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IHPOAOI'OX

21006 Hag elval ) epyacio avT Vo TOPEYEL L0 IGOPPOTNLUEVT EICOY®YN GE KATO10L
EPYOAELD TOV YPNCILOTOOVVTOL Y10 TNV EMIAVGT TPOPANUATOV UNYAVIKNG PEVGTAOV GNIUEPD
Kol awoTeAEl To OgpéMO Yoo TV mEpanTEP® LEAETN avToL TOL TTeEdiov. Me v expdOnon
OYETIKA LLE TOL AVOAVTIKGL, EUTEIPIKA, TEWPAUATIKE, KO VITOAOYIGTIKA EPYOAEID, O1 UNYaVIKOi
pafoivouv 0Tt éva TeXVIKO TPOPANLIA UTopel Vo TPOGEYYIOTEL e TOAAOVG dLOPOPETIKOVS
TPOTOVG KOl GE SLAPOPA. EMUTEDA.

Mmropovpe eriong vo Kdvovpe xprion TOV omoTEAECUATOV amd dBEGILOVE VITOAOYIOTESG LE
TPOYPAULOTO PEVGTOOVVAIIKNG Y10 VA Log Bondncel va ereEnynoOovUE TA QOIVOLEVAL.

Q61000, 01 AWGELS e DTOAOYIGTH £XOVV YiVEL povTival, £Vl OIKOVOUIKES KO TTPOGITEG
GTOVG UNYOVIKOVG, Kol Vot GNUOVTIKO OTL 01 EvOlapEPOEVOL Elval eEOIKEIOUEVOL LE TN
YPNOTM AVTOV TOV £I00VE TV TANPOPOPLAOV.



HEPIAHYH

H epyacio e&etdlel ta diktva KAEWGTOV oy@ydv Kabdg kot ) nébodo Hardy
Cross. Apyd mopovctalovpe yevikd oTotygio Yo TOVG ay®yovs o€ ke diktvo .Avtd
APOPOVV KATO10L YOPOKTIPLOTIKA Y10 TN POT| LEGOH GTOVS OY®YOVS Kot TN O10KPLoT TNG POoNg 6€
otpw™| N TVPPDONG. E&etdlovpe emiong Tig ypappég pong kb S1KTOOL OAAG Kol KATO1EG
Baoikég apyég TG LOPAVAIKNG OTT®E TN dtaThpnomn g pnaleg ,tnv e&icwon Bernoulli kabmg
KO TIC OTMAELEG TTOV dnuovpyovvtat ota diktvo Jlapovoialovue o didypappo Moody aAld
KO TIG LOPQEC OV pmopel va cuvoedel €va diKTLO .

Axopa, Ttopovctdlovue 16Toptka otorygia yio tov idto tov Hardy Cross kat to
KOO ULATKO TOV £pY0 .AVOQEPOVIE OAES TL CIUOVTIKEG TOV OLOKPIGELS KO OVOADTIKA T
pébodo mov eprppooce. o v KaAdtepn Katavonon g nebodov avtrg tapovcstalovpe
dtpopa mapadeiypato Apéva pe ToAAoVS dtopopeTikovg Tpomovg (m.y. FORTRAN,
excel,apOuntiky puébodog).

Ewévo 1. Xpnowdétnta s Yopoviikig
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YrebOvvn Andmon ZmovdacTt®v

O1 KaT®O1 VITOYEYPOUUEVOT GTTOVOACTESG EYOVLLE EMLYVMOOT) TMV GLVETEIDV ToV NOpov mepi
AOYOKAOTNG Ko OnAmvovue 0Tt elpaote cvyypaeeic avtg g [Ttuyaxng Epyaciog,
avorlapupdvovtag v evBuvn eni 0OAOKANPOL TOL KEWEVOL €€ {00V, £YoVLE O aVOPEPEL TNV
Biroypaeia pog OAeg Tig TNyEg TIG 0moieg xpnolomomaoape Kot AdPape 10€ec 1 dedopéva.
Anddvoupe eniong OTL, OTO100NTOTE GTOXELO 1) KEILEVO TO 0TOT0 £YOVUE EVOOUOTDOGEL GTNV
epyacio pog mpoepyduevo amd BiAia 1 Ghleg epyacieg ) T0 S1001KTLO, YPOUUEVO aKPPOC N
TOPAPPAGLUEVO, TO £(OVUE TANPOG AVAYVOPIGEL OG TVEVUATIKO £PY0 AAAOD GLYYPAPEN Ko
EYOVLLE AVAPEPEL OVEAMTIDG TO OVOLLA TOV KoL TV TNYY| TPOEAELONC.

Ot omovdootég

(Ovopoatendvopo) (Ovopatendvopo)



EIZATQI'H

Mio amd TIC TPOKANCELS YL TOVG TOMTIKOVG KOl YNUIKOVG HNyovikovg elval vo
oe010.60VV TOL GLCTHUOTO GTOA OTTOL0L TOL LYPE AVTAOVVTOL LEG® TOV COAMV®V Kol oywymv. O
aywy6g e AAdokog , glvat éva Topddetypo evOg TETO10V GUGTIHOTOS. ZVGTHLOTO TOPOYNS
vePOD ,ELOIKOD 0EPIOL ,VYIEWVNAG KOl OTOYETELONG OUPPLOV amOTEAOVY HEPOC LTOSOUMV
lotikng onuociog oe kKAbe TOAN KOl KOUOTOAN ,KOL TG WO TOAVTAOKO GULGTHLOTO 7OV
Bpétnka oe o100V TAPAY®YNG NAEKTPIKNG EVEPYELNGS ,0VMOTIPLO Kot GAAL TEPPAAilovTa
Ta popdikd vopoymysio Kot TOAAL apyoion CLGTNUOTO (POELONG  AVTITPOGMOTEVOVY
a&lofovpacto EMTEHYHOTO TNG UNYOVIKNG , OTTOG Kol 1) cOyypovn BEpuavon , e€aeplopog , Kot
KMUOTIGUOG ,CLGTHHOTO TOV oG KPATOOV AVETO TO YpOVO HECO GE OTITIOL , AL TOKIVNTO, KOt
xopovg epyaciag .Ta oynuoata OA®V TOV TOTOV EVOMOUATMOVOVYV GUGTNUATO COAVOV Kol
AYOY®OV Y10 TN HETAPOPE TV KOVGIU®V, YUKTIKOD LYPOV, VOPAVAKE VYPE , KOl TV KOO
npoidvtov .J1pdcheta mapadeiypoto o eTTUYNUEVE GYEILO TOL CLPOPOVV TN POT) OE CMOANVEG
Kol 0ymyovg mov PBpébnkav oto oo pog Ko eketveg dArlmv (dov kar putav. 'Etot, glval
AoQOAEG VO TOVUE OTL TO DAIKO aTO €Yl LEYAAN TPOKTIKY] ONUacio o€ TOAAOVS TOpES TG
UNYOVIKNG, KoO®OC Kol oty Proloyio Kot 1TpiK.

e auTd TO KEIEVO , TEPLYPAPOVUE VA COANVO MO OTTANL VO COAVO KO XPT|CULOTOIOVUE TN

AEN " aymyd " vy vo TEpypayEL £vol TEPAGIO PEVGTOV OO OTMOLONTOTE GAAN OlUTOUY.
SOMVOV Kol 0yOY®OV poES YOPOKTNPIOUEVEG MG ECOTEPIKEG POEC EMELON 1| OOPOUN TNG
PONG TEPIPAALETOL OO OTEPEES EMPAVELES .

Oa eEetdoovpie TIG eEMTEPIKEG POEC . AVTEG elval poég OTIG 0mOleg 1) O1OPOLY| POTG
oproBeteitan amd TN pio TAEVPA e pio oTEPEY] EMPAVELD. . [0 TOpAdEy L, 01 POEC TAV® OTIG
eEMTEPIKEG EMPAVELEG TOV AEPOTAAV®V ,MAOI®MV KOl cLTOKIVITOV, ivor Tapadetypota Tmv
eEOTEPIKAOV POV , OTMG Kol 01 POESC TAVE® GTA. KTIPLOL Kol AAAES PUGIKEG Kol TEXVNTES

KOTOOKEVEC.

” kit

Ewova 2.Alaska ﬁ’ipeline
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Keparorwo 1 Excoyoyikd 6torysia vopouAKNC KASIGTOV
LY OYDV

H Yopaviikn evolapépet tov pnyoavikd otov Badpd mov moAld wpofiquata
KOTOGKELMV KO YEVIKOTEPO UNYAVIKNG OXETICOVTAL PLE LETAPOPA Kol ATOONKELGN PEVGTAOV,
KLPIOS VEPOV, e AmOTEAESUO, TNV ONuovpyia TEGE®V, SLVANE®V, TAXLTATOV KAT. O1 AGELC
o€ aUTN TNV VPEiR YKAUO TPOPANUATOV amontohV TV KOTavONoT TV BOcIKOV apYdV NG

HUNYOVIKNG TV PEVOTMOV YEVIKA KO TG VOPOVAIKNG O CLYKEKPIUEVOL.

Pevotounyavikn 1 Mnyavikr) tov Pevotov givar o kKAEO0g g BeTIKNG emoTUng mov
OOYOAEITOL LLE TIG UNYOVIKES WOIOTNTES TV PELGTMV, ONAAON TOV VYPDOV KL TOV 0EPIMV
copdtov. Otav TPOKEITOL CLYKEKPLEVO LOVO Y10 TO VEPD, 0 KAAOOG AEYETOL OVTIGTOTYO
Yopounyavikiy, n onoio pmopet va dopebel oe OPOCTATIKY], OTOV TPOKELTAL Y10 VEPO GE

aKwnoio Kot vVOPOdVVAIKY, OTAV TPOKELTAL Y10 VEPO GE Kivnom.

To e@apHOGHEVO KOUUATL TNG VOPOUNYOVIKNG, aokoieitanl Yopavikn. Ot epapproyég g
elval epeavmg TOAAES, omd TIG VOPEVGELS KOl TIS APOEVOELS, EC TN unyavoroyio. H
VOPOLAIKY, EIVOL TOVTOYPOVA KO AVOADTIKT), KO EUTEIPIKN EMGTNHUN, OOV KATOL0L LLEPT) TNG
UmopoHV vo amod0000V e aVOAVTIKES OYECELS, EVAD GE GALNL, VTTAPYEL OVAYKT Y10, EUTEIPIKES
oY£0€1G, AOY® OOLVVOLING AVAAVTIKNG TEPTYPAPTS TOVG.

Opopoti
Axtivotd ovopalovpe ta cuoTHUATO 6To 0TToio kGBe onueio vOPoddTNONG HTopEl va

VOpPodoTNOEl amd KABe VOPOANYIN HEGH OO oL KO LLOVOOIKT) dLadpo .

Kvrkhogopiaxd ovopdlovtol Ta cuotipato 6mov £va onueio vopoddtnong umopet va

VOPodoTNOEl ad dedopEVN VOPOANYIL HEGH OO TEPIGGOTEPES TNG MIOG OLOLOPOUEC.

2votuo Bapvtntag ovopdlovE T0 GUGTILOTO GTO OTTOI0L 1) ATOULTOVUEVT] Y10, T LETOPOPAL

vepov evépyela vITapyeLl Ady® Popdtntag 6N eUoT. Xg TepinTtwon mov 1 dbéoiun evépyela
dgv EMOPKEL Yo TN LETOPOPA TNG ATALTOVUEVIG TTOPOYNGS, TPOGIIOOVILE EVEPYELLL GTO GUGTNLLOL

LE ovTALES.

Awotdoelg Pacikmv peyeddv Kot Lovadeg Tovg
Kabe puowo péyebog, umopet va avarvBel oe duvdpels tov Bacikav peyebov pnkovg (Length
L), paloc (Mass, M) kar ypdvov (Time, T). ‘Etot, pnopel va d00ei and v e&icwon:
Q=cxLaxMbxTg

LE TIC KATAAANAES TILES TV C, @, B Ko .



