Ce peluaBaT OBMKHOBEHO MpU CrieaHuUTe
YCoBUS:
»  TeuyeHuaTa ca TypOYneHTHY;
e MITbTHOCTTA Ha Bb3[lyXa e MOCTOsHHa;
*  KONWMYECTBOTO JBVKEHME HA TPAH3UTHUA NOTOK
He e Bnusie OT MNTpaLmaTa;
e MECTHUTEe CbMPOTUBNEHMS CE OTYATAT upe3
YBEMUYEHNE HA NMHENHOTO ChbNPOTUBNEHWE OT
TpueHe;
e CbNPOTMBNEHMETO HA CMbTHUTE (BBHLIHUTE)
TeYeHUs: ce npeHebpersa unu ce Npnubass KbM
NIMHEAHOTO CbIPOTUBIEHME.
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Oueypa 2. Pasnpedenumentu gpyrkuuu O, h

YDaBHeHI/IFITa Ha CbXPaHEHNETO Npu TOBA ONPOCTABAHE Ha
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cvcTeMarTa ce 3anucBart Mo CNeAHNs HauvH:
1. wmpexoBo pasnpeaeneHue (pur.1):

20,2 0yt
Ehi =h_ tre,0} g

kvaero: 1= 1,2,3,...mn= L/1, e vomep Ha Bb3en u
Ha Mpunexaust My U3XoAsLY KIok; / ;- pascTosiue  Mexay

(ukcupanute  oteopu, m; L - obwa abmkvHa  Ha
TpbbONpoBoAa, M.

Bennunnnte O, v A, npeactasnsear pasnpefeneHinero
Ha aebuta (m3/s) n HangraHeto (N/m?) B OTAENHUTE B3N,

npu koeto: O, = Qo; hL = 0 an = QL;hn = hL

2. HenpeKbLCHaTo pasnpeaenexue (ur.2):
LB a)

iy @
e % 2b

Q dx er ( )

kbgeto O n h_ ca HenpekbcHaTM byHKUMM MO OCTa Ha
TPaH3UTHIS NOTOK X B FPAHULUTE:

0,20.200h, 2h 20,0<x< L,

Oyukummre O n h ce TpaHchopmupar 3a yao6eTeo B

O, n h, no peumnpourata oc / (dur.2), Kbaeto:

x=L-0;0,20,2Qyh, 2 h, 2 0.

PasnpegenutenHute yHKLWM, NONYYEHN CNER peLleHne Ha
ypaBHeHns (1) wrm (2), ce wusnon3ysaT npu CnegHuTe
WHXEHEPHW U3YUCTIEHMS:

® y3bvpaHe Ha BEHTMNATOP MpU 33A4aAeHO KOMMYECTBO
Bb3ayx Qo;

¢ TMpecMATaHe Ha KOnuM4eCTBOTO Bb3AyX Qo npu 3aganeH
BEHTUNATOP;

®  onpenensHe MACTOTO Ha f1Ba U NOBEYE BEHTUNATOPa
¢ wssecTHu xapaktepuctukn M. (Qr)  npu

onpedenexHu ycnosua. Toea MOTMBMpPa MNOCTOAHEH
MHTEpPEC KbM pPELUEHMETO Ha pa3npeaenutenHute
YpaBHEHNA

PASNPELENUTENHN OYHKLIN

PekypeHTHUTE hopmynu (1) onpenensit TOYHO YMCNEHUTE
CTOMHOCTM Ha febuta u HansraHeto (Q, h) B onpocTeHns
MpexoB mogen (cwr.1) npu BXogHW AaHHn - L, 1, I, ke n Q..
To3u nogxop ce npunara NoyTh CTO FOAMHM 3a NPECMATaHE Ha
NpocT/ napanenHu BeHTUnaumoHHM mpexu. Stefanov T.P.,
V.V. Tomov, |.S. Velchev (1975) npunarat wTepatvBHo
peLleHune (Metoq H.Kross) Ha CrnoxHu (auaroHanHu) Mpexu ot

BEHTUMALMOHHU TPbOWM  (Pa3KMOHEHM TPAH3UTHU  MOTOLM,
AMaroHanHu KIoHoBe, Npou3BoHO M3bpaHn Bpoi n MecTa Ha
BEHTUIATOPUTE, Pa3NN4YHM CHMNPOTUBNIEHUS] HA  KIOHOBETE,
CMbTHU TEYEHUSA U T.H.).

VianonsyeaHeTo Ha Mmogen (2) B pyAHWYHaTa BEHTWNaLms
Hamupa CbLLEeCTBEHO Havano B pa3paboTkute Ha: Loisson R. u
J.UImo, (1950); Holdsworth J.E., M.A. Pritchard n W.N.Walton,
(1951); BoponuH B.H., (1956). lMpe3 BTopaTa nomnoBuHa Ha
MWHaNOTO CTOMeTMe Ce NosBABAT Peaula HOBU PeLUeHMs:
Simode E., (1976) ; Pawinski J., J. Roszkowski 1 J.Strzeminski
(1979); Robertson R. n P.B.Wharton (1980), Browning E.J.,
(1983); Vutukuri V.S. (1983), Keptukos (1994) n op. Toea e
eTan Ha aHanuTU4YHW 3CneaBaHus 1 U3BeX4aHe Ha popMynu
33 VMHXEHepHM npecmsaTaHns. 3a Tasv LUen ce npunarat
pasnuYHM ONPOCTABAHMS MPK peLUaBaHe Ha ypaBHeHus (2). Te

[0BEX[aT 10 OTNMYaBaLLM Ce kpaithu pesyntatn O, u h, , B

OTAenHn  cny4vau - 0O Cepuo3HW OTKIOHEeHMA OT
[EeNCTBUTENHUTE CTOWHOCTU. [JOCTaTbYHO TOYHO € Hanpumep

WHTErpanHoTO peLleHue ¢ anpokcuMaums Ha i (m):

2k
0, = 0yt 22 Jhy (m) @

mt

MHoro yno6Hu 1 ¢ gobpo npubnukerne ( L<750 m ) ca
topmynute Ha B.H.BopoHuH (1956):

- . _QL_Hk.r 3 Hz
h =rL0,0,; P= 2L=0=[rD+10 @4
rLQ,Q 0. T r : (4)

AHaroryeH e noaxobT Ha Browning E.J. (1983).

ABTOpUTE Ha HacTosILaTa CTaTs Npunarat UTepaTMBHO
WHTErpUpaHe Ha ypaBHEHMS (2) A0 HeobxoaUmaTa cXxoaumMocT
upes nonmHomHa anpokcumaums (Viasseva, 2001). MbpBoTo
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npuBnuene sa hy e: h! = r LQ; T Wapasa ce

3aMecTBa B (2a), YNETO pelLeHIe e MbPBOTO NpUBKEHMe 3a

0,

Q)I( X
[0, =~ k[ ! = 0!
[N 0

Ot Tasu nosnuusa ctaptTupa NofMHOMHaTa anpokchumMauums,

1
u3BbpLUeHa oT aBTopute: (). Ce anpoKCUMUPa C MOMMHOM OT

3-1a cTeneH (aHanu3a Ha dyHkuuuTe Qy 1 hy fOKa3Ba, Ye
TaKbB NOMMHOM OMMCBa MHOMO A0Bpe NoBEAEHNETO UM):

I - 2 3
Q.3 Pi(x)= ayt aixt a)x™+ ayx
Tas3u NONMHOMHa anpokcuMaLws ce 3amecTsa B (2b):

dhx 2 312
—=-rla,t axta,x”tax

dx

PelueH1eTo Ha ropHOTO ypaBHEHIe e BTOPOTO NMpuBnmkeHme

1 “
h_ . YvcneHute CTOMHOCTM Ha 1/hf’ ce anpokcummpaTt

OTHOBO C MOMMHOM OT 3-Ta, KOWTO Ce 3amecTBa B (2a):
Y

- 2
—=- k(b0 thxtbyx"+ b3x3) Peluexneto My e
dx

TFOONLLIHWK Ha MurHo-2e0noxkusi yHugepcumem “Ce. Mean Puncku”, mom 46(2003), cs. I, JOBMUB U NTPEPABEOTKA HA MMHEPATIHW CYPOBUHN



BTOpPO npubnuxkeHne Ha paebuta Qf Mpouenypata

npogb/kasa [0 AOCTUraHe Ha NpefBapuTenHo 3ananeHa
TOYHOCT, @ uMenHo 102 no Q.

UncneHnTe pellieHnss Mo TO3WM HauuH  anpoKcUMMpaT
HenpekbeHaTUTe (yHKUMKM Ha HansraHeto /1 1 nebuta Q. .

Taka ce nocTura NPOABLIMKEHNE Ha UTEPATUBHOTO PeLLEHNe Ha
R.Loisson u J.UImo (1950), HanpaBeHo aHanuTUyHo 4o BTOpa
ntepauus.

Mo npencTaBeHUs anropuTbM € CbCTaBeHa KOMMITbpHA
fnporpama, KOSTO [JaBa  YMCMIEHUTE  CTOWHOCTM  Ha
pasnpefenuTenHuTe yHKUAM MpW 3a4afeHn BXOAHU JaHHU;
[bITKMHA, CbNPOTUBEHNE U KOBVULIMEHT HA HEMITLTCTOCT, HA
TPLOONPOBOAA U HEOBXOANMO KOMMYECTBO Bb3AYX.

HepocTtaTbyHa e uHhopmauusTa 0T eMIMpUYHM TECTOBE Ha
peLleHnsTa Ha MaTeMatuyeH mogen (2). ToBa Hanara fa ce
npubsrea KbM CPaBHWUTEMNHA OLEHKA C anpyUOpHO MO-TOYHM
U34YUCIIUTENHU METOAMN.

Q]

Q“z AQx Qx1 TA Q1
et

QOueypa 3. 3a0asaHe Ha hunmpayuoHHUMe omeopu

CBMNOCTABUMOCT HA MOJEJIUTE

Pasnukata mexgy matematnyHute mogenn (1) u (2)
npousTMya OT [ETepPMUHMPAHOCTTa Ha  (PUITPaLMOHHUTE
otBopu (cpur. 3). lpu mbpBMS Mopen BCEKM OTBOP Ce
npecmsTa  OTAENHO  Ypes  HEroBOTO  aepoAMHaMUYHO

- 2
cenpotvenedne R, = 1/k +» kg/m”. Mpu BTOPMA MOZeEN
TOBA Ce NMpaBit HA OCHOBATA HA OCPEAHEHO CbPOTUBIEHIE Ha
0TBOpHTE (TIOpUTE), pasnonoxern Bbpxy nnowy M ¢, d , Ha

cTeHata Ha Tpbbara, Rp - 1/(fpkx)2, kg/m’. Taka ce

onpedenst pasMepHocTTa Ha [Barta Ha

unTpaLus; chcpenotoueH K 7 (m'/kg)™ w nnowen k.,
(m°/kg)"2. Cnopep ypasHenus (1) 1 (2) Te ce aedonHmpart (dur.

3) kaTo OTHOLWeHWe Ha unTpaunoHHns aebut (AQ) ot
0TBOpa MMM OT (HUNTPALMOHHATA MIOL, KbM HamsiraHeTo (

\/E ) B TpuOonpoBoaa:

koeduLmeHTa

ko = Qz'Ql - AQI, gpkx: sz'Qxl -

NN h o b
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kopero: by = h, = RAQ  wh, = RAQ? ah, w
Q.. ca WHTErpanHu onpefeneHMs no ypasHeHns (2) 3a
cextopa £ , = DX (cpur. 3).

PaBeHcTBa (4) AaBaT OCHOBaHWe [a Ce HanpaBAT CefHuTe
13BOAM 3a Bb3OYXOMPOBOAM CbC ChCPeAOTOYeHa W MNolHa

dunTpauma v efHaksv anametpu (04=dy):

1. «orato s by k, - (k.
dyHkummte A, Q. ce pobnukasat Ao
h.,0,;

2. Hail-nobpo npubnukeHne ce noctara  npu
t,="0p

3. nbrHo CbBMNafjeHe Ha pasnpenenuTenHute
qDYHKLWIVI He Ce OoCTura nopagu 3anoXxeHoTo B

MoJenuTe pasnuiue - TeweHns B nrbTe (£ /)
u wenmbten (£ ,) cektop, nmpu Koeto
DO, <AMQ. ubh >bh, .

4. nocoyenuTe HepaBeHCTBa
npeHebpexnmo EN Y

C,=tp=0x<10m

cTasar
npu

Kputepunte Ha onucaHata cxogumocT Ha mopen (1) Kbm
mogZen (2) moraT Aa ce NpeacTaBsT CejoBaTeNIHO B CNEAHUS
BuA:

EVzﬁpukvzﬁvkx (6)
kbaeTo pascTosHueto £ v koedmumeHTsT K ca BpTYanHu

CTOAHOCTW Ha ff uk . Mpn Tean ycnosusi pekypeHTHITE
npecMsTaHust Mo ypaBHeHus (1) moraT ga ce npuemar B

WHXEHEPHWTE  W3YMCMEHWS  KaTO  EKBMBANETHW  Ha
WHTErPUPaHETO Ha ypaBHEHUs (2).

Vutukuri V.S. (1983) TpaHcdopmupa mogen (2) KoM
ypaBHeHus (1), kaTo pasgens Bb3AYLWHOTO TeYeHWe B 3ajafeH

cextop (¢ o A X ) Ha fBa napanemnHy NOToKa - TPAH3UTEH B
- 2
MTbTEH KaHan (h =7l ,,Q,,) W MNTPaLMOHEH B YCNOBEH

2
0TBOp ChC cbmpotvenenne R, = ] /K ) , KOeTo e
pvx

€KBMBANETHO Ha CBLNPOTMBNEHNETO Ha CuiTpauusTa no
- 2
(h - Rpr) :
BbagyxopasnpedeneHveto B obpasyBaHus  BUpTyaneH
napanen W B HEroBUTE MHOTOKPATHM CbYeTaHust Mo
LbIKMHATA Ha TpbBonpoBoga (L) ce npecMsTaT TOUHO U Neko
Mo 3aBWCUMOCTUTE 3a MapanenHu Mpexu (BupTyaneH mogen
(1)). Vutukuri A.S. pewasa 3apavata, obaye, kaTto BbBEXAA
onpeaenenueTo R, B ypaBHeHus (2), enumutupa ot Tax Q n
WHTErpupa Nony4eHoTo AndepeHLManHo ypaBHeH e OT BTopa

CTeneH Mo anpokcumaumsTa, npunarada ot Holdworth et al.
(1951)

CTeHnTe Ha cekTopa
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1/2

N2, )2 r '

) )= A 2 (n)
iR,

B Tabnumua 1 ca cbnoctaBenun pelenus Ha Vutukuri A.S. -
TpaHcopmupan mogen (2), Vlasseva E. - mogen (2) w
BupTyaneH mogen (1) npu ycnosusita Ha npumep Ne3 Ha
Vutukuri  AS.  (1983):  d=1,00m, r=0,02464kg/m’
k=0,00005(m°kg)"? Q,=10,00m*s, 1,=20m, L=2000m.

Tabnuua 1. CpasHUMenHu u3yucneHus

L Vutukuri Vlasseva BuptyaneH
1983 2001 mogen
100 - - 10.06 | 247.103 | 10.06 | 247.35
500 [10.48 ] 1258.35 [ 1058 | 1291.71 | 1061 | 1290.75
1000 | 11.64 [ 2785.29 | 11.71 | 2813.05 | 11.74 | 2813.87
1500 | 13.30 | 4765.39 | 13.23 | 472221 | 13.27 | 4722.10
1840 | 14.59 [ 6416.90 | 14.49 | 6331.12 | 1453 | 6328.30
2000 | - - 1515 | 719541 | 1519 | 7104.30

KoeduuverTure &, 1 K ; okassaT CbluecTBeHo BivsHve

BbpXy pesyntatute OT usuucneHusTa no mopenute (1) unm
(2). CtoiHOCTMTE MM Ce YCTaHOBSBAT OMWUTHO, YPEe3 Mpeku
nsvepeaus Ha AQ u Ah B KOHTPONMEH y4yacTbK Ha
Bb3gyxonpooga (Simode E., 1976; Cenesves A.C., 1992;
Gillies A.D.S., H.W.Wu, 1992).