MéyeBog - povadeg Sl

pnKog - m
uala - kg
YPOVOG - S

oo TTe - M/S
gmtdyvvon - M/sz
TokvotTTa - Kg / ms
dvvoun - N = kg m/sz
evépyew, épyo - J
1Emdec - Pas

KIvNUatiko 1EmOeG - Ma/s

Ovopoacio povédog mieong
Pascal Pa 1Pa = 1N/m2
Bar Bar 1bar = 0.1MPa
uétpo Hyovg vepov MH20 1mH20=9806.65 Pa
atpooeoipikn mieon Atm latm = 101325 Pa
uétpo oting Yopapyvpov mHg 1mHg = 1/0.76 atm
Torr torr 1torr = Imm Hg

Ot petapAntég kon ta cvpPora wov Ba yPNCYOTO|COVUE Eivar:
L to unkog tov aywyov

D n d1dpetpog Tov aymyov

Q M mapoyn Tov aywyov

V 1 péon toydnTo VEPOD GTOV 0ymYO

Ks 0 ouvtedeoThg TpoyhTNTOG TOV OyyoD

f o cvviekeotng TpIPdV

g n emrdyvuvon g Papvntog

v = u/p 10 KIvnpotikd 1EMSES Tov pevoton (vepod)

A 10 gnfado dratoung

inertial forces pvL vL

e =

I v

R o ap1Buog Reynolds mov diveton omd ) oyéon: viscous forces

R =VD/N

To vyog TV anwreidv evépyeog (poptiov) oe é}’(l ukog L tov ayoyoo vroroyileton amd
U

™ oyéon tov Darcy & Weisbach hy=1Ip -5 29



Po1} o¢ KAewoTovg (V6 TTicon) AyYOVS

Q¢ pon vro mieom opilope oV GTNV 0Ol TO PEVGTO KAADTTEL OAOKANPT T SlaTOpUN
TOV Qy®YOV, EVA 1 TIECT €IVl SIUPOPETIKT OO TNV OTHLOCOUPIKT. AgV VITAPYEL EAEVOEPT
EMPAVELD POV T, AP TNG POT|G CLUTITTOVY LE T TOLYDUOTA TOL oy®wyov. Mg aymyovg vid
TleoN LETAPEPOVLE VEPO Y10 VOPELGT, APSEVOT N VIO TNV KIVNOT TOV VIPOSVVOLKDV
unyavov (vdpoatpofilmv). Opiopoi mov Ba ypnoyomoobvtal 6To NG YO THY TEPTYPOPN
™G PONG o€ 0ywyolS VIO ST dIOOVTOL OTN GLVEXELD.
Opodpopeoc: ovoudletal o KAeIGTOG (VIO mieon) aywyds e otabepr| dtoToun Kot evioio
KAlon.
oOMVaG: ovopdleTon 0 aywyos e KUKAIKT Stotopn. Xtn Tpdén: Xuvi0wmg xpnoUYLOTO0VUE
KvKAIKODS oywyovs (GOAVEC) Kot aymyoDc 0pBOY®VIKNG 1 TETPAYMVIKNAG SOTOUNG.
H nieon: Kotavépetat vopootatikd, kabeta otig ypapupég pong (n otnv kdpia diebbuven tov
aymyov). Zuvnbwme, 6tav ovapepOUOOTE GTHV TEST), EVVOODLE 0LTH 6TOV GEOVa TOV aywyov.
[dwaitepa, vVOpOGTATIKY KOTAVOUT TG TTEONG EUPAVILETOL BTNV TTEPLOYT] LOVIUNG KoL
OLOLOOPPNG POTG TTOV EIVOL 1] TEPIGGOTEPO GLVNOIGUEVN TEPIMTMOOT PONG GE AYM®YOVS VIO

mieon.

XopaKInpiopog g pong
Méypt €00, Bempnoape vYPA o€ aKvnGio, KATAoToon 6TV omoia To Bapog ivorn
LoV ONUOVTIKT dVVAUT oL avoarTioceTol. H pon twv pevotdv givor mepimhiokn, Ko 0gv
vroxkerron hvto o€ okpPeis padnuatikég Aoetg. O Adyog etvar 0t1, avtibeta pe ta oTEPEQ,
T GTOLYELDL EVOC VYPOV UTOPEL VL KIVOUVTOL LE OOPOPETIKEG TOYVTNTEG KO ETITUYVVOELG

HETOED TOVG,

Ot 1peic PactkdTtepe apyEg yioL TNV LEAETN TG KIVIONG TV PELOTOV Elval:
1 opxN THS OLATHPNONG THS UALOS, Ao TNV OToio TPOKOTTEL 1| €EIGMGON TNG CLVEXELNG,
11 apyn TS O10THPNONS THS EVEPYELag, amd TNV omoia mpokvmtel 1) e&iocwon Bernoulli kot

*11 apxH TS OLOTHPNONG TS OPHIIS.

Pom pevcton
H pon evog pevotod pnopet va givar otabepn| 1 actadng, opotdpopen 1 un-
OHOOHOPPN, GTPMOTNA 1 TVPPAOING, HOVO-O1ACTATY, d1-OLACGTATY 1] TPICIUCTOTN KoL
TEPLGTPOPIKT| N UN-TEPLGTPOPIKT.

[paypotikn povodidotatrn pon evog acvuumiestov peuotol cupPaivel OTav 1 devbvvon
Kot to péyehog tng tavTNTag 68 OAN T oMUElR TNG PoN|g etvan Tal idta. QoTOGO, LoVoddcTOTN
avdAvon pag pong eivar amodektn dtav n pévn doTacn Tov AapPaveTor vToyn glvar aVTY
KOTO WNKOG TNG KEVIPIKNG YPOUUNG TNG POTG, KL OTAV Ol TOYVTNTEG KOl Ol EMTOYVVOELS TOV

etvat kaOeteg 0N YO LT Elval OUEANTEES. e QVTES TIG TEPIMTACELS, LEGEG TILES TNG

-10 -



TOYVTNTOG, TG TECTG KOl TOV VYOUETPOL AOUBAVOVTOL VITOYT], OVTITPOGMTELOVTOS T PON
oav chVOLO, Kot 01 pKkpES amokAioels Osmpovvion apeintées. [a tapddetypa, | por| o€
KOUTOAOLG 0y yoHS aVOADETAL HECH OVAALGONG LOVOIAGTATNG PONS, TAPOAO OV 1| SOUN TNG
€xel TPElg S100TACELS, KOt TOPOAO TOV 1 TaVTNTO TOIKIAEL oTO onpeio KaOe drotopng kaOeTng

011 pon. Avti 1 avdALGN YPNCHOTOIEITOL KATA KOPOV GTO TPOPANLOTA TTOV OVTILETMOTILEL O

UNYOVIKOG.

= Tov uoviun opotdpopen por opilovpe tn por oL TPAYUATOTOLEITOL GE Oy®YOVS IKAVOD

UNKOVG Y1 TV omoiaL:
1. Ouvypoppéc pong eivor mapdAinieg petald toug,
2. H taybdmra ivor otabepn Katd PKog HOG YPOUUNG PONS

3. H mieon katavépetal vdpooTaTIKd, KAOETO OTIS YPOUUUES POTIG.

Opodpopen pon cvpPaivel 0tav 1o péyebog kat 1 61evBvVON TG TOYDTNTOG OEV
petaBdArovtor and onueio oe onueio Tov VYPOL. AvTd cuvendyeTan OTL KO AL peyEdn dev
petoaBdArrovron pe ) B€on, dmwg N TukvoTTa, T0 BABog pong, N mieon kKA. Ot poéc vypadv
v mieomn oe ay®YOVE HEYOAOV UKOLG Kot 6TAfEPNC SIOUETPOV, EvaL OLOTOHOPQES EITE M
pon eivan otabepn ite Oyt

= Fov puoviun avouotopopen pot opilovpe tn porn oty omoio T0 SIUVUCHO TNG TOYVTNTOS

uetaPaiietal Katd pnKog TG ypoupuns pong (akdun Kot av LITapyEL OHOIO LOPPT TOTTIKE.
pOT, 6€ SLOPOPETIKES SLOTOUEC TOV oyyoV). H povipm avouotdpopen pon dlakpivetal oe:
1. Emoyvvouevn (cuykiivovoa) por|
2. EmBpoadvvopevn (amoxiivovoa) por|
3. Pon og xopmdAn

Movyun avopo10LopPT POT) GUVAVTOVUE KLPIMG OTIS AAAAYES SIOUETPOV TOV COANVA, GE
KOUTOAES aywydv (0ptlovTioypapikég 1 o€ unkotour oAlayég katevBuveng tov aymyov),
o€ 6LOKEVEG EMEYYOL TG pong (neTpntég Venturi) kabmg kat 6TV €16poN 1} TV €KPON amd

Kot TPOg OeEapeveC avTioToy.

Ytabepn) pon

Ytafepn pon ovpPaivel 6tov og KaOBe onpeio, N ToOTNTO TOV SLOGOYIKOV COUATIOIWV
TOV VYPOL gival M 10 o€ H1UOOYIKES YPOVIKEG TEPLOOOVG, ONAAON OV HETAPAALETAL LLE TOV
xpOvo. Qot6c0 pmopet vo petafdrietor o€ S1POPETIKA onpeic, ONANON 6€ oxéon e TV
AmOGTAGN, LE TO o, AVTO onpaivel OTL Kot To GAA0 oNUaVTIKE peyén, OnAadn n
nieon, 1 TLKVOTNTA Kot 1) TaPOoYn, 0V peTadAlovton pe tov ypdvo. Ta mtepiocotepa
TPOPANLLATO TOV UNYOVIKOV ovopEpPOoVTaL € cLVONKeg otabepng pons. [ mapdostypa, Ta
TPOPANLATA LETAPOPES VYPAOV LEGH Ay®YDV Le oTabepd poptio, sivor TpoPAnpato otabepnig
ponc. Avtég o1 poég umopel va gtvoat oo LopPec 1 OL.

-11 -



H pon etvar aotabng 6tav ot cuvinkeg oe KaOe onpeio petafdriovtal pe Tov xpovo,
Ko TPOKTIKA dev B aoyoinBovpe kaBOAov pe avtyv.

2Xrpot) Pon
21N oTP®TH PON TO COUATION TOL PELGTOV KIVOUVTOL KATA UNKOG TOPUAAA®Y TPOYLDV,
o€ otpopata. To peyén Tov TayLTATOV YEITOVIKOV oTPpOUATOV dev gival ioa. H atpo pon
TEPLYPAPETOL OO TOV VOLO TOL GUVOEEL TN SLOTUNTIKY TAOT Le TNV KAIoN TG TayOTNTOS, TOV
TEPLYPAPTNKE GTO KEPAAOLO TOV WOIOTHTOV TOV PELOTAOV. O1 1IEMIELS, SIUTUNTIKES OVVAUELG
VIEPIGYVOLVV, KAO®DG OV EXOVV RPAVICTEL TVPPDOES GLVONKES, AOY® TOV OTL O1 SUVAUELS

adpdvelag eivor apeAnTEEC.