MmbTHOCTTa Ha TpbbUTe CheauHenus (Ky) ce onpeaens
TOYHO YPE3 CTEHOOBU aepPOANHAMMYHI U3CTEABaAHNS.

KoeduunentsT k. pesyntupa OT HenmbTHOCTH,,

PasnonoXeHn no Lenata AbmkuHa L Ha TpbGonposoaa.
CpegHaTta My cToOiHOCT 6M TpsibBano Ja ce Tbpcu Mo
namepenn AQ 1 Ah B CpPaBHWTENHO AbITbI HEMOB Y4acTbK
AL=L+-L, Tpu epHaksa TEXHONOMMS HA YMITbTHEHWE U
nofabpxxaHe Ha TpbOoNpoBoAa M Npyu passuTa TypbYNeHTHOCT
Ha BCUYKW Bb3MYLIHM TEYEHUS B HETO, MACTOTO W gbITKMHATA
Ha KOHTpONHWS ydvacTbk (cur. 3 ) ce umabupaT camo no
CboOpaxeHusi 3a TOYHOCT Ha M3MepBaHusTa U 3a
NpeacTaBUTENHOCT HA OCPEAHSBAHETO.

dopmynaTa 3a npecMsTaHe Ha Kk ce usBexaa kato pasnuka
Qi-Q2 no onpenenenue (3) npu Ly U Ly:

_ 0,- 0 ; m’/s H

x ~ U

' L L OmNN/m? [ )
2 2 |h, - L Jh
Em2+l ’ my + 1 IE

WM Ype3 uHTerpupaHe B rpaHuunTe Ha AL (dur. 3 ) npu m=1
(NMHeiHa anpokcumaLms):

k= 3(Q2 " Q1)(h2 " h;)

VAN

3a cblarta Len Moxe ga ce usnonsea v dopmyna (4).
AHrnuickusT Bapuant Ha ke L = k _100+/1000 .

Onucanute M3MepBaHnA 1 NpecMATaHna onpeaenaT peanHu

(8)

CTOMHOCTM 3a Koe(uupueHTa kx U CbNpOTMBIIE-HUETO Rp,
KOMTO CBLOTBETCTBAT Ha AMameTbpa Ha TpbbaTta, T.e. Ha

dunTpaumorHata nmow F=7 p d 1 Ha aepoaMHaMUYHUTE
YCrOBUS Ha MPOCMYKBaHE Ha Bb3ayX.

3.2 T T T

(d =80 cm: r= 0.06> | i
2.8 —

24 —

16 —

KoeduumeHT Ha nogaBare, Qi/Qo

kx=0.00001

\ \ \
08 | | |

0 500 1000 1500 2000

[ObmxuHa Ha Tpbonposoada, m

Queypa 4a. KoeguyueHm Ha nodasare (d=80 cm)

« P=1.00247+ 0.000151.X + 4.1491E - 7X°
O P=0.9922+ 0.0001278 X + 1.5005E - 7X*
® P=0.9974+ 3.1876E- 5X + 2.2565E - 7X°

d=100 cm; r=0.02

« P=0.99241+ 0.000139 X + 1.82596E - 7.X*
OP=0.99376+ 8.40209E - 5 X + 7.47475E - 8X *
@ P:-0.9984+1.875895E- 5X +1.260837E- 8X°

120

®
S
|

40 —

CobnpoTuBneHne Ha Tpbbonposoaa, kg/m7

o

0 500

1000
ObrkuHa Ha TpbBonposoaa, m

1500 2000

®ueypa 48. ConpomueneHue Ha mpbbonposoda (d=80 cm)

« P= 026634+ 0.06223 X + 5.51496E - 6 X*

O P=0.680196+ 0.05889 X + 1.40185E - 5X°
@ P=0.24751+ 0.06559 X + 3.5308E - 5X + 6.8006E - 9X°

d= 100 cm; r=0.02

TFOONLLIHWK Ha MurHo-2e0noxkusi yHugepcumem “Ce. Mean Puncku”, mom 46(2003), cs. I, JOBMUB U NTPEPABEOTKA HA MMHEPATIHW CYPOBUHN
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« P=0.068201+ 0.02052 X - 1.15546E - 6X°

O P=0.680196+ 0.05889 X + 1.40185E - 5X°
@ P=0.1336+0.02195X - 834636F - 6X* + 1.17097E - 9X°

KoraTo UHTEH3MBHOCTTA Ha (UNTPALWS B PABHU MO [AbIKMHA
cekropu (£, = £, c pasnudnn avavetpu ( d, # d, )e

epHakea (FILQ; =FILQ, ), ce nonmyyaBaT crepfHuTe
CHOTHOLLEHMS!.:

R R
- pL_ T p2
kad, = k,d, umm PR ©)
1 2
Te ca KpuTepuu cnefoBaTeNIHO 3a eHaKBa CTeneH Ha
MLTHOCT Ha TPBLGONPOBOAY C Pa3nuyHM AnameTpu. OT TsiX

npousTiyart nokasatenute: Kq= k.d unmzg= L.d n Ry

2
=R, / d” 1o KOUTO Ce CpaBHABAT U OLigHABaT
Bb3yX0BOAUTE

B tabnuua 2 e npeacTaBeHa Knacudukaums Ha HenTbTHN
Bb3ayX0BoAu no npumepa Ha Vutukuri V.S. (1983) 3a
TpOONPOBOAK C PA3NUYHN ONAMETPM, HO C €AHAKBB

koedpmumeHT Ky n R, npu £,=100 m.

Tabnuya 2. CpasHeHUe Ha 03HayeHusima 3a NiTbMHOCM
Kayectso Ha
d kx | Rp | Kd 1d Rd ynnbTHe-
HUETO
0.25 | 0.0002 | 2500 | 0.00005] 0.158114 | 40000 | M. Jo6po
0.50 | 0.0002 [ 2500 | 0.0001 | 0.316228 | 10000 | Cpearo
0.75 | 0.0002 | 2500 | 0.00015] 0.474342 | 4444.4 | Cna6o
1.00 [ 0.0002 | 2500 [ 0.0002 | 0.632456 | 2500.0 | Nowo
2.00 | 0.0002 | 2500 | 0.0004 | 1.264912 | 625.0
5.00 | 0.0002 | 2500 | 0.001 | 3.162280 | 1000 | MHoro nowo
OueHkuTe 3a NbTHOCT Ha E. Simode (1976) 1 Ha Pawinski
(1979) ca HanpaBeHu no koeduuUMeHTa kx 1 ce OTHacsT 3a

TPLOONPOBOAY C EAHAKLB AUAMETHP.

CNELUMOUNYHN XAPAKTEPUCTUKA HA HEMITBTHU
Bb3[yXOBOAN

OcHoBHaTa LUen npu MNpOeKTUpaHe Ha TPLOHM
BEHTUMNALMOHHM CUCTEMM € [ja Ce NOCTUrHE LienecbobpasHo
pasnpenenexue Ha fjebuta n HansaraHeTo Npu pasnuyHu
BapuaHT N rpaHNYHKN YCNOBNA: ABITKUHN Ha Tp1=6onpoaoaa

(L), cextopute (AL) u cbecTasHuTe TpboM ( £7); ovameTpy n
cenpotusnenns (d,r); crenew Wa ynmbTHssare (k..k,);

6pom, msacto (i) w HanopHu xapaktepuctuku (he-Qp) Ha
BeHunatopute, pasnuunn QO n T.H. MauncnennaTa ce npassT
ypes pasnpenenutentute dyHkum Qv b unn Qx u hx,

u3BexaaHn ot ypaBHeHus (1) wnm (2) npu Bcsika CMsHa Ha
ycnoBusTa.

Tean MHOTOKpaTHU pelleHns MoraT fa ce u3berHar upes
creundmnyHITe XapaktepucTuke Ha Tpwbbonposoga RX u PX,
KOWTO 3aBMCSAT CaMO OT Ab/DKMHATa (X) U CbMpOTMBREHUATA
npu TpueHe (1) u untpauns (Rrunn Rp).