- T T
—_—  —» —
_— —»  —
—_  —»>  —
. > >

Ewova 3.Ztpoti Poi

Ytpwth ovoudletor  pon o€ £va oywyd 6tav o apdpodc Reynolds (Re) eivau
HKPOTEPOG 0o, Kamowa ‘Kpioyun’ tur (Re). O apBudg Reynolds opiletar o yvwotdv amd
™ oxéon Re = uD/v, émov u eivar kémoto yopoxmpiotiky ToydTTOL (cvvnibmg 1 péon

ToOTTA PONG 61N datoun)), D eivor kGmo10 yopaKTNPIoTIKO PNKOC TOL TESIOV POTg

(cvvhBmg eivar 1 SIGUETPOG TPOKEUEVOD TTEPT KUKAIKOD 0y@yov 1 Koo GAAN
YOPOKTNPLIOTIKY EYKAPOL0 KAIpoKo uikovg) kot v = u/p givar 10 kivnpotikd 1E®OEG Tov

PEVGTOV.
O appoc Reynolds, sivar éva adidotato péyebog mov detyvel tov AdYo twv

duvapemv adpaveiog mg Tpog tig duvauelc e otunonc. O kpioipoc apOpog Reynolds
eEOPTATAL OO TN YEWUETPLO. THS O1OTOUNS TOV oy@wyoD. Eival S1apopeTikdc og Evav KUKAKO
aywyo om’ 0Tl 6 £va TPLY®VIKO 1 0pBoywvikd mov £xovv 10 1010 eUPadoV eyKEPGLOG SOIOTOUNG.
H tyn tov kpioipov apiBpod Reynolds oe corva (kAetotod aymyd KukMkg dlorounc) ivat
nepinov 2000-2300. Ztnv mpdén eivar SuvaTOV VAL ETTHYOVE CTPWTY| POT) GE COANVA LLE
ap1Bpo Reynolds émc kot 10000. H pon 6pmg givan 1dtaitepa (vopoduvopikd) actabng kot m
Topopkpn dtotopoyr| (Ommg éva KTumNUATAKL 6T0 GOANVE) Ba TN HETOTPEYEL AUECMG GE
TpPmon. [a mapddetypa, yo tnv por| yop® omd pio ceaipa, To Ko avtd Ba NTav M
duapetpog g ceaipag. H kpiocyun tyun tov apiBuov Re, givar avt mov dwympilet v
oTPWOTY POT| 0 TNV TVPPDOT, Y1 TIG GLYKEKPLEVES cuvONKes. H yevikd mapadektn Ty Tov
kpiowyov Re, dnradn ywo ) petdfoocn and v otpmth otV TVPPDdN PO Yo TV TEPINTTOON
g pong o€ ayawyo givar 2000. Avti n T PG propet va tpomomondet avdloya e T0o av M
pon etvar av&ovoa 1 eBivovoa, Le To av 1 avEnon g pong Yivetat oTadiokd 1 andToo, e

TO OV VITAPYOVY TOAUVTIADGELS TOL AY®YOV 1 0L, KOl 0O GAAOVS TAPAYOVTEG.
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Tvppoong Pon
2tV TupPddn pon Ta COUATION TOL PEVGTOL KIVOUVTOL LE OKAVOVIGTO, YOOTIKO TPOTO GE

OAeg 115 d1evBuvaoelc. Eivarl adbvato va eviomicel Kaveic TV Tpoytd VOGS GUYKEKPILEVOD
ocopoTdion.

b, “‘~\\_:5 »
S ey bl

Ewova 4. TupPddng Pon

TopPdong ovopdleton n pon yo v omoia o Re vepPaivel kdmowa kpioyn T Re.
Y& KOKAMKOVG aywyovg (cwAnvec) vid Tieon cuvnbwg Bempovue 6t Re = 2000-2300. Znv
TPAEN, Ta TPOPANUATO TOV AVTILETOTICEL O TOMTIKOG UNYOVIKOG GE GOANVES, 0LPOPOVV
TupPdIN pony. [paxTikd PAGVTAS, EVOC COANVAG OIKLOKNG TapoyNg dtapétpov 1.85ecm
onAaomn 3/4” umopel va yepioet 1o kalavdxt oty Tovaréta yopntikdttog S Lt e ypdvo
UIKPOTEPO TOL EVOG AETTOV TS MPOS. AVTO onuaivel 0Tl 1 L€ TaydTNTO PONG ivan
tovAdyotov 30cm/s, dnAadn o apiBudc Re=30*1.85/0.01=5500>Re (v=0.01cm2/s yia
Bepuoxpacio vepod mepi tovg 20°C). Ot aywyoi petopopdc vepol omd v ‘Tnyn’ ot
de&apevn evog oKIGHov Kabmg emiong Kot ol ay®yol Tov d1kTHOL VIPELONG TOL OTKIGLLOV
€YoV E0MOTEPIKT OIAUETPO TOVAAYLoTOV 90MmM, 1 TAPOYN TOV PETAPEPOLVY Elval TNG TAENG
uepikadv L/s, 1 de tiun tov apiBuov Reynolds propei va kopaivetor amd 100000 £mg ko
pepkd exotoppvpio. Etvot emopévmg okdmipo va LEAETHGOVLE 6TO €ENG LOVO TNV
TVPPDON PoT|, FEGOUEVOV TV TPOUKTIKOV EPAPUOYDV TIG OTOIES £YEL KATE VOV O TOATIKOG

UNaviKoG.

['pappég pong
Ot ypappég pong etvat @avtaoTikég KapmuAeg mov oyedtdlovtot yio va deiovv v
devBvvon g kivnong og d1aeopeg d10TOES TG POoTG TOL VYPo¥. H gpantopévn o Kabe
onpeto delyver v otrypaio S1e¥BVVEN TS TOYVTNTOS TOV COUATIOIOV TOL PEVGTOD GTO
GUYKEKPLEVO GNUETD.

!v‘ \/\r\"/\-
%V S .

ITPQTH POH METABATIKHZONH TYPBQAHE POH
Ewoéva 5. poppég Porig
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Awatipnon ¢ pdlog — ESiocmon 16 cuvEyetog

AT v apyn g datnpnong g nalag, and to 6tL dnAadn n pale Tov TePVAEL 0md
KAmo10 GUYKEKPUEVT) Statopun TG pong Ba mepdoet kat amd 0modNToTE GAAN KaTdvTn 1)
avAVTN TG TPATNG, TpokVTTEL M €icmon g cvvexelas. H e&iomon g cuvéyelag onuaivet
TPOKTIKA OTL 1) TopoyN dwutnpeitar otabepn oe kdOe onueio g ypouung pong. Ot dniady,
o€ OTOL0ONTOTE OEGOUEVO YPOVIKO dtdoTnua, Ba mepdoet ion palo peveTov amd 0TO1ONTOTE
dwtopn). Avtd onuaivetl apykd 0t 1 palo Tov TEPVAEL O KATOL0 SIOTOUN OT LOVASQ TOL
¥POVOL, INAOON TO YIVOUEVO TNG STOUNG €Tl TNV TaOTNTa €Tl TNV TLKVOTNTA, Elval oTabepod,
dnAadn To 010 Ko e Kamoto AN drotop).

Section 2

Section |

Ewoévo 6.Awatopég 1 kon 2

p1ALIUI=P2ALU;
Avt 1 e€lowon, OTaV TPOKELTOL Y10 ACLUTIESTY PO}, OOV 1 TLKVOTNTA Eivat
otafepn, petatpénetor oty amiovotepn: Ar*U1=A,*U,. Alopopedvetal 0 avaioya e v

Srotop, yio Tapadetypo Yo kokAkn Stotopd diver Ur*Dy? =U,*D,%.

Awompnon ¢ evépyewog — ECiocmon Bernoulli
H 6e0vtepn Pacikn apyn otnv omoia otnpiletar n Yopoduvapikn, ivail n apyn g
dwtnpnong g evépyeloc. Avti oonyet oy e&icmwon tov Bernoulli, tg omoiag ot epappoyég
etvar moAAEG kan onpavtikdtates. H e€iocwon avt mpokidmtel and tnv datjpnon g
evépyelog g eENe.

v P _ tant
5 —l—gz—l—P—mns-a, -

H apyn g evépyelag epappuoletol oty eniAvoT TPOKTIKOV TPOPANUATOV POT|G OE
dpo peTIKOVS TOoUElS TNG emMoTAUNG TOL pnyavikoV. H por| evog mpaypatikod peuotod etvan
0 TEPIMAOKT amd VTNV EVOG TEAELOV. AVVALELS dldTunong HeTall TV cOUATIOIMY TOV
PELGTOD KoL TOV TOYMUATOV TOV AyOYDV AmoppEOVV ard To 1EDOES TOV TPOLYLOTIKOD
pevoTol. Ot pepikés d10popikés EEIGADGELS TOV TEPLYPAPOVY TNV POT), OEV EXOLV YEVIKT AVON.
[Mepapatikég ko nu-gumelpikés péBodot yperdlovat yio tn AVon TpofAnUdtov pong.
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Avo 1Omo1 oTadEpg PONG LITEPYOVV. AVTEG €ival 1) GTPMOTNH Kot 1) TVPPOING pon.
Awpopetikoi vopot diémovv kabe pio amd ovTés.

Eicod0¢ 6 cowAnva — avarntuén TupPmdOoVg 0plakoy GTPOUOTOG

rA

<Y

Ewoéva 7. Katavopn g Toyovmrog

H pwtoypaeio deiyvel o mpo@il (katavoun) e a&ovikng ToydtTag 6 COARVL OTaV
N pon eivar otpmTN, epapudlovrag ) pEBodo onTikomoinong TG PoNg He PLGAAIDES
vopoydvov. Iapatnpovpe 6TL N Katavour TS TodTNTOS LETOPAAAETAL GOV GLVAPTNOT TNG
AmdGTOAONG OO TN GTPOYYLAELUEVT] SLOTOUY EI0OS0V GTOV GOANVA, 0td 0pHOYWOVIKY TOV
avTIoTOKEL G OHOIOHO PPN PON| £WG TAPAPOAIKT], TOV EIVAL 1] KOTOVOUT TOYOTNTAG TNG
uoviung otpmtig pong Poiseuille.
To unkog €166d0v dtav N pon eivor otpmth didetan amd tn oyéon Le=(0.06Re)D «ai

umopei va Bdoet i 140 dapéTpoug yio oplakéc Tipég Tov apdpot Reynolds (Re<2300).

ey T o —

Tl (ONg e '

e /*'2"\,\\} WAy O N A o . — ’ :

RN SRy N et ¥ N i e S JE'-»:—:-
—————— e T

Ewova 8. Tpoyvmnro Ayoydv

-16 -



Awdypappo Tov Moody

ATS 10 dLdypapLo AVTO, TPOKVATEL O GUVTEAECTNG OMOAEIDV f, 0 omoiog
ypnowonoteitol otnv oxéon twv Darcy — Weisbach. Ot mtapdpetpot 16000V 610 SdypopLpLa ,

gival o apBuoc Re, kot n 6yeTikn tpoyvTnta.

e O apBudg Re tomobeteitan 6tov Katw optldvio GEova Tov S1aypApLIATOS, EVM Ol
JLUPOPETIKES TIUES TNG OYETIKNG TPOYLTNTOC, Ppickovtal 6Tov de£10 KATOKOPV(PO
a&ova.

e AmO TV TYWN TNG OYETIKNG TPOYVTNTAG TTOV 10YVEL GTNV CLYKEKPUEVT] TEPITTMOT) TOV
eEetalovpe, akorovBovpe TV avtictoyn KaUTOAN ard To dEEWE TOL O10YPAULATOC,
HEXPL VO GUVAVTIIGOVUE TV KAOETN Ypappu mov aviiototyel oto apBud Re g porg
LLOG.

e Amnod 10 onueio Toung TG KOUTOANG TNG GYETIKNG TPOYVTNTOS LE TNV KAOETN VPO
oV Re, mpoympovpe mapdiinia Tpog tov dEova TV X, TPOS Ta aploTePd, UEXPLS OTOV
TUNGCOVLLE TOV AEOVO TV Y GTA OPIGTEPH TOV SLOYPELLLATOC.

e Exei dwupdlovpe v Tyun tov f mov avtictoryel ota Re kot e/D g pong pog.

Oocov apopd v oyetikn TpayvTNTa, £ite Ba €ivon Yvwotn 1) 1010, €ite TPOKVTTEL OO TNV
AmOALTY TPaYHTNTO KoL TNV SIUUETPO TOL ay®YOoV. Av dev givorl YvmOTN 1) arrOAVTN TPOYDTNTO
TOV OYWYOL, UTOPOVUE VO BPOVLE GE OYETIKOVE TIVOKES TIG TYES TNE TPOYVTNTAS TOV £XOVV
ouvNO®G 01 ay®Yoi, OVAAOYQ LLE TO DAIKO KOTAGKEVTG TOVC.