R = h R(x;r, k) (10)

X P
P

P2z ) )
O,

OyHkummte (10) u (11) ce m3BexaaT egHOKPaTHO Ypes
ypaBHeHus (1) wnu (2) 3a npowssonHu L n Qo (Hanpumep

L=2000 m O, =1 m%s). Te ca nocTosHHa XxapakTepucTHKa

(nacnopt) Ha cboTBETHUA Bb3ayxoBop (F, KX unu Kf ). Karanor

ot R-P nacnopm u ot h ¢ Q ¢) xapaktepuctuku Ha
BEHTWNATOpN OCUrypsBa JocTaTbyHa WHopMauus 3a
WHXEHEPHN M3YMCIIEHNS HA HEMITBTHU TPBOHO-BEHTUTALMOHHM
cuctemun. B Tabnuua 3 ca npegcrtaBenn R-P nacnopti Ha aBa
4eCTO M3MON3BaHM Bb3AYX0BOAA C TPW CTEMEHW Ha MITbTHOCT.
Ha cwurypn 4a n 4B ca npeactaBeHu B rpacuyeH Bug
CBNPOTUBIEHWETO U KoeduLMEHTa Ha nogasaHe 3a d=80 cm u
r=0.06). MNop rpacmkaTa ca 3anucaHn NOMMHOMMTE, C KOUTO Te
ca anpoKkcuMMpaHuW 3a Apata TpbbompoBoga M TpuTe Tvna
YNITbTHEHMS.

Tabnuya 3. P-R nacnopmu Ha dsa mpwbonposoda ¢ pasnuyHa CmeneH Ha ynimbmHeHue

D=80cm; r=0.06 D=100cm;r=0.02
X | kx=0.00001 kx=0.00005 kx=0.0001 kx=0.00001 kx=0.00005 kx=0.0001
P R P R P R P R P R P R

0 1.00 0.00 1.00 0.00 1.00 0.00

1.00 0.00 1.00 0.00 1.00 [ 0.00

200 1.00 | 11.93 1.02 ] 11.67 1.06 | 11.35

1.00 3.99 1.01 3.94 1.03 [ 3.87

400 1.01 | 23.65 1.06 | 22.33 113 | 20.89

1.01 7.93 1.04 7.67 1.07 ] 737

600 1.02 | 35.01 112 ] 31.54 125 | 28.05

1.01 ] 1181 1.07 ] 11.10 114 ] 10.32

800 1.04 | 45.96 119 ] 39.24 140 | 33.13

1.02 | 15.60 111 ] 1418 122 | 12.72

1000 1.05 | 5647 127 | 4558 1.57 | 36.68

1.03 | 19.30 115 ] 16.93 1.32 | 14.65

1200 1.07 | 66.51 1.36 | 50.80 1.78 | 39.20

1.04 | 2291 120 | 19.36 142 ] 16.19

1400 1.09 | 76.11 147 ] 55.10 202 [ 41.03

1.05 | 2642 126 | 2151 1.55 | 17.43

1600 111 85.23 1.58 | 58.59 230 [ 42.34

1.06 | 29.83 1.32 | 2340 1.68 | 18.42

1800 113 | 93.88 1.71] 61.37 262 | 4323

1.07 | 33.13 1.39 | 25.04 1.83 | 19.18

2000 1.15 | 101.97 1.85 | 63.44 299 | 4370

1.09 | 36.30 146 | 26.41 2.00 [ 19.73

VHXEHEPHN U34YNCITEHNA

EnvH BeHTMNaTOp B TpBLOONpOBOAA.
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(cour. 6), onpedenswyM  eBeHTyanHn Bb3nu | - MecTa 3a
BEHTUNATOPW MM MEXAMHHM NPecMsiTaHmus. KbM BCeku Bb3en
Ce MpWUNUCBAT CEKTOPHUTE MpUpacT Ha  creuuduyHuTe

xapaktepuctuki AR, u A P no ocute X u /.

Korato BeHTMnatopbT e B Havanoto (x = 0; £ = L) wa

TpaH3uUTHUA noTok (cpur. 5), Toi paboTu HarHeTaTenHo no
LsnaTa Ab/mkuHa Ha TpbbonpoBoga. AKO € MOHTVPaH Ha Kpas

(x=L;£=0), peitcteneto My €  CMyKaTesHo.

MapameTpuTe Ha TEYEHUsiTa B ABaTa Cryuyasi ca efHaKBM, HO
OpMEHTMPaHW MPOTUBOMONOXHO. ToraBa MPEOAONSABAHOTO

CbNpOoTMBIIEHNE € paBHO Ha R (bI/IJ'ITpaLWIﬂTa e

€MHOMoCoYHa (+ FILQ  unu - FILQ() W Makcuman-Ha

L

, HAMa peLmpkynaLms (RECQ= O). Bogewa uen Ha
fpoekTa € [a OCUrypW [OCTATYHO KOMMYECTBO Bb3MyX 3a
nposeTpsisaHua obekt O, K0eTo ce npuema Uk M34ncnaBa
MpenBapUTENHO Mo MUMUTUPALLUTE IO (haKTopM.

AepO,CI,I/IHaMVNHVITe M34ncrneHna Ha BEHTUNaUUOHHaTa
chcTemMa ce npaBAT Mo ABa Ha4nHa:

® 3amaea ce QO , onpegena ce Heobxoammus
pa60TeH PeXnm Ha BEHTUNATOPa No ypaBHEHNATA:

QF:QL:QOP/ZMhF:hL:RV,Qg (12)
nce V|36|/|pa BEHTUNATOP;

he (QF)

® ubupa ce  BeHTMMaTOp n
BEHTUNATOpeH arperar M Ce  MpecmaTar:
pe3ynTupaLLmMsT My pexum no R, u4pes cuctemara
YpaBHEHMA.

he(Qp) u hy = RLQL2 (13)

1 pasnpegeneHneTo Ha aebuTa u HanaraHeTo:

- . - . - 2
QO'QL/PL ’Qi'QOPi ’hi_RiQi (14)
AKO KONMYecTBOTO Bb3AYX Qo € HenpuemnmBeo, peLleHneTo
Ce NoBTapA C Apyr BEHTUNaTop uUnn Bb3ayxonpoBoa.

Korato MACTOTO Ha BEHTMNaTopa € Mo Tpaceto Ha
TPaH3UTHNS MOTOK (cur. 5), B TpbGONPOBOAa ce 0POpMAT aBe
30HM HA HanAraHe: CMykaTenHa ro X 1 HarHetatenHa no ¢ Cbe
cboTBETCTBALATa UM PUNTpaLins (+ FILO, u - FILQé;) "
peLmpkynaLus (RECQM) ) AepoanHaMnUuHOTO
CbNpOTUBNIEHME Ha TpbBompoBofa Ce pasgens Ha [sa
Hesasucumm knora R, u R, , npu koeo:

Ri = Rix * R ;

it o

h = RO} (15)
PaboTHUSIT pexuM Ha BEHTUNaTopa (hi R Q[) ce onpeaens

no ypaBHeHust (15), a pasnpedeneHneTo Ha HansraHeto U
pebuta - no chopmynure;

QOx -
Oy

= Rix Qli
R,0;

QI/PDC 5hix
Qi/Pi/ ’hi/

(16)
(17)

OnucaHuTe w3uucnenus ce npaeaT 3a W3bpaHus
Tunopasmep R - P Ha TpbGonposoga npu L = L. v npu

L< L, . Taka ce oLeHsiBa HeOBX0OMMOCTTa CaMo OT efIuH

WM OT NMOBEYE BEHTUIIATOPU 3a LIENNSi CPOK Ha U3rpaxaaHe u
nogbpkaHe Ha TpbOHaTa MHcTanauus. Korato nomydveHute
PE3yNTaTh ca TEXHOMOMYHO HEU3MBITHUMM UM UKOHOMUYECKN
HEW3rogHM, MpecMsiTaHusita  ce  MOBTapsST ¢ ApYTv
TPLGONPOBOAM W BEHTUNATOPU O HAMMpaHe Ha MPUEMMMBO
peLLeHue.

+h .

hox ,Rox

Queypa 5.BeHmunamop & Hayanomo

[Ba n noBeye BeHTUNaTopa B Tp'b60I'IPOBOAa.
nprMﬂT BEHTUIIATOp Ce MOHTUpa 0OMKHOBEHO B eayH OT
Kpauwlata Ha pr60npOBop,a - HarHetatenHo no x Wwuu

cMykatenHo no ¢ (dpur. 6 ). OctaHanuTe ce pasnonarat no
TpaceTo Ha Bb3AYLIHWA MOTOK. B3aumopeicTeueTo MM ce
onpegens upes CymupaHe Ha WHAMBMLYanHUTe UM (yHKLMMW

h,. u h;, npu Bcekv Bb3en Ha TPBGONPOBOAA:

Zi:zhm—z h,,

1 4pe3 nsvucnasaHe Ha pesyntupawinsa nebut:

éi - V;li/Ri

Pesyntpawmre croiHocw 4, v (), oueprasat

(18)

(19)

W3MEHEHWETO Ha HanmsraHeTo W pgebuta no ocra Ha
TPaH3UTHOTO TeyeHue (cur. 6 ). PyHkumsTa ;ll. odhopmst 3ag
BCEKW BEHTUIATOP Bb3eN C e4HO OT CredHUTe HansraHus:

. N—HyneBo(;z,- = 0);

i K-KomnpeCMOHHo(;li > 0);

. D—nenpeCMOHHo(;zi <0

CDYHKLlVIFITa Qi onucBa HENpPeKbCHATOCTTa Ha TPaH3UTHUA

Bb3AYLLUEH NOTOK - HA3XOAALL N0 X U Bb3XOAALL No L.

Mexay aBa cbcegtu Bbaena N-N ce obpasyBa 30Ha, B KOSITO
3arybara Ha HansraHe ce Bb3CTaHOBSBA CaMO OT HaMupaLLust
ce B Hesa BeHTunatop. [lapametpute Ha 3oHata N-N
NpoM3TMYaT CNeoBaTENHO OT UHAMBUAYAITHUS PEXUM Ha TO3M

BEHTMNAaTOp (Ri,R,hi ,Qi) _

TFOONLLIHWK Ha MurHo-2e0noxkusi yHugepcumem “Ce. Mean Puncku”, mom 46(2003), cs. I, JOBMUB U NTPEPABEOTKA HA MMHEPATIHW CYPOBUHN
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Komnpecusta BbB Bb3en K onpegens creneHta Ha
nocrefoBaTerHo arperatupaHe Ha B3aMMofeNCcTByBaLuTe cu
BeTunatopu. OTAaneyaBaHeTo UM eduH OT Opyr AoBexada Ao
Bbanute N n cneg ToBa D. lNpubnukasaHeTo um yenuyaea
komnpecusta go  100%  (seTunatopute  paboTsaT
nocneaoBaTenHo B 0L, Bb3en).

HenpecuoHHuaT cektop N-D npuumHsBa peumpkynauus B
TpbLOONPOBOAA, KOATO MO NPUHLMN He GuBa fa ce aonycka. T
ce HamansdBa W u30ArBa, Kato Ce CbKpaTh PasCTOSHUETO
MeXay B3aMMOZeNCTBYBALLMTE CY BEHTUNATOPU.

+h | ALy ALs AL ALy

SN

Queypa 6. []sa u noseye seHmunamopa

YKenaHoTo B3auMofielicTBe Ha 3adafeHn (HanuuHu)
BEHTUIATOPX CE THPCH YPe3 MHOrOBAPUAHTHW MPECMATAHMS,

lMpoekTMpaHeTo Ha BeTWMaUMOHHAaTa cuctema 6e3

peumpKynaums ce noctura npocTo M TovHo no cxemara N-N
npv 3agagero O, (dur. 6):

* Pasgens AbITKUHA

Tpw6onposoga L Ha cekropu A L. . 3apasa ce O,

B Kpasi Ha TpaH3WUTHUS MOTOK M Ce npecmsiTat

(yHKLUMMTE h u Q,
xapakrepuctiakn P,

1

PeLLeHne Ha ypaBHeHHS (2).

*  W3bupa ce BeHTunatop Ne1 (BeHTnaTopeH arperar
OT NO-MasnoMOLLHM BeHTUNaTopH) 3a mbpeata N-N
30Ha, KOSATO BKITIOUBa HAKOMKO cekTopa. Mpeasuxaa
ce TO3M BEHTUNaTop Aa 0bXBalla CeKTOpHUTE

nokasatenu /1, 5 O, npu BCAKO yabKaBaHe Ha

TpbbonpoBoaa ToBa 61 MOrMO fa ce NOCTUrHe Ypes
yBenu4yaBaHe 060pOTUTE MM NPOMSIHA HA brbia Ha
nonaTk1Te Ha BeHTUnaTopa unum 6pos Ha
arperarure.

* T[lo cblms HauH ce u3bMpaT BeHTUMATOPUTE
(arperatute) Ne2, Ne3 u T.H. 3a cregBalLmTe 30HM C

Ha4arnHo KOnn4ecTBO Bb3aAyX QO , KOETO € paBHO Ha
Npoun3BOANTENHOCTTA Ha BEHTUNATopa B npefHaTa

30Ha (Qoz = Q1 > Q03 = Qz) UT.H.

* [lpoektsT N-N cnegsa ga ce peanusupa ¢ 5-10%

ce MaKkCchumManHata Ha

no U3BECTHUTE

u R; vnu upes wHterpanHoTo

BEJ/IMYEHNE HA  W3YNCNEHOTO  HangraHe Ha
Onpeaenswm pascTosHuATa MEXay THX. y
BeHTunatopute Ne2, Ne3 u T.H., KOETO ocurypsisa
peseps  3a  u30ArBaHe  Ha  EBEHTyarHu
peumpKynaLnoHHN CEKTOPY.
N AdbrokuHa, m
o
6000 . 500 : . 1000' ' 150.0 . 2000
1 1 ] 1 1 1 1 1
o Cd=80, r=0.06, kx=0. 0001) : @= 700, r=0.02, kx=0. oooE :
Q _____ I ) ) |____J_____J____ ________
I >
X : 48670 : : ! 4994
QI-) 1 I I
/ 1 I I
(B4OOO —H———ﬁ————r———:—w— —————————
N ! I gaq2-k
1 1
% | L
N I . Ly S
© ] I
I ! !
2141
2000 ___-l___ .
fof
]
o=} >
70.00 10.63 11.84 12.59 14.02 14.54 15.51 16.82 18.64 Q
F, F 5

Quaypa 7. HucneHo pewerue 3a mpbvbonpogod om 2000 m
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Ha dur. 7 e npeactaBeHO YUCMEHO pelleHue 3a
TpbbonpoBog ¢ AbmkmHa 2000 m, cbCTaBeH OT ABa
NOCNeA0BaTENHO CBbP3aHN TPBOHN CbCTaBa:

AL, =1000;d, = 80;r = 0.060;k, = 0.0001

AL, =1000;d, = 100;7 = 0.020;k_ = 0.0001
Ha dwrypata e nokasaHO KpalHOTO CbCTOSHME Ha

npoekTMpaHa CMyKaTenHa cucTema. W3bpanuTe

BEHTMNATOpK ca OT eANH TN C Bb3MOXHOCTU 3a U3MEHEHUE
Ha brbna Ha nonaTkuTe

(F,,p=15%F,,B= 25 F,,B=30").
MexauHHUTE  CbCTOSHMS  (PexuMM)  crief  BCAKO

yobixaBaHe Ha TpbbONMpoBOga Ca  MOCOYEHU  Mpu

AL=250m. O6wata TeopeTWyHa MOLIHOCT Ha

[BUraTennTe Ha BeHTMnatopute Bb3nu3a Ha 202,36 kW.
3AKITKOYEHWE

Ha coHa Ha M3BECTHW METOAM 3@ M3YUCMEHMS Ha
HEMITbTHA  Bb3OYXONPOBOAM Ca MPEACTaBEHU CrefHuTe