Ono¢ pmopet va 0el Kavelg 6To S1AYPOLLLLO, 01 KOUTUAESG TWV GYETIKMOV TPOYLTHTOV, Eval
oplovtieg yuo peydro Re. Avtd cvpaiver yati 6tav n pon etvar éviova TopPdong, 1 Lovn
TaPAUETPOG OV ennpedlet To felval n oyxetikn TpaydTTa. AnAadmn, dtav 1 adpaveln ivorl
oA €vtovn o€ oyéomn UeE TIG TPPEG, 0 CLUVTEAESTIG AMMAEIDV ennpedaleTol povo and tnv
tpayvnta. Emiong, yio ukpd Re, oniadn yioa otpmt por), vapyel n oyxéon =64/Re, n omoia
AVTUITPOCSOREVETOL GTO ddrypoppa and tnv gvbeia Tov Paivetal 6To ENAVE aPoTEPE HEPOC

TOV.
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Ipappikég Arodrereg Evépyerog o aymyo
2Oopeova pe 660 TPoavaPEPONKY, 01 YPUUUIKEG ATMAEIES GE AY®OYO LETAPOPAS
pevceto, Tpocdiopilovtal and v e&icwon Twv Darcy — Weisbach, og pétpa evépystoc. To
UNKOG (VYOG) OVTO TOV OTOAELDV, UTOPEL VO LETATPOTEL GE TTAOGCT TEGNG, COLPOVO LE TN
oyxéon Ap/y=h, n omoia TpoavapEpOnie.
Onwg deiyvel kau n oyéon Darcy — Weisbach, ot ypoppikég andieieg sivar oviloyeg Tov

LKOVE TOV 0ly®YoL, TOV TETPAYMVOL TNG UEGNS ToOTNTaS, Kot To0v cuvteleotn f. Eltvan d¢
AvVTIOTPOP®G OVOAOYEG TNG SLOUETPOL TOV AYWYOU.

2_p2
-5 A7

HP"'EI_EE"' < + P =hf+hm whete:
2
¥ ¥ T 7
hI’H:KmE RE:T Q=V..-"-1 =ED
L vl
Datcy —Weishach Equation hf = f where:

D 2g
64

If laminar ﬂDW[RE <4000 and any %j, f=ﬁ

If tuthulent flow (40001:11.35103 and ug% -::III.III.”J, then

2D 151}

1
Colebrook Equation: F =-20 lug[ T + Reﬁ

Tomkég Anwiereg Evépyewug o aymyo

Ext0¢ amod T1¢ YpOUUKES OTOAEIES, GE £V GOGTNLO LETAPOPES PEVGTOV, VILAPYOLV
KOl O1 TOTKEG OMMOAELEC, OTIC OTOiES lyape avapepbel oe mponyovpevn mapdypopo. Tomkég
OTOAEIEG EVEPYELOG ERLPAVILOVTAL OTTOV VTTAPYOVY OTOIOVINTOTE EI00VE EUTOIIOL GTN PON,
OT®G KOUTOA TUNLOTO, GTPOPES, OTEVAGELS, POAPIdES, TAATUVGELS, dtappaypata, {Godot

Kot £€0001 amd Kot 6€ dEEANUEVT KA.
. , . . L v _ 2
Ot tomikég amdAeteg divovtor amd Tov yevikd tomo: Ah=K*U/2g

omov U givar n néon tayvnta, kot K £voc cuvieAeotne S10QopeTiKOC Yo KAOE mepimtmon

gunodiov o por). O cvuvrereotrg awTdg eivar 0dEGTATOC, KOt 01 ATMAELEG TTOL VIOAOYICoVTaL

ot TOV TUTO €ivol 08 PETPA ATMOAELNS EVEPYELNS, OTMG KO GTNV TEPITTMOGT TOV YPOUUUIKOV
OATTOAELDV.

XopoKTNPIoTIKA TPOPALOTO GTOVG 0ymYOVG VIO TIECT

To yapaxtpiotikd TpofANUATO TOL AVTILETOTILOVUIE GTOVG Ay®YOVG VIO Tieon eival

tpia, avarioya pe ta dedopéva kot ta {ntovpeva. To Tp®dTO apopd 6TOV TPOGIOPIGUS TOV

YPUUUKOV OTOAEIDV GE COANVEG, TO 0EVTEPO GTOV TPOGOIOPIGUO TNG TALPOYNG OO TO,
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YEOUETPIKA YOPUKTNPIOTIKA KOl TO VYOG TV OTOAEID®V KOl TO TPITO GTOV TPOGIOPIoud

NS OWOUETPOL TOL BLY®YOV.

To cueTAHOTO COANVOV KOTATAGGOVTOL GE dVO OTAES KOTNYOPIES:

1. Am\é cvotiuata ovopdlovtatl ovtd mov dbETouy £va onpeio vdpoANyiog Kat £va

onpeio vopPoddHTNONG. T’ AVTA TAPOVSIACETOL Hidt Kol LOVOITIKT dtadpopn| VEPOD.

2. ZvuvBeto cvotuata ovopaloviotl utd 6Ta 0Toio VITAPYOVY TEPIGGOTEPA TOV EVOG

cvoTHHaTe LOPOSIOTNONG Kot VOIpoANYiag. Kdbe chotnua aroteleiton amd tovg
ay@yovg TOV OV ivot TUAUATO EVIOHNG OLUETPOV, KOTE UNKOG TV OTOImV 1 Tapoyn
TopapEVEL oTafepn Kol TOLG KOUPOLE TOL GUGTHLATOG, TTOV EIval TO, oNUEiR GTA OTTOia
TOL YEOUETPIKG YOpOaKTNPIOTIKG (SIAUETPOC Kot TPAYVTNTO 1] VAIKO KOTACKEVNC) 1 Ko

N mopoyn HeETaBdAAOVTAL.

YVOTNUATO OYOYDV Kol OEEQUEVDV
Y& MOAEG TPOUKTIKEG EQOPUOYES, Ep@avilovTal TPOPALATO CLGTNUATOV OYOYDV
ovVOEdEPEVDV HETAED TOVG gite GE GEPA, £lTe €V TOPaAAA®, KaBMG Kot TpoPAnpaTa Tov
nepthapavovy cuotriuata oeCopevov. H pébodog emilvong cuvictatol yevikd 61o va

KataoTpmbel Evag apluog eElodoemv {00G LLE AVTOV TOV 0yVOOTMV.

YmMveS 6€ GEPa
Otav 000 1 TEPIOGOTEPOL AYMYOL SOPOP®V SIUUETPOV KO TOYVTHTOV cLVOEBOVV oE
oElpad, Ayvmotn cuvnimg givor n Topoyn, 1| T0 VYOS TV OTOAELOV. X QVTNV TNV TEPITTOON
epapuolovrar | eElowon TG EVEPYELNS SLUUOPPOUEVT] AVAAOYQ LLE TO OEGOUEVO TOV

wpoAuatog, Kot 1 eEIGmon TG GLVEXELC.

Q1=Q2=Q3=...=Qn

H e&icmon g evépyerog epappoletar petald tmv onpeiov 6to omoio LVIdPYEL KATO0
N Kamota yvwotd peyén. ['o tapddstypa, oty nepintwon, 6mov 1 pon peta&d dvo
deCapevav A ko B ocvoppaivetl péow evog cuotnpatog 300 aywydV GUVOEOEUEVOV GE GEPAQ, M
elomon avtn pumopet va epaploctel avapesa 6Tig eEAeV0EPES EMPAVELEG TV dEEAUEVDV
avTAOV, 6OV 1 TaOTNTA KoL M Ttieon eivan unoevikés. ‘Etot, n e&iowon vt kataAnyst
TPOKTIKA GTO OTL TO GHVOLO TMV OTMOAEIDV, TOTIKOV KO YPOUUKADV GTO GOGTNLLO TV
ayOydVv, etval (6o e TNV VYOUETPIKT d1Popd LETAED TV EAEVOEPMOV EMPAVEIDY TMV
deEapeEVAV.

H epoappoyn mg e€icmwong g cuvéyetag oty 1o TepinTmoT, oNUAIVEL TPUKTIKE OTL
1N TapoyN 6Tovg aywyovs 1 kon 2 Ba etvon iom, omdTE PmOpEL Vo TPOGO0PIGTEL 1 TAYVTNTA GE

évav and ovtog TOVG AYYoVS av Etvat YVOGTH HOVO GTOV GAAO.
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Tnueio avartoing

TOTKOV UT®AEIOV

Ewova 9. XmMves o€ cepa

YMMVES €V TUPUAMA®
Yrdpyovv pia €icodog kot pio 000G KON Y10, TOLG AYWYOVS TOV Eival GLVOEIEUEVOL EV
mopoAMA®. To dBpoicpa TV TaPoYdV OAMY TOV Ay®YOV TPEMEL VO, Elval 160 LE TNV TOPOYN
€16600V Kot ££600v.

Q£1g=Q1+Q2+° . °+QI’1:QS€

Anhadn, 1 GLVOAIKY| EVEPYELD GTA OTUELN 16000V Ko €£000V givar o1 101eg, eite
aKkoAovOnOel n pio dStdpoun eite 1 GAAN. AvtO onuaivel OTL 01 GUVOMKEG OTMOAELES EVEPYELOG
v T1g 600 dadpopég etvan ioeg peta&d Toug,

O1 cuvoMKEG amMAELEG VEPYELNG 0 TO onpeio €16000vV, ONAdY| TO oNeio TOV
Sywpilovrtarl o1 600 cwANVeES, LEpPL To onueio £600v, ONAAOY| eketvo Tov
Eavaovvavtiovvtat, eivar iG€g, Kot amd Tov 0BVYPAIO COANVA LEYAANG CYETIKA J1OTOUNG,

Kot 0md TOV COAVO LIKPNG SLOTOUNC.
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Ewova 10.ZoMjveg mapdiinior

Yvotuoato degapevav
210 vofeTikd cvoTU deCapevdV , vtdpyovv ot deCapevéc A, B kau I, o1 omoieg eivan
ovvoedEUEVEG HETAED TOVG HECH TV aywydVv 1, 2 ko 3.
Ymv mepintmon avtn, woydvel n e&icmon g cvvérelag Q3=Q1+Q2. Exniong, amd v apyn
JTPNONG TS EVEPYELNG TTPOKVTTEL TO aKOAOLHO GVGTNHA EEIGMOEWMV:

hfl=hA-hA, hf2=hB-hA , hf2=hA-hI'

omov hfi etvan o1 andAeteg otov aywyo i. To evepyelaxd Hyog HA tov kdépov cupPoing oev
elval yvooto, evd 1 popd TG mopoyng otn dadpoun A-A dev glval K TOV TPOTEPOV
Kabopiopévn.

Anlodn o mepintmon mov o HA amodeyBel peyaidtepo and 1o HA, n pon Oa yivet
katd v évvola A-A. Enopévag, aviroya pe To 0edopéva Tov TpoAiatoc, dniadmn tao
VYOUETPO TOV EAEVDEPOV EMPAVELDY KOl TIC OLUUETPOVS KOl KN TOV Ay®YDV, Oa

TPOKOWYOLV 01 TapOYEG G€ KABE ayyo.

TTTTTTTTT S

Ewéva 11. Zoetnpo oclopevav
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YKeAeTomoinon tov AtHov

"Eva diktvo dtavopung vepov pumopel vo omoteAeiton omd EKOTOVTAOEG COANVEG,
noikileg o€ ddpeTpo amd Aydtepo 50 mm émwg mepiocdtepo amd 1.000 mm. E&etalovtag
OA0VG AV TOVE TOVG COANVEG GTO TANIGLO TNG TPOETOYLOGING TOL HOVTEAOV, Ba KéveL TO
HOVTEAO TOAD PEYAAO Y10l TNV AVTILETOTION TNG. ZTNV TPAEN, MG K TOVTOV, 01 GOANVES
pikpdtepes amd 100 mm 1 eviote axdun kot 150 ythootov gite ayvoovvrtal (Fair et al. 1971)
1N Kot opadomotovvToL Kot avtikadiotavtotl amd 16odvvoue corvev (Jeppson 1982 - Walski
1983a), £101 dGTE TO TPOKLTTOV HOVTELD Va efvan dtayepicipo. Avti 1 dwdikocio
ovopdleton okeleTomoinom tov diktvov. Edv mdpa moArol cowAnveg amopokphvovTol KaTd TN
SLAPKELDL TG OKEAETOTTOINONG TO LOVTEAD UTOPEL KOKMOG VO EKTPOCMOTNGEL TO OTKTVLO
dlavoune.