M3BOAM W PELLEHMS HA aBTOPUTE:
* PasnpegenutenHute  QyHKUMK heuQ,,
nonyyeHn no paspaboTeHn OT aBTOPWUTE MOAEN U
KOMMIOTbpPHA  mporpamMa 3a  nocregoBaTenHo
(MTepaTuBHO) WMHTErpupaHe Ha ypaBHeHus (2) ¢
MEXOWHHU ~ MONMMHOMHM  anpoKCUMauuM  Ha
TbpCeHUTe hyHKLMK;

* [loctpoenn ca R- Prnacnoptu Ha
Tunopasmepa Tpbbonposogu ¢
napameTpu;

e [lpencraBeH € YMCNEH anropuTbM 3a OMPOCTEHM
U3YMCNEHUS Ha cuctemara "HennbTeH

TpbOonpoBoa-BeHTMNATOPU" C ONTUMM3NPaHE Ha
Opos, MecTaTta U MOLHOCTUTE Ha BEHTUNATOPUTE.
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A review of pressure and air volumes in un-tight pipelines predictive methods has been done. Two main approaches, utilized to work out distribution functions for hx
and Qx, are compared. Reasons have been given for virtual substitution of integral model with algebraic system of equations for recurrent calculations. Paper present
so called passports Rx-Px for typical characteristics of pipelines. Such approach can avoid repeatable prediction of hx and Qx under different boundary conditions in
calculation sectors. Pressure and air volumes distribution is defined under graphical and polynomial approximation, given in the passports. A comprehensive
algorithm for the method, worked out by authors, has been presented. Its application is demonstrated on real examples.

INTRODUCTION

Fan operation in tight pipelines is described by exact
mathematical model. The design of such pipeline systems is a
routine work. In un-tight pipelines mathematical description is
harden due to existence of air leakages towards and from
pipes thus forming complex network from mutually interacted
transit and filtration flows.

Mine ventilation pipelines are normally un-tight for heavy
natural and technological conditions in the process of their
construction and maintenance. Two physical models are
utilized to describe their un-tightness:

* Network (fig. 1) - fixed along the pipeline un-
tightness (flanges or other conjunctions);

* Continuous (fig. 2) — randomly distributed
outlets along the pipeline walls.

Qn+1

- - |
—_— | | | |
T I 1

n+1 n n-1 3 2 1 0

Figure 1. Network model of pipeline

Air distribution in such pipelines is described by mass and
energy conservation equations, which are solved under
following assumptions:

e Turbulent flow mode;

¢ Non changeable air density;

e Momentum conservation is not affected by
filtration;

e Local resistances are taken into account by
increased value of friction factor;

e Air resistance of main flow is neglected or
added to pipeline friction factor.

hl\

M

o>
L — .
[ [ L I x

Figure 2.Q _, h_ distribution functions

Conservation equations under above written assumptions
are as follows:

3. network distribution (fig.1):

10,201t kyhiy
%hi =h_ t réle.z g
where : i = 1,2,3,...,n;n = L/l is junction number and
its adjoining out flowing branch; lf - distance between flanges,

m; L — pipeline length, m.

Quantities O, and /4, represent air volumes (m3/s) and
pressure (N/m?) distribution in separate junctions, where
0= 0ih =0,0,,=05h,=h .

4. continuous distribution (fig. 2):



0dO, _
ddx k“/z (22)

%dhx .
d dx

rQ; (2b)

where O and 4, are continuous functions along the transit
flow direction x in boundaries:

0,20,.200h, 2h 20,0¢x< L,

Functions Q. and % are transformed for convenience into

Q, and h, along reciprocate axe ¢ (fig.2), where:
x=L-0;0,20,20,:h, 2 h,20.

Distribution functions, obtained from solutions of either (1) or
from (2) can be applied in the following engineering
calculations:

* Fan selection under given Qo;
* Evaluation of initial air quantity Q, under given fan;

® |ocation of two and more fans with given
characteristics /1, (O ;) evaluation.

These problems motivated continuous interest in solution of
models (1) or (2) and distribution functions evaluation.

DISTRIBUTION FUNCTIONS

Recurrent formulae (1) define exact numerical values of air
volumes and pressure (Q, h) in the simplified model (fig. 1)
under following input data - L, r, I, ki u Q.. Such approach is
applied more than hundred years to solve simple parallel
networks. Stefanov T.P., V.V. Tomov, |.S. Velchev (1975)
utilized iteration solution under H.Kross method, presenting
local ventilation system as a complex diagonal network with
ventilation tubes (transit flows), diagonal branches, arbitrary
number and place of fans, different resistance factor of
branches etc.

Model (2) utilization in mine ventilation is initiated in the
works of Loisson R. u J.Umo, (1950); Holdsworth J.E., M.A.
Pritchard n W.N.Walton, (1951); Boponux B.H., (1956). During
the second half of 20" century series of new solutions are
published: Simode E., (1976) ; Pawinski J., J. Roszkowski 1
J.Strzeminski (1979); Robertson R. n P.B.Wharton (1980),
Browning E.J., (1983); Vutukuri V.S. (1983), Kertikov (1994).
This is a stage of analytical treatment of the model and trials
for engineering expressions deduction. Different simplifications
are applied in the process of solution of (2), leading afterwards

to different O, and /4, , in some cases reaching serious
deviations from real values. Satisfying results give an integral
solution (3), obtained under /() approximation:

0, = 0+ 2525 iy m) 9

mt

Voronin's (1956) formulae are very useful and give good
agreement with reality for ( L<750 m ):

) R o) N e i
h,=rLQ,0, ; P, 0, E?) rL+1E (4)

Similar is Browning'’s E.J. (1983) approach.

Authors of this paper apply sequent iterative integration of (2)
to required accuracy via polynomial approximation (Vlasseva

l
2001). First approximation for hy is: &' = r L Qg 7 This

expression is substituted into (2a), which solution is first
approximation for Qi :

Ql

[40,=- k[ Jh!= 0!

[

This is a starting point for polynomial approximation,
developed by the authors of this paper, namely: Qi is

approximated by 3-rd degree polynomial (functions Qx and hy
analysis show that such degree polynomial describes very well
their behavior):

0= P(x)= a,+ ax+ ax” + azx’
This approximation is then substituted into (2b), giving:

dh, _

=- r(ao tax+t a2x2 + a3x3
dx

Above written equation is the second iteration of hf

Numerical values of /A f are approximated by 3-rd degree
polynomial, which polynomial is substituted into (2a):
doQ.

dx

- k(b0 +bxt b,x*+ b3x3). Solution os this

. . . . /4 .
equation is second iteration for (0" . lteration procedure

continue till preliminary given accuracy is reached, namely, 107
in regard for Q.

Above described algorithm is transferred into computer code
giving distribution functions /_and Q_ under given input
data — diameters, filtration factor, required air quantity.

As a result of above described procedure continuous
functions for pressure /1, and air volumes Q, are obtained.

In this way the authors have achieved continuation of
R.Loisson u J.UImo’s (1950) solution, made analytically till the
second iteration and is similar to the approach, applied by
Vutukuri V.S. (1983) and Gillies, 1999



Insufficient information from empirical tests of solution to the
model (2) lead to results comparison with proven calculation
methods.

AQZT Q. AQ, q, TAQ’
11111
e | s

Figure 3.Filtration outflows

MODELS’ COMPARISON

Difference between models (1) and (2) comes from filtration
inflows determination (fig. 3). In model (1) each outflow is

calculated separately by its friction factor R, = 1/ k? kg/m’

on the basis of averaged friction factor of holes (pores), located
along the pipe wall surface T f,d, namely:

- 2
Rp = 1/(fpkx) , kg/m’. Thus dimension of the two

filtration factors is determined: concentrated kf , (m"/kg)" and

distributed along surface &, (m°kg)"2. According to (1) and

(2) these fators are defined (fig. 3) as ratio between filtration
flow (AQ) from the hole or from filtration surface to pressure (

\/E ) in the pipeline:

k_:Qz_leAQl,ék:sz_Qn:AQx
NN N
where: A, = h, = R, QO and h,, = R A 02, while

h.. and Q.. are integral expressions under (2) for the sector

£, = bx (fig.3).