[No va peretnBel n emidpaomn ¢ okeletomoinong oty axpifela Tov OHIKTLOL Yl TO,
aroteléopata g ovaivong ,ot Eggener kou Polkowski (1976) peAétnoav £va tpuqpo tov
dkTHOL dlavoung TS Menamonie, OVIGKOVGLY, EELTNPETMOVTOS VO GUVOAMKO TANBLGUO
11275 xatoikwv. ATd T1g SOKIUES TNG POTC TOL TPAYHOTOTOmONKaAY Tapatipnoay Tt pe pio
nieon 137,8 kPa, n dwabéoun por| otov kOufo oto Tpaypatikd poviélo rav 5660 L/ min og
obykplon pe 5.280 L/ min oto okeletomompuévo diktvo Ilapatnpndnke emiong 6tin
aKpiPelo Tov GKEAETOMOMUEVOD OKTVOV av&NONKe OTOV OAOL 01 GOANVES KPS SUUETPOV
TNV TEPLOYN TNG TNYNG KO TOV UEYAAOL GUUTVKVOUEVOL KOUPOV TEPIEAPONGOY GTO
OKEAETOTOIMUEVO SIKTLO.

I'evikd, mg ek T0VTOL, N TPAKTIKY TNG TOUPAAEWNS COMVOV LIKPNG SIOUETPOL Eivat
KOVOTIOUTIKT] ,E01KA OTAV 0Toi 01 aywyol eivan kaBeTol Tpog v cuvnOn KatevBuven g
pONG 1M eivat KOVTA € ay®YOUS HEYOANG OUETPOV. ATO TNV GAAN TAEVPE, 01 GOANVEG UIKPNG
SLUETPOV OV BPIoKOVTOL KOVTIA GTIV TNYN TOV UEYAA®DV YPNOTOV VEPOV 1] KOVTH GE
OOANVEG LEYAANG dapéTpov Ba pémetl va Bempovviat 1codvvapeg .O Jeppson (1982) divel
AMOGELS Y10 160SVVOLOVS GOAVES Y10 VO AVTIKOTAGTNGEL £va. 6T coANvVeV. Entiong, cuviotd
va TomoBETOVV TIC ENMTOCELS TOL UNKOVG, TNG OLUETPOV, KOL TO GUVTEAEGTI] AMOAEUDV GE
otabepn| avtictaorn coinva. Qotd60, OTWS TOAAN TPOYPALLATO AVAAVGTG TOV OIKTHOL
OTOLTOVV TNV GUEGT] GLUPBOAT] TOV UNKOVG, TNG SIAUETPOV ,KOL TOV GUVIEAEGTY| TOV COAVOV,
etvol TPOTWOTEPO VO, XPNGUOTOLEITAL TO UNKOG KOL 1] OLAUETPOG TOV LEYOADTEPOV COANVE. KO
TNV 0AAOYT] TOV GUVTEAEGT] OMOAEIDV VO, AapBavovTol vdyn Kot ot GAAoL coANveg .O
Walski (1983a) mapéyet TOTOVG KOl VOLOYPALLOTO Y10 TO GKOTTO avTd Il vou amoKTnoeTe
PEOMOTIKG OTOTEAECULATO, O YPNOTNG TOV LOVTEAOV TIPEMEL EMIONG VO OLUGPAAIGEL OTL T
BoABida BEong (ParPidec mANpmG ovoryTég 1) TANP®G KAEIGTES) Kol o1 puOuicelg Tov BaiPidwv
petmong g mieons va ekmpocwmovviol cwotd 6to povtéro (Eggener kot Polkowski 1976-
1977).
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Ewova 12.XkeleTomompévo diktvo

AwBéopeg texvikég Pabpovounong
Apxetég Teyvikég Pabuovounong Exovv avomtuyBel Tpdspata. AvTtég ot
TEYVIKES , ££€TALOVTOL GLUVOTTTIKG ,KOt UTOpOovV va Ta&tvounBoldv 6g 000 Katnyopieg :
1. Teyxyvikég oy omoia puOpilovror HOVO 01 ATMOAEIEG GTO COAMVA
2. Teyvikég pe T1c omoieg o1 dvo mapdpetpot pubuilovratl, SNAAST , 0 CUVTEAEGTEG

OTOAELDV TOV GOAMVO Kol 01 KOUPIKES AT GELS.
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Keodlaro 2 To Broypaoikoé Tov Hardy Cross

O Hardy Cross ( 1885, Nansemond County , Virginia - 1959 ) fitav évag Apepikavog
TOMTIKOG UNYoVIKOS KOl 0 KOPLOG TOV £pYou TG HeBdS0v S1ovoung TG GTIYUNG Yiot SOUIKN
avdAvon Tov vrepoTatik®V Popémv .H pébodog ftav o yevikn ypnomn and to 1935 péypr to

1960 , 6tav otadiakd avtikataotddnke amd dAleg pebddovg .

Ewovo, 1§.O Hardy Cross

O Hardy Cross yevvninke otn Biptlivia and matépa kaAlepynth tov Thomas Hardy
Cross kat ) ovluyo tov Eleanor Elizabeth Wright. Eiye éva peyalotepo adedeo , tov Tom
Peete Cross , 0 onoiog Oa ywotav apydtepa évag peletntg kéltikov orovdmv(Celtic Studies
Scholar) . Zmovdéace otnv Akadnuio tov Norfolk . "‘Edafe mtvyio IToAttikod Mnyovikod amd
10 Teyvoroyko Ivotitovto g Macoyovsétng 1o 1908 , Ko 6t cuvéyeln evidydnke 610
Tunpa e yépupog tov Milovpt Pacific Railroad oto Xaivt Aovic , dmov mopéueve yio Eva
xPpOVo , Letd TV omoia enéotpeye oty Axadnuio Norfolk to 1909. Metd and éva ypodvo twv
UETOTTUYLOKMV 6TOVOAV 6T0 XapPapvt Tov anoveundnke 1o mtvyio MCE 1o 1911. O Hardy
Cross avéntuée t pébodo katavoung g oTyungs , eve epyaldtav oto Ilavemotpo tov

XapPapvr .

O Hardy Cross £ywe enikovpog kafnyntg [oAtikdv Mnyavik®dv oto Iavemotuo
Brown, 6mov 8idaée yia entd ypdvia. Metd and o cOVIOUN EMGTPOPT) GTI YEVIKN TPOKTIKN
NG UNYOVIKNG, d€yTKe (o B€om g Kabnyntg g dopikng unyavikng oto [avemomuo tov
[linois at Urbana-Champaign, to 1921. 1o mavemotiuio tov IMvoig o Hardy Cross avéntuée
™ pé€Bodo katavoung g ottypns. ‘Eeuye and to Illinois to 1937 ywo va avordapet tmv
npoedpia Tov TpMpoatog [oltikdv Mrnyovikov oto [Tavemotiuio tov Yale, 0éon and v

omoia apurnpétnoe to 1953.

-25 -



L )
Ewove 14.0 Hardy Cross

H akppnc dopikn avaivon Tov vaepoToTik®y Sok®V Kot TAoiciov o uropodce va
TPOYLaToTomOel e TO ¥EPL YPNOUOTOIDOVTOS TN HEOOOO KOTOVOUNG TNG OTIYUNG. Xt nébodo
aTr), ot 6tafepEg TEMKEG OTIYUEG OTA TAOIGIOUEVA LEAT] OTAOLOKA SLOVELOVTOL GE YEITOVIKA
HéEAN o€ évav apluo Pnudatwv, £161 OoTE T0 GVOTNUO EOAVEL TEAMKE GE PLGIKN SUUOPPMOT
16oppomiag Tov. Qo1060, 1 LEBOSOC MTOV KO Lo TPOGEYYIoN, aAAG Ba umopovce va AvOel

va. €lvol ToAD KOVTIA GTN TPAYLATIKY ADOT).

H pébodog Hardy Cross ivatl ovGlo6TIKA TO EXAVIANTTIKO sVt Jacobi mov

eQapuOLeTaL OTN SWUOPPOOT| LETATOTIONG TNG OOLUKNG 0VAALGONG.

20 1'e 2 250nm M l's
Er400mm /
N} + 40,00 E
+ 3708
+ 37.051s

- 60,00 +20,00

-5291 iﬁf 300zm I bl mumi +17,08

- 6259515 + 1705 Us
+

30l E250nm

D —P c|~ 30 s
- 30,00 ponto
-32.91 morto

Ewévo 15.ITapadcrypo diktoov 1

fuepa n péBodog "dravoung otrypung” mAEov dev xpnoomoteital EDPEMS EMEWN OL
VIOAOYIOTES £0VV AAAAEEL TOV TPOTO OV O UNYOVIKOT OEI0A0YOVV TIG SOUES KOt TIG
JLVOLLEG TG OTIYUNG Kol TPOYPAUUATO CTTovimg onpovpyovvtan onpepa. To Aoyiopkd
avéAivong kataokevav onuepa Paciletor ot péBodo gvehi&iag, dueon péBodog dSvokapyiog

N pebdoovg nemepacuévav ototyciov (FEM).



M GAAN péBodog Hardy Cross givat emiong yvmoT yio TV HOVIEAOTOINOT TOV pODV
o€ moAvmAoKa dikTva VdpevomNg. Méypt Tig TeElevTaieg dekaeTieg, Tav N o KOwvn HEB0d0G Yo

™V enNiAVoN TETOI®V TPOPANUATOY.

"EAaPe morvapiBueg Tyuntikég drakpioets. Meta&d aut®v ATay TO TIUNTIKO TTUYio
Master of Arts a6 o Iavemotqo Yale, to petdhiio Lamme g Apepikovikng Etopeiog
v TNV TeYVIKT ekmaidogvon (1944), to petdAio Wason tov Evdokyov ,m Bifio tov
Apepucovikot Ivetitovtov Zxvpodépartog (1935) ko to Xpvod MetdAio tov [6pdpatog yo

Mnyavikovg tg Meyding Bpetaviag (1959).

H pébodog Hardy Cross eivar o emovoinmrikn p€60d0g yia Tov Tpocdopioud g

PONC GE GLOTNUATO OIKTVOV COANVAGE®MV OTOV £lval YVmoTO OTL 01 EIGPOEC KOl EKPOEC, QALY

1 PO1) GTO EGMTEPIKO TOV JIKTLOV givan Ayvwotn. H pébodog ekddOnke yo mpdTN popd T0

Noéuppro Tov 1936 and Tov cuvovopatod tov, Hardy Cross , kabnynti SOUIKNG UNYOVIKNIG
oto [Tavemomo tov Illinois 6to Urbana-Champaign. H péfodog Hardy Cross sivar pio
TPOGOPUOYN TS HEBOOOL OlaVOUT|G TNG OTIYUNG, M omoia avartuyOnke eniong omd tov Hardy

Cross ¢ é&vav tpomo Yo vo KafoptotoOv o1 GTIYUEG GE AMPOCIOPIGTES OOUES.

o1 /Qout
2
T1 = (12) — 13
g L 4
I Q4 Loop 2 Q>
QBI Loop 1 @) %
Q7 I Loop 3 Q8
) (T7)
J6 : I7 J8
/l Q9 ~ Q10 O
Qin

Ewova 16.I1apadsrypa duktvov 2

H gicaymyn g pedddov Hardy Cross yio v avéAvon tov Sikthmv porg 6e CoAva
NTOV ETOVAGTACT GTO GYEOAGUO TNG VOpevoms. [Ipv v elcaymyn g neboddov oL N
emilvomn TOAOTAOK®V GLUGTNUATOV COANVOV Y1a. T1 dtvoun NTov e€apetikd 60GKoAN Ady®
NG 1N YPORUIKNG GYE0NG LETOED TNG OmMAELNG TOL QopTiov kot TG pong. H pébodog éyve
apyotepa Eemepacév and tov vroioyloth. ['a mv entivon Tov akyopiBuwv
ypnowonoteitor n néBodog Newton-Raphson 1 dAAeg pebddovg emidvong mov gumodifovv v

eMIAVOT 1N YPOUUKDV CUGTNUATOV EIGOCEMVY LE TO XEPL.
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To 1930 ,0 Hardy Cross dnpocicvce €va £yypapo mov ovopdletotl «AvAaAvon Tomv
ocuveydv TAaiciov dtavépovtag ottypés (“Analysis of Continuous Frames by Distributing
Fixed-End Moments “)» otnv onoia meptypdpetar 1 néBodog dtavoung e oTyUng , 1 onoia
0o aALGEEL TOV TPOTO TTOV O1 UNYOVIKOT TPy LaTOTO10VV SOkt avdivon . H pébodog
SLOVOUNG TNG GTIYUNG YPNOLUOTOMONKE Y10 TOV TPOGOIOPIGHO TOV KATAVOUMDV TNG CTIYUNG OE
OLYKEKPIUEVES OOUEG KO ETETPEYE GTOVG UNYOVIKOVS VO GYEOIAGOVV [UE OCPAAELDL
KATAOKELES amd okvpddepa amd to 1930 £wg to 1960. Tov Noépuppro Tov 1936, o Hardy
Cross g@appoce tnyv oo yeopetpikn pé0oodo ya v exilvon TV tpofinpuatov
dLavopg TG PO1NS TOV SIKTVOV COANVAGEMY , KOl ONUOGIEVGE £va £YYPOYPO TOV
ovopdletol «Avaiven g ponfg o€ dikTvo aymy®@v )| ayoydv. » ("Analysis of flow in
networks of conduits or conductors.™).
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Keoparoro 3 H uéboodoc Hardy Cross

H pébodog Hardy Cross lvat o epappoyn g SUVEXELNS TG PONG OV TBavOV va AVGEL
EMOVOANTITIKA TIG POEG GE £€val OTKTVO COANVOGE®Y . TNV TEPIMTMOOT TG PONS TOV COANVA , 1)
dlatpnon g pong onpaivel 6t  pon givar ion pe ) pon €€m og kdbe dtoTAOPWON GTO
ocOMVA . AlTpNoN TOV SLVOTOTTOV TOV GNUAIVEL OTL 1] GUVOAIKY] aTMAELD KotevBuvong
™G PONG KaTé UKOG 0TT010VONTOTE BPOYOV TOL GLGTNATOS fvar UNdEV ( vToBETovTag OTL N

amdAE poNG KataAoyiletal oTn por| Eivol 6TV TPAYUATIKOTNTA £va. KEPSOG TOV POPTIOV ) .

O Hardy Cross avémntuée 600 pefdoovg yua v enilvon tov oiktvwv pons. Kabe pnébodog
EEKVA e TN 01T PO EITE TNG GLVEYELNG TNG POTG 1 TIG OVVATOTNTES, KO GTI CLVEYELL VO
AOVEL ETOVOANTTIKA Y10 TV GAAY .

H pébodog Hardy Cross vmoBétel 6t n pon mnyaiver péoa kot €@ omd 10 VOO Ko Eivan

YVOOTO TO UNKOC TOL COANVO. , N OIQUETPOC . N TPOYVTNTO KOl AAAO BACTKA YOPOKTNPIGTIKA 1)

uropovv va voteBovv . H pébodoc vmobétel emiong 0t 1 oxéon petald g mapoyng Kot ot

ATOAEIEG Elvol YVOOTd, 0AAG 1 1EB0SOG dev amattel kapia WOwiTEPT OYECT TOV TPETEL VOL

XPNOYOTO0VVTAL
21NV mePInTMON NG PONG TOL VEPOL LECH TMOV COANVAV , £vag optipdc nebodwv

&xovv avamtuyBel yio va mpocdloptotel n oyEon HETAED TG AMMAELNG Kol TG pong . H

nébooog Hardy Cross emttpénel omoladnmote amd auTEg TIC OXEGELS VAL YPTCUYLOTO0VVTOL .

H yevikn oyéon peta&d e ammAgtog tov optiov(head l0ss) kat tn pong eivou :

hy =k Q"

omov k etvon n andAgia ava povéda pong kot n givar o ekBETNC TG oG . XTIG TEPIGCOTEPES

TEPMTAOGELS GTO GYEOAGUO 01 a&ieg TOV GLVOETOVLY TG TO UNKOG TOL GOANVA , 1] OLAUETPOG
, Ko m tpoyvTnTa , Aappdvovtol og yvootd 1 Bewpovvtal kot 1 tipr| tov k pmopet va
TPocdoptotel Yo kiBe cwinva oto diktvo . Ot Tyég mov cvvBEtovv To K kot tn i tov n
aALalovv avaroya e TN GYECT| TOV XPTCLUOTOLEITAL Y10 TOV TPOGIOPIGHO TG OTMAELNS TNG

KEPAANG . Q01000, OAeg o1 oyéoels eivarl cvpPatég pe ) pébooo Hardy Cross .
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Head Loss Equation Relation k n
- ) 10.67 QLBE 10.67
Hazen-Williams equation hj, = [ - s gisT L - Cis5  gist 1.85

RFLQ* 8f
Darcy-Weisbach equation hy = ——— L - 2
y q f gridd g2 ds

H nopokdto anddeién Aappaverol and v dnpocicvon tov Hardy Cross , « Avaivon
™G poNg o€ dlkTLa ay®YDV »( “Analysis of flow in networks of conduits or conductors.”) Kot pmopet
va gdeyyBel amd 1o Bvikd mpdypappa Technology Enhanced Learning Water and Wastewater
Engineering kot ti¢ Baowéc Apyéc Yopavikav Mnyovikdv Zvotnuatov(“Fundamentals of

Hydraulic Engineering Systems by Robert J. Houghtalen «) a6 tov Robert J. Houghtalen .

Edv n apykn ewocio tapoydv oe ke coiva eivol cwaoti, 1 aAloyn Tov Bpodyov

YrQ)"

omOoTH, TOTE N AAAAY| OTIC amdAELES o elvart pun - PNdEVIKT Kot pio oAAay” 6T pon ,&Q

GTO GUGTNUA, Ba etvon ion pe to unodév. Qotdc0, €4V 1 apyIKY ekacio dev elval

Oa pémel va epappootel . H véa mapoyn| , Q = Qo +AQ gvu o ¢Opoiopo Tov
TOGOGTOV TAMAG TAPOYNS KO KATOIES OAAAYEG GTNV TTOPOYT| £TCL MGTE 1 OAANYT 6TO PpOY0

etvar unoév . To dBpoiopa ¢ petafoing mévm amd o Ppodyo toTe Ba glvat

Zr(Qo+AQ)" =0

n
H tn tov ET(QD + &Q) pmopel va TPOGEYYIGTEL YPNOULOTOLDOVTOG TV ENEKTOOT
Taylor.

2r(Qo + AQ)" =Xr(QF + nQi TAQ 4+ ...) =0

Mo o pepn &Q G€ oUYKpPLoN QD o1 mpdcbetot bpot eEapavilovtal , aPVoVToGg
-1
Yr(Qp +nly~ AQ) =10

Kot Movovrag yio < C*

YrQl = —SnrQl ' AQ

Xrag

- n—1
Xnrl)y

AQ =
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H oAlhayn ot pon mov Ba e€icoppomoet Tavem amd o Ppdyo mpoceyyileTot amd
T s
AQ = — %—1
Ynr _

0

Qo1600, OVTO lval HOVO Hio TPOGEYYIoT] , AOY® TV OpwV TOL ayvondnkayv amd tnv
enéxtaon Taylor . H aAlayn oto Bpodyo pumopei va unv givar undév, aArd Ba stvor pikpdtepn
and Vv apykn swacio . [loAlarAéc emavoinyelg g eEebpeons evog vEou Q 0
npoceyyilel v cmoT AVoT).
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Briuota ne®odov Hardy Cross

H pébodog €xel og e€ng:

1. Mavtéyte Tig poég oe Kabe coAnva, apol Befarmbeite 6Tt cuvorikn pon péoa givar
ion pe ) ovvoAikn €€ pon| o€ kdBe dactavpwon. (H ewacia dev mpémel va eivar KaAn,

OAAG (o koA ekaoio Oa petdoet To xpovo mov ypetdleTon Yo va Bpovpe tn Avon.).
2. KaBopiote kdOe khelotd Ppdyo 6to GHGTNU.

3. T kdaBe Bpdyo, 0 TPOGIOPIGUOS TOV ATOAEIDV YivETOL TPOG TO deEI KoL o1 Inpieg

TPOG TOL APLOTEPA . ATOAELES POPTIOL o€ KABe crwinva vroAoyilovTal GOUP®VA e

hf = TQH

. AeE16GTPOPEG AMDAEIES TOV POPTIOV Elvar amd TIC POEG TPOS TNV

KaTELOVVOT TOV SEIKTMOV TOL POAOYIOV KOt TO 1010 Ko Yol aploTEPOGTPOPOL.

T
4. Tlpocdopiote T cuvolikn {nuia oto PBpoyo, ETQ , QLPOLPAVTAG TIS APLOTEPOGTPOPECS

OTOAEIES ,0TTO TIC ATMAELEG TOV OEIKTMV TOL POAOYLOV .

-1
5. T kaBe Bpodyo, Ppeite ERTQH xopis avapopd otnv katebBvvon (OAeg ot Tiég Ha

yrg"

-1
6. H aAdayn ot pon elvat iom pe to EHTQﬂ :

TpEMEL va. etvan OeTIKES).

7. Ed&v n aAlayn ot pomn eivor BTIKY], avTo 10YVEL Y10 OAES TIC COANVAOGELS TOV BpOYov
otV Kotevbovvon mpog ta aprotepd. Edv n ahdayn otn por| eivan apvntikn, epappoleton

o€ OAES TIG COANVMOGELS TOV PBPOYov TPOG TNV KOTELOHLVOT TOV SEIKTAOV TOV POAOY10V.

8. Zuveyiote amd 1o Prpa 3 £wc 6Tov M petafoln g pong eival péca oe £va

IKOVOTOMTIKO €0POC.
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Keopdioro 4 Mlopaosiynota cpapuoync te nebooov Hardy

Cross

Q=5l/=
r=5

Q=32.331's
r=5

[ritial
Q=5l/=
r=1
= @
2+1:5=10 Z2+1:+5=10
Z:1:+0=10 O=0L/= 2:1:0=0 Q=5l/z
2:5:5=50 r=1 2:+5:5=50 r==5&
= &0 = &0
Y ¥
(f;‘-\ |-
N Q=5lfs
r=1
After First [teration
O=6.66L/s
r=1

Z:+1+6.66= 10
Z2:+1+3.33=10

2+5+3.33=50

=533

()
N

Z+1l+6.66=10

Q=333L5 3,1,3.33=0 Q=333l/s

r=1 2:5:+3.33=50 r==%
=533

¥ L J
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H pébodog Hardy Cross pmopet va ypnoyomoindet yio Tov VToAoyiopd tng KOToVoUng
™G PoNg o€ £va HIKTVO COANVOV. A EEETACOVE TO TAPASELY O EVOG ATAOD HIKTOOV PONG GE
colva . ['a ovtd 10 Tapddetypa, n péoa kot €@ pon Ba givar 10 Atpa avd devtepdrento.

®a Oewpnoovpe n {00 pe 2, KOL TNV AIOAELD T KOL 1) OPYIKN EIKOcio pog Yio kKdOe coiqva

oG €GN :

Pipe Q12 Q13 Q23 Q24 Q34
r 1 5 1 5 1
Qguess(L/'s)y| 5 | 5 0 5 5

"Exovpe Moet 1o diktvo pe ™ pébodo g e€lcoppdnnong akoAovbmvrog To fripata Tov

mEPLYPAPOVTOL 6T 1EBOOO .