Expressions (5) give ground to draw the following

conclusions for pipelines with equal diameters (04=d;) and
with concentrated and distributed surface filtration:

5. when C,» Lyand k, - 0k,
functions £, ,Q, arecloseto 2,0 ;

6. best approximation is achieved when
/ s lp

7. full coincidence of distribution functions,
obtained by the two models could not be
achieved due to initial differences in the models

—in tight (£ ) and un-tight (£ ,) sector, when
MO, <AQ and Mh, > Dh,,

8. the above unevens become negligible when
t,=tp=0x<10m,

Convergence criteria from model (1) to (2) can be presented in
the following way:

fyrﬁpukv=£vkx (6)

where distance /¢, and factor k, are virtual values of

¢ 7 and kf. Under these conditions recurrent calculations

made by (1) can be taken into engineering calculations as
equivalent to the integral model (2).

Vutukuri V.S. (1983) transforms model (2) into (1) by splitting
of air flow in given sector (¢ p - A X ) into two parallel flows —

transit in tight pipe (h =rl PQ;) and filtration — conditional

2
pore with resistance R, = /l(gpkx) , equivalent to

filtration resistance along sector walls (h: RPQ;).

Vutukuri A.S. solves the problem by introduction of R, into (2),
eliminates Qx and integrates thus achieved second order
differential equation by approximation proposed by Holdworth
etal. (1951):

X

1/2
(h,)l/z(h;y _ HRLH 2h;(hx)l/2
P

Table 1 presents comparative solutions, obtained by Vutukuri
AS. transformated model (2), Vlasseva E. - polynomial
iteration approximation of (2) and virtual model (1). The
problem example Ne3 in Vutukuri A.S. (1983) with the following
input data: d=1,00m, r=0,02464kg/m®;
k=0,00005(m>kg)"?, Q,=10,00ms, I,=20m, L=2000m.

Table 1. Comparative results

L Vutukuri Vlasseva Virtual model
1983 2001
100 - 10.06 | 247.103 | 10.06 [ 247.35
500 [10.48 [1258.35 [1058 [ 1291.71 [ 10.61 [ 1290.75
1000 [11.64 |2785.29 [11.71 | 2813.05 | 11.74 | 2813.87
1500 [13.30 | 4765.39 [13.23 | 4722.21 | 13.27 | 4722.10
1840 [14.59 | 6416.90 |14.49 | 6331.12 | 1453 | 6328.30
2000 |- - 15.15 | 719541 | 15.19 | 7104.30

Factors &, and k ; are of great importance to the results

obtained under (1) or (2). Their real values can be
experimentally proved by measurements of AQ and Ah in
control pipelines sectors as shown in Simode E., 1976;
Selezniov A.C., 1992; Gillies A.D.S., H.W.Wu, 1992.



Pipeline junction tightness (ky) is defined by laboratory
modeling and similarity.

Factor & results from un-tightness, locate along the whole

pipeline length L. Its average value should reflect measured
values AQ and Ah in comparatively long sector AL=L;-L,.
When utilizing same technology for tightness achievement and
developed turbulence in it, location and length of control
section (fig. 3) are chosen based only on accuracy of
measurements and representatives of averization. Formulae
for &, evaluation is obtained on the basis of Q-Q, under

expression (3):

- 0,- 0 3 mls H

: L L OmN N /m* [ (7)
2 2 |h, - L Jh
Hmz+l : m + 1 1%

or via integration in boundaries AL (fig. 3 ) when m=1 (linear
approximation):

k= 3(Q2 B Ql)(hZ " h;)
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Figure 4a. Air supply factor (d=80 cm)
4 P=1.00247+ 0.000151.X + 4.1491E- 7X*

O P=0.9922+ 0.0001278 X + 1.5005E - 7X>
@ P=09974+3.1876E- 5X + 2.2565E - 7X*

d t d,) is equal (FILQ; =FILQ; ), the following
expressions are obtained:

R R
k.d =k,d, or 2 =L 9)
171 272 d12 d22

T
d=80 cm; r =0.06
|

120

[
o
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Figure 4b. Pipeline resistance (d=80 cm)

« P= 026634+ 0.06223 X + 5.51496E - 6X°

O P=0.680196+ 0.05889 X + 1.40185E - 5X°
@ P=0.24751+ 0.06559 X + 3.5308E - 5X + 6.8006E - 9X°

d=100 cm; r=0.02

« P=0.068201+ 0.02052 X - 1.15546E - 6X*
O P=0.680196+ 0.05889 X + 1.40185E- 5X°

@ P=0.1336+ 0.02195 X - 8.34636E - 6X* + 1.17097E - 9X°

These are criteria for equal pipeline tightness degree dith
different diameters. Following indexes can be written: Kjq

= kd o 2q= L.d and Ry =R, /d’, in order to

compare pipelines in regard to tightness.

Table 2 presents classification based on Vutukuri V.S. (1983)
of un-tight pipelines for different diameters but equal tightness

conditions K and R, for £,=100 m.

Table 2. Comparison of tightness factors

d= 100 cm; r=0.02
« P=0.99241+ 0.000139 X + 1.82596E - 7X°
OP=0.99376+ 8.40209E - 5 X + 7.47475E - 8X*
@ P=0.9984+1.875895E- 5X +1.260837F - 8X?
For the same purpose can serve expression (4). English
equivalentof kis L = k_100+/1000 .
Above described measurements and calculations can be
used to obtain real values for kx and resistance Rp,

reflecting pipe diameter, i.e. filtration surface F=/p d and aero
dynamical leakage conditions. When filtration intensity in equal

by length sectors (£, = £, ) with different diameters (

d |k« |Rp |kd |1d | =d
0.25 | 0.0002 | 2500 | 0.00005] 0.158114 | 40000 | Very good
0.50 | 0.0002 | 2500 | 0.0001 | 0.316228 | 10000 | Good
0.75 | 0.0002 | 2500 | 0.00015] 0.474342 | 4444.4 | Average
1.00 | 0.0002 | 2500 | 0.0002 | 0.632456 | 2500.0 | Poor
2.00 | 0.0002 | 2500 | 0.0004 | 1.264912 | 625.0

500 | 0.0002 | 2500 | 0.001 | 3.162280] 100.0 | Very bad

tightness

Tight factors of E. Simode (1976) and Pawinski (1979) are
for coefficient kx and refer to equal pipelines diameters.

SPECIFIC CHARACTERISTICS OF UN-TIGHT PIPELINES

Main purpose in design process of pipeline ventilation
systems is to achieve advisable air flows and pressure



distribution for variety of facilites and boundary conditions
such as: length of pipeline (L), length of sectors (AL) and
composition tubes (¢;), diameters and resistances (d,r);

degree of tightness (kxakf ); number, location (i) and fans’

pressure  characteristics  (he-QF), different Qo  etc.
Calculations are conducted for each subset of data by
utilization of distribution functions Q: and h; or QX and hx,
obtained either under (1) or (2).

Such repeatable calculations can be avoided by application
of specific characteristics for the pipeline RX and PX, which
depend only on its length (x), friction () and filtration (R or
Rp) factors:

P = Q.
(O

Functions (10) and (11) are developed once by solution of (1)
or (2) for arbitrary L and Qo (for istance L=2000 m Q, =1
m®s). They are permanent characteristic (passport) for the
taken pipeline (f, kX or kf). Catalogue of R-P passports and
corresponding  he(Q:) fan characteristics give sufficient
information for engineering calculations in un-tight ventilation
systems. Table 3 presents R-P passports for two widely used
pipelines with three degrees of tightness. Figures 4a and 4b

show in graphical way resistance and air supply coefficients for
d=80 c¢m and r=0.06. Polynomials, approximating these