1. O apycéc ewcaoieg puOuilovion £161 MOTE 1) GLVEYELD TNG POTS VA dlatnpeital g kaOe

KOUPBo Tov d1KTVLOV.
2. O1 Bpdyot Tov cvotuatoc Tpocdlopilovtar og Ppoyog 1-2-3 ko 2-3-4 .

3. O1 amwAeleg mieong oe kabe cwAva Exovv kaBopioTel.

Loop 1-2-3 Q12 Q13 Q23

vl
Head loss = T 25 125 0
Direction Clockwise |Counter-clockwise Clockwise

I'a Bpdyo 1-2-3 , 10 dBpoopa TV anOAEDV TPOS T de&1d efvor 25 Kot To ABpoicua Twv

ATOAELOV TTPOG Ta aptoTePd givarn 125.

Loop 2-3-4 Q23 Q24 Q34

bl
Head loss = " 0 125 25
Direction Counter-clockwise Clockwise Counter-clockwise

Ia Bpdyo 2-3-4 , 10 dBpotopa TV OTOAEIDOV TTPOG To deELd givan 125 kot to dBpoiopa Twv

ATOAELOV TTPOG TO AP1LoTEPE Elvar 25 .

-34 -



4. H ocvvohikn andieta 0e€ldotpoa oto Ppdyo 1-2-3 givar 25-125 = -100 . H cuvoikn
anmAeln de&10aTpoa 6to Bpdyo 2-3-4 etvan 125 - 25 =100 .

-1
5. H yun tov E”TQH npoodtopiletar yio kabe Bpdyo. Eyet Ppebdel va givar 60 otovg 600

Bpdyovg (AOY® GUUUETPIOG) , OTTMS POIVETOL GTNV EIKOVAL.

2ot

6. H oAhayn ot pon Bpébnke yio kabe Ppodyo ypnopomoidviog v e&icwon ERTQﬂ_l .
INa Bpoyo 1-2-3 , n adhoyn ot pon givar ion pe -100 / 60 = -1,66 ko yio to Bpdyo 2-3-4 1
aAAayn otn pon givon ion pe 100/60 = 1,66 .

7. H petafoin g pong epapudletorl kotd unkog tov Ppoywv. Ia Ppoyo 1-2-3 , ) petafoin
o1 POM v 0pVNTIKT £TGL 1) ATOALTY TIUN TOL €QapUOleTal oty 0e£10GTPOPT KoTeEvBVVO.
INa Bpdyo 2-3-4 , n aAloyn otn pon| givar OeTikn 0G0 1 ALOAVTY TIUN TOV EPAPUOLETAL GTNV
katevbuvon mpog ta aplotepd . [a coinva 2-4, | omoia eivan 6g dvo Bpdyovg , ot aAhayég

o1 pon etvar 0Bpo1oTIKEG .

Pipe Q12 Q13 Q23 Q24 Q34
Q (L/s) 6.66 3.33 3.33 3.33 6.66

H d1odkacio tote emovorapfdvetor amd to Prpa 3 Eog 6Tov N HeTafoin g pong yivetot

OPKETE pkp| N Tyoivel 6to pundév .

8. H ovvolkn anmAieia oto Loop 1-2-3 givan

Loop 1-2-3 Q12 Q13 Q23
Head loss = ’--“Q2 44.4 55.5 11.1
Direction Clockwise |Counter-clockwise Clockwise

[Mopatnpnote 6T 1 ATOAEW TOV SEKTOV TOV POAOYIOV £ival {oN LLE TV OPIGTEPOGTPOPT

anmAelo. Avtd onpaivel 6t 1 pon og avTd TO PPoOYO Etvat 1oppomnéEVN Kot ot puBpoi pong
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etvar cwotol. H cuvolikn amdieia poptiov oto Ppdyo 2-3-4 Ba givar emiong icookeMopévn (

Kot TAL AOY® TG svppeTpiog).

Loop 2-3-4 Q23 Q24 Q34
Head loss = ’-'“Qz 11.1 55.5 44.4
Direction Counter-clockwise Clockwise Counter-clockwise

Xe autv Vv mepintmon , N uébodog Pprke ™ cwaotn Aon oe pia eravdinym . Lo

AAAO OTKTVO, UTOPEL VO TTAPEL TOAAEC ETOVOANWELC UEYPL 0L POEC TV COANVOV VO, EVaiL

OMOTEC N TEPITOV CWOTEC.
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Hopadsryna 13.3 oerida 316 (Schaum’s 2500 Problems) -Aven ue

Iteration No. 1

™ né0odo Hardy Cross

Loop 1

1) @ &) @ 0] © ™
pipe length, diameter, flow rate (Q), unit head loss, head loss (h/), k/0Q

no. ft in /s fe/ft ft s/i¢

estimated or from pipe
given given given assumed diagram Q@) x5 )/
1 2000 18 7.00 0.0034 6.800 0.9
2 900 24 3.50 0.000235 0.212 0.061
3 2800 12 =2.19 -0.0029 -8.120 3.708
4 1100 24 =7.00 —0.00085 -0.935 9131
=2.043 4.874
Loop I

@ 2 3 @ (5) (6) ™
pipe length, diameter, flow rate (Q), unit head loss, head loss (&), k/Q,
no. 3 in /s /it ft s/ft

estimated or from pipe

given given given assumed diagram Q@ x® ©)/@
5 2200 12 3.50 0.0070 15.400 4.400
6 750 18 -3.14 —0.00078 -0.585 0.186
7 2600 24 —-5.69 -0.00057 -1.482 0.260
2 900 24 -3.50 -0.00023 -0.207 0.059
13.126 4.905

Brua 1:01 otreg (1), (2) ko (3) otov mapandve mivaka gtvor ta dedopéva otoryeio. Ot

TaPOYES KaTaypdpovtol ot otNAn (4) eivor ot apyikég eKTUNoELS. AVTEG etvar e10MYUEVES

670 okitoo tov Xy. 13-3b, aAld dev etvan dedopéves. H mapoyn tov 14,00 CFS eicépyetan

amd kowov .Extyunbnke yio 1o dwoywpiopod €tot wote 7 0,00 CFS 6t mepvd péca omd to

cova 1 kot to avtictoyo n1ocd nepvd péca and cwinva 4. Xto onpeio F, dedopévou 7,00

CFS eioépyetor oto coinva 4 kot 4,81 CFS apnvel eEmtepikd, n mopoyn 610 coinva, 3

npénet va, gtvor 2,19 CFS (dnAadn, 7,00 CES - 4,81 CFS) omv katebBovvon poakpid amd 1o F,

TPOKEWEVOD VoL TNPEITOL 1] apy1|] OTL 1] GUVOAIKT POT] TTOVL EIGEPYETAL GE £val KOO KOUPO
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npénel va, gtvat ion pe ™ cuvolikt| por| . Ot mapoyég vmoroyioTnKoy pe TapOUOo TPOTO,
dwoparilovtag 6Tt yio kdOe KOUPO 1 GLVOAIKNY POT] TTOV EIGEPYETAL IGOPAPICE TI GLUVOAIKT
pon otV £€060. Oa mpémetl va onpelmbel 6Tt o1 poég de&looTpora oe kibe Ppdyo (OTmg ot
ocwAves 1 kot 5) vrodekvooviar wg OETIKES, VA 01 0PIoTEPOTTPOPES POES (0TS GE COANVEG
3 kat 6) VTOdEIKVHOVTOL WG OPVNTIKEC. Oa Tpémel Wtaitepa va onuelwbdel 6T 1 pon oToV
aywyo 2 givan de€dotpoen oe oyéon pe Ppodyo I, addd apiotepdotpoen o€ oyéon pe Bpodyo Il
®G €K TOVTOV, OvVaPEPETOL MG OeTIKN OTOV avapépovtatl oto Ppodyo I kot apyntikn dtov

avapépovtat 6to Bpdyo 11.

Brjua 2:01 anwAeteg povadag otn omin (5 ) mpocdiopilovion amd to oynua A- 13, pe Bdon
T1g dSrtoapéTpovg ( oAn (3 ) ) kot ot Tapoyés (otAn (4 ) ) . [No mapdderypa , o coinvag 1
Eyer orauetpo 18 in kot wapoyn 7,00 CFS w¢ ex to0T0L , 1 0mdAEW0, HOVAdaG TpocdopileTon
amnd to Xy. A- 13 va etvan 0,0034 ft / ft . O1{niég o otmAn ( 6 ) vroAroyilovton pe Tov
ToAMamAacLooud uNKovg cwinva ( oAn (2) ), He Tig amdAeleg avd povado (otin (5)) .
[No mapaderypa , o coinvag 1 €xel pkog 2000 ft kou andAelo povadag 0,0034 ft / ft. Qg ex
TOVTOV, 1| ATOAELX TOV QopTiov givar ( 2000 ft ) * (10,0034 ft/ ft ) 11 6.800 ft .

INUEIOVETOL OTL O1 ATOAEIES POPTIOL givar BeTKES av TaL AVTIGTOLYO TOGOGTA PONG TOVG Efvart
BETIKA KO APYNTIKG €AV TO, AVTIOTOLYO TOGOGTA POT|G TOVG eivan apvntikd . Ta khdopata hf/Q
ot othAn ( 7)) npocdiopilovion dtapdviog ammAeeg poptiov ( othAn ( 6)) pe Tic mapoyés (
omAn (4)). INo topdadetypo , o corfvog 1 £xet o andieia eoptiov 6.800 ft kot pvOud
pong 7.00 CFS g ek tovtov , hf / Q givar 6.800/7.00 1 0.971 s/ 12 .

Brjua 3:Ta aAyefpikd mocd twv {udv Tov goptiov Tov TapatnpobvIol amd To TivaKo Yol -
2.043 ft oe Ppoyo I kan 13.126 ft o€ Bpoyo 11. Aedopévov 6Tt avtd dev givarl undEv , ToL apyikd

EKTIUDOUEVQ OEV ElvVOl CMOTA.

Brpa 4:H 610pbmwon mapoyng (AQ ) umopei va vroroyiotet yio ke Ppdyo : AQ =-Z hf/ (n X
(hf/ Q) ). ( Emedn n pdéppovia Hazen -Williams ypnowonoteiton , n=1.85) (AQ ) Loop 1
=-(-2,043)/((1.85)(4.874))=0,23 CFS, (AQ) Loop2=-(13.126)/((1,85) (4.905
))=-145CFS.

Biua 5:Avarnpocsappodlovtot to T0GooTd Tapoyns Yo Kabe cowinva mov tpocdopiletal

TPocBEToVTag 010pODGEIS TAPOYNG GTO TPONYOVUEVO TOGOGTO Y10 KAOE COANVA . AVTEG

&youv mg e&ng :
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Loop I

pipe old O, cfs AQ, cfs new Q, cfs
1 7.00 +0.23 7.23
2 3.50 +0.23 +1.45 5.18
3 -2.19 +0.23 -1.96
4 -7.00 +0.23 -6.77
Loop Il
pipe old O, cfs AQ, s new O, cfs
5 3.50 -1.45 2.05
6 -3.14 -1.45 —4.59
7 -5.69 —1.45 _ -7.14
2 -3.50 ~1.45-0.23 —-5.18

Avtd Tpocapuoloviat 6T TapoyEc mov deiyvetar oto Xy. 13-3¢ . Oa mpémel va onpetmbel 6T
N TapOoyN 6T0 GOANVA 2 pLOUIGTNKE ¥PNCIUOTOIOVTOS O10pODGELS Yo TOVS 60 Ppdyoug,

ded0UEVOL OTL VTOC 0 CAOANVAG Elval KOOGS Kot 6Tovg 000. Oa tpémel va onueiwbel iaitepa
OTL T0 TPOGM O NG 010pOBwong ™¢ Tapoyns yia Bpdyo 11 avtictpdonke dtav eQapudcTNKE G

Bpoyo I ( kot o avticTpoo ).