= p(x,r,k) (1)

h characteristics for the two pipelines with three types of
R, = Q_x2 = R(x;r,k) (10) tightness are shown under the graph.
Table 3. P-R passports for two pipelines with different degrees of tightness
D=80cm; r=0.06 D =100 cm; r=0.02
X kx=0.00001 kx=0.00005 kx=0.0001 kx=0.00001 kx=0.00005 kx=0.0001
P R P R P R P R P R P R
0 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00
200 | 1.00 11.93 | 1.02 1167 | 1.05 11.35 ] 1.00 3.99 1.01 3.94 1.03 3.87
400 | 1.01 2365 [ 1.06 2233 [ 113 20.89 [ 1.01 7.93 1.04 7.67 1.07 7.37
600 | 1.02 35.01 | 1.12 3154 | 1.25 28.05 [ 1.01 11.81 | 1.07 1110 | 1.14 10.32
800 | 1.04 4596 [ 1.19 39.24 | 1.40 3313 [ 1.02 15.60 | 1.11 1418 ] 1.22 12.72
1000 | 1.05 56.47 | 1.27 4558 | 1.57 36.68 [ 1.03 19.30 | 1.15 16.93 ] 1.32 14.65
1200 | 1.07 66.51 | 1.36 50.80 | 1.78 39.20 [ 1.04 2291 [1.20 19.36 | 142 16.19
1400 | 1.09 7611 | 147 55.10 | 2.02 4103 | 1.05 2642 | 1.26 2151 [ 155 17.43
1600 | 1.11 8523 | 1.58 58.59 | 2.30 4234 | 1.06 2983 [1.32 2340 | 1.68 18.42
1800 | 1.13 93.88 | 1.71 61.37 [ 2.62 4323 | 1.07 3313 | 1.39 25.04 | 1.83 19.18
2000 | 1.15 101.97 | 1.85 6344 [ 299 4370 | 1.09 36.30 | 1.46 2641 |2.00 19.73




ENGINEERING CALCILATIONS

One fan in pipeline
Pipeline and fan are set by their specific characteristics

R- P and h,(Q; ). Calculations are performed for the
whole pipeline length, divided into separate sectors A [, (fig.

6), thus defining junctions i — fans’ location and place of
intermediate calculations. To each of such junction are tied

down sector's growths of 4 R, and 4 P, along the axes X u /.

When fan is installed at the beginning (x = 0; ¢ = L) of

transit flow (fig. 5), it operated in compressed regime along the
whole pipeline length. On the contrary, when it is installed at

the end of pipeline (x = L; ¢ = 0), its action is forced. Air
current parameters in both cases are equal, but with opposite
meaning. Air resistance overcome equals to R ., filtration is

one directional (+ FILQ_ or - FILQ€) and maximal,

no re-circulation is presented (RECQ = O). Bopewwa uen
Ha npoekTa e Aa ocurypu goctatbyHo Project’s main goal is to
ensure required air volume for the ventilated object O, , pre-
defined or calculated in advance on limitating factors.

Aero-dynamical calculations for such system are performed
in two ways:

® under required Oy work regime of fan is evaluated
by the following expressions:

QF:QL:QOI)l‘MhF:hL:RéQ(? (12)

® fan or fan aggregate is selected h:(Or) and its
resulting regime under R, and air volumes

distribution are then evaluated by the system of
equations:

he(Qp) u hy = RO} (13)
Oy=0,/P ;0= 0,F s h = RiQi2 (14)

In case obtained value of O, is inacceptable, solution is

repeated with other fan or pipeline.
In case fan is located along the transit current (fig. 5), two
pressure zones are formed in the pipeline: forced by x and

compressed by ¢ with  corresponding filtration
(+ FILO, and - FILQ,) and re-circulation (RECOQ,,) .
Aero-dynamical pipeline resistance is divided into two
independent branches R, and R,, , where:

Ri = Rix ¥ Rié ) hi = RiQi2 (15)

Fan work regime (h,.,Ql.) is evaluated under (15), while

pressure and air volumes distribution — on the expressions
written below:

R.O: (16)

QOx Qi /Ptx > hix

Ow = O,/P, , hy = R,0; (17)

The above described calculations are repeated for the
selected R - P pipelinefor L= L, andfor L< L, .

In this way need for one or more fans for pipeline installation
construction and maintenance is estimated. Calculations might
be repeated with other input data in case results doesn'’t satisfy
either by technological or by economical reasons.

+h,

h20€ 7R2OC

Figure 5.Fan in the beginning of pipeline

Two and more fans in the pipeline
Normally one of the fans is installed at one end of the

pipeline — compressed along x or forced along ¢ (fig. 6 ). The
rest of them are located along the air current. Their interaction
is evaluated by summing up their individual functions

h,. and h,, for each pipeline junction:
hi=y hy=) hy (18)
and by re-calculation of resulting air flow:

éi = Vili/Ri (19)

Resulting values Z; and (), describe pressure and air

volumes variation along the transit flow direction (fig. 6 ).
Function 7;, forms behind each fan junction with one of the
following pressure:

® N-null(h; = 0);
® K-compressed (4; > 0);
® D-depressed (/; < 0);

Function éi describes continuity of transit air current -
descending by x and ascending by /.
Between two adjacent junctions N-N zone is formed, where

pressure loss is restored only by fan located within. Zone N-N
parameters result from individual regime of this fan

(Ri’])i’hi’Qi) .

Compression in junction K defines the degree of sequential
aggregating of interacting fans. Increase in the distance



between them lead to appearance of junction N and then to D.
Decrease in distance between fans lead to increase of
compression to 100% (fans operate in one junction
consecutively).

Depression sector N-D causes re-circulation in the pipeline,

which should be avoided by default. It can be reduced and
overcame by decreasing of distance between interacting fans.

+h AL4 AL3 ALZ AL»]

S
&

F1 Qo

Figure 6. Two and more fans

Desired operation of given (available) fans is searched
through variant calculations in order to find the best distance
between fans.

Ventilation system without re-circulation is achieved
assuming N-N scheme under required Q, (fig. 6) by the
following procedure:

e Maximal pipeline length L is divided into sectors
A L; . Under required at the end of transit flow value

0, functions h, and Q, are evaluated either by

P, R, passport or under solution of (2).

*  Selection of Fan Ne1 (of fan aggregate composed
from smaller fans) is performed for the first N-N
zone, which include several sectors. Thus selected
fans should satisfied sectors’ characteristics

h; ;5 Q; for each pipeline lengthen. This could be
achieved by increase of motor rotation or change of
fans’ blades angle.

* Inthe same way next fans (aggregates) Ne2, Ne3 etc.
are selected for the following zones with required air

quantity O, , equals to fan operation efficiency in

the preceeding zone (O, = O, , Oy = 0,)
etc.

¢ Project N-N should be achieved with 5-10% increase
of calculated fan pressure for fans Ne2, Ne3 etc.,
which ensures reserves for avoiding re-circulation
sectors. presents numerical solution for 2000 m
pipeline, composed from two consecutive sectors
with characteristics written below:

ML, = 1000;d, = 80;r= 0.060;k, = 0.0001
ML, = 1000;d, = 100;7 = 0.020;k, = 0.0001

A Length, m
o
6000 600 __1900 1500 2000
1 1 1 I I | | I
Cd=80, r=0.06, kx=O0. oooD ! @=1oo, r=0.02, kx=o.000§:
o @ bk---- Y T T EUDE e PR IR PR EORRE
| B
Q : I' | mesE «
- I
q£4ooo e e
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Q PERER
2000 h———— o e
I
i
i
I _________
i
I
I
I
b >
10.00 10.63 11.84 12.59 14.02 14.54 15.51 16.82 18.64 Q.
’:1 > 5

Figure 7.Numerical solution for 200 m pipeline

Final stage of designed forced ventilation system is shown
on the figure. Fans selected are one type with possible
changing of their blades’ angel:

(F,B=15%F,,B= 25 F,B=30").

Intermediate stages (regimes) after each pipeline lengthen
are shown at each AL = 250m . Total theoretical fans’
power equals to 202,36 kW.



CONCLUSION

Comparative calculations for typical un-tight pipelines are
performed based on known solutions and approaches. They
give ground for the following conclusions and achievements:

e Computer program calculating distribution functions

h, and Q. is developed. It reflects algorithm
based on consecutive polynomial approximation and
integration of (2);

e By utilization if the above described program
passports R - P for two types of pipelines with
characteristic parameters are created and presented
in graphical and numerical way;

e Numerical algorithm for “un-tight pipeline — fans”
ventilation system design is presented which allows
to optimize types and fans location.
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