Brua 6:Emotpoen oto Prpa 2 kot emavalapavoupe OAN T 01001Kacion yp1CGILOTOUDVTOS TIC

TPOCAPUOCUEVES TaPOYES. AkoAovBel 0 oyeTIKOC Tivakag:
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Iteration No. 2

Loop I
m @ (&) @ ©) 6) U]
pipe | length, | diameter, | flowrate (), | unit head loss, | head loss (&), | &,/Q,
no. ft in t'/s fr/ft ft s/t
estimate or from pipe
given | given given assumed diagram @x©®) ©)/@)
1 2000 18 123 0.0036 7.200 0.99
2 900 y 5.18 0.00047 0.423 0.082
3 2800 12 -1.% -0.0024 -6.720 3.429
4 1100 U -6.77 -0.00080 -0.880 0.130
0.023 4.637
Loop I
o @ (&) @ ©) ©) M
pipe | length, | diameter, | flowrate (Q), | unit headloss, | head loss (), | /0
no. ft in /s ft/ft ft s/ft
estimate or from pipe
given | given given assumed diagram )% ©6)/@)
5 2200 12 2.05 0.0026 5.720 2.7%
6 750 18 -4.59 -0.00156 -1.170 0.255
7 2600 U -1.14 ~-0.00088 -2.288 0.320
2 900 A4 -5.18 -0.00047 -0.423 0.082
1.839 347

Amd 10 alyefpkd AOpoIoL TOV ATOAEIDV OV gival Kot Ta. VO PUNdEV ,apa vEES O10pBDGELg
TopoyN¢ mpémet va vrohoyiotovv . (AQ ) Loop I=-(0.023)/[(1,85) (4.637)]=0.00 CFS
,(AQ)Loop2=-(1839)/[(1,85)(3.447))=-0.29 CFS . Ot avabewpnuéveg mapoyés

v KaBe cowAva Tpocdtopiloviat Le TN (P1oN OVTOV TOV 010pBdcemv . AVTEg EX0VV MG

egiig :
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Loop I

pipe old 0, dfs AQ, ofs new (), cfs
1 123 0.00 123
2 5.18 0.00+0.29 547
3 ~1.96 0.00 -1.96
4 -6.71 0.00 ~6.77
Loop Il
pipe old Q, ofs AQ, ofs new 0, cfs
5 2.05 -0.29 1.76
6 . -4.59 -0.29 -4.88
T - =T -0.29 -743
2. -5.18 -0.29 - =541

Avtd mpocapudlovtar 6Tig Tapoyes oto Xy. 13-3d . Emotpéyte ot0 Pripa 2 Ko emavorapete
NV OAN S1OKAGT0 XPNGLOTOIDVTAG AVTES TIG AvafempnUEVES TapPOoYES. AVTEG divovTtaol GToV

TOPAKAT® TIVAKOL.

-41 -



Iteration No. 3

Loop I
@ @ G @ ® © ™

pipe length, diameter, flow rate (Q), unit head loss, head loss (k,), h/Q,

no. ft in /s fit/ft ft s/ft?

estimate or from pipe

given given given assumed diagram )X (5) 6)/@d)
1 2000 18 1.23 0.0036 7.200 0.996

2 900 4 547 0.00053 0.477 0.087

3 2800 12 -1.96 -0.0024 -6.720 3.429

4 1100 24 -6.77 ~0.00080 -0.880 0.130
0.777 4.642

) Loop I
@ @ 3 @ 3 ©) Y]

pipe length, diameter, flow rate (Q), unit head loss, head loss (&), h/Q,

no. ft in /s /6t ft s/t

estimate or from pipe

given given given assumed diagram )X (5) 6)/d)
5 2200 12 1.76 0.0019 4.180 2.375

6 750 18 -4.88 —-0.00175 -1.312 0.269

7 2600 24 -7.43 -0.00094 -2.444 0.329
2 900 24 =547 -0.00053 -0.477 0.087
-0.053 3.060

AT 0 aAyePpiKo GBpoloUa TOV ATOAEIDV dgv gival Kot Ta 000 UNSEV ,Apa VEEC O10pOMGELS
Tapoyng Tpémel va vroroyiotovv . (AQ ) Loop 1=-(0.077)/[(1,85) (4.642)]=-0.0l
CFS, (AQ)Loop2=-(-0.053)/[(1,85)(3.060)]=0.01CFS . Otavabempnuéveg

TapoyEC Yo kdbe coAva mpocdiopilovtal Pe Tn ¥pIon avT®dV TV 010p0dcewv. AvTtég £xouv

oG eENg

-42 -



Loop I

pipe ~ old Q, cfs

AQ, cfs

new Q, cfs

1.23
5.47
-1.96
-6.77

£ 2 D —

~0.01
-0.01-0.01
-0.01
-0.01

122
5.45
~-1.97
-6.78

Loop II

pipe old Q, cfs

AQ, cfs

new (, cfs

5 1.76
-4.88
-7.43
=547

Do -3 O

+0.01
+0.01
+0.01
+0.01+0.01

1.77
-4.87
=742
-5.45

Avtd Tpocapuoloviot oTic mapoyEc 6to Xy. 13-3e . Oa 1oV GKOTYLO VO EMGTPEYETE GTO

Brua 2 Ko emavardfete TNV OAN S1001KAGT0 YPNOILOTOIDOVTOG OVTES TIC OVAOEDPNUEVES

ToPOYES. 261060, PL0, ETMTAEOV EMAVAINYT (OEV dEiyveTOL ) dEYVEL OTL OL ETONEVES

owplmaoeic puOpod pong oev Ba eivan peyorvtepeg amd 0,01 CFS , kon mepartép®

VTOAOYLOPNOG QaivETOL paToN) TPoomadseia . Q¢ K TOVTOV , 01 TWEG «NEW Q» TPtV TG

TAPOVGOC TAPAYPAooL Dewpeitor OTL Eival 0t 6OGTEC TAYDTNTEC PONC Y0 GUTOVC TOVC

OOMVEG .
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Q. = 14.00 ft’/s

2000 ft

. 18-in diameter 2200t

100t B 12-in diameter Q. = 6.64 ft/s
4

24-in diameter

900 ft
@ 24-in diumetcr®

n 750 ft

18-in diameter

2800 ft .
Q... = 481 ft’/s 12-in diameter E 2600 ft
24-in diameter

(a) Pipe nctwork Qo =255 %8

14.00 ft%/s

3.50 /s 6.64 ft/s

481 10h He e 5.69 ft*/s
(h) Initial flow rate estimates . 255 s
14.00 fr’/s
223 tr'fs
677 /s 205 fr'ys 6.64 ft%/s

4.59 fi/s

481 ft’/s @
2.551t%/s
(c) Adjusted flow rates after Iteration No. 1
14.00 ft’/fs
1.23 ft’/s
1.76 ft*, 6.64 ft*
6.77 ft’/s " o
438 fi'/s

481 ft'/s

2.55 fit’/s
(d) Adjusted flow rates after Iteration No. 2
14.00 ft*/s
7.22 '¥/s
6.64 ft’/s
487 /s

481 /s

255 's

(¢) Adjusted flow rates after Iteration No. 3 Fig. 13-3

¥ Schaum’s 2500 Solved Problems in Fluid Mechanics Hydraulics
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YYMIIEPAXMATA

v' IIAéov petd amd v epyacio avth eaiveton 611 n uébodoc Hardy Cross givau 1
KATAAANAN Y100 T AOon TPOPANUATOV SIKTVOV KAEIGTOV OYOYDV.

v" H pébodoc avtr umopei va e&aybel svxola kon og excel kot pmopei vo Avbei pe
dpopovg Tpdmovg (apBuntikd ,yYAwooec mpoypappaticpod 6twg FORTRAN,BASIC
KAT).

v' Katd ™ S1dpKeio TG epyaciog 6 0ToldNTOTE GTIYUR £OVUE TH duvaTOTNTA
oAAGlovTag Tig TapoyEg eEmTEPIKA TOL d1KTHOVL (E10EpYOUEVES KO EEEPYOLEVES GE
avTo) va Bpiokovpe Tig TEGELS 0 KAOE TUMLO TOV AY®YOV.
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IHAPAPTHMA

CHAPTER 1

ANALYSIS OF CONTINUOUS FRAMES
BY DISTRIBUTING FIXED-END MOMENTS *

Harpy Cross **

Synopsis. The purpose of this paper is to explain briefly a method
which has been found useful in analyzing frames which are statically
indeterminate. The essential idea which the writer wishes to present
involves no mathematical relations except the simplest arithmetic.
It is true that in order to apply the method it is necessary to determine
certain constants mathematically, but the means to be used in deter-
mining these constants are not discussed in the paper, nor are they a
part of the method. These constants have been derived by so many
writers and in so many slightly different ways that there is little occa-
sion to repreat here the whole procedure.

The reactions in beams, bents, and arches which are 1mmovably
fixed at their ends have been extensively discussed. They can be
found comparatively readily by methods which are more or less stand-
ard. The method of analysis herein presented enables one to derive
from these the moments, shears, and thrusts required in the design
of complicated continuous frames. :

Definitions. For convenience of reference, definitions of three terms
will be introduced at once. These terms are ‘‘fixed-end moment,”
“stiffness,” and ‘‘carry-over factor.”

By ‘“fixed-end moment’’ in a member is meant the moment which
would exist at the ends of the member if it ends were fixed against
rotation.

“Stiffness,” as herein used, is the moment at one end of a member
(which is on unyielding supports at both ends) necessary to produce
unit rotation of that end when the other end is fixed.

If one end of a member which is on unyielding supports at both ends
is rotated while the other end is held fixed, the ratio of the moment at

* Published in May, 1930, Proceedings and Vol. 96, 1932, Transactions, ASCE.

*# Then Professor of Structural Engineering, University of Illinois; now Chairman of

Civil Engineering, Yale University.
1
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2 NUMERICAL METHODS OF ANALYSIS

the fixed end to the moment producing rotation at the rotating end
is herein called the ‘‘carry-over factor.”

Effect of Joint Rotation. Imagine any joint in a structure, the
members of which are being deformed by loads, or in some other way,
to be first held against rotation and then released. Call the algebraic
sum of the fixed-end moments at the joint the ‘‘unbalanced fixed-end
moment.” Before the joint is released this unbalanced fixed-end
moment will not usually be zero; after the joint is released, the sum
of the end moments at the joint must be zero. The total change in
end moments, then, must equal the unbalanced fixed-end moment.
This may be stated in another way by saying that the unbalanced
fixed-end moment has been ““distributed to’’ the connecting members
in some ratio.

When the joint is released all connecting members rotate through
the same angle, and this rotation at the end is accompanied by a change
in end moment. The change in end moments is proportional to the
“stiffness’’ of the members.

Hence, it may be said that when the joint is released the unbalanced
fixed-end moment is distributed among the connecting members in
proportion to their stiffness.

The rotation of the joint to produce equilibrium induces moments
at the other ends of the connecting members. These are equal in
each member to the moments distributed at the rotating joint multi-
plied by the carry-over factor at the rotating end of the member.
This follows from the definition of ‘‘carry-over factor.”

Moment Distribution. The method of moment distribution is this:
(a) Imagine all joints in the structure held so that they cannot rotate
and compute the moments at the ends of the members for this con-
dition; (b) at each joint distribute the unbalanced fixed-end moment
among the connecting members in proportion to the constant for each
member defined as ‘“‘stiffness’; (¢) multiply the moment distributed
to each member at a joint by the carry-over factor at that end of the
member and set this product at the other end of the member; (d) dis-
tribute these moments just ‘““carried over’’; (e) repeat the process until
the moments to be carried over are small enough to be neglected; and
(f) add all moments — fixed-end moments, distributed moments,
moments carried over — at each end of each member to obtain the
true moment at the end.

To the mathematically inclined the method will appear as one of
solving a series of normal simultaneous equations by successive approx-
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MOMENT DISTRIBUTION 3

imation. From an engineering viewpoint it seems simpler and more
useful to think of the solution as if it were a physical occurrence. The
beams are loaded or otherwise distorted while the joints are held
against rotation; one joint is then allowed to rotate with accompanying
distribution of the unbalanced moment at that joint and the resulting
moments are carried over to the adjacent joints; then another joint is
allowed to rotate while the others are held against rotation; and the
process is repeated until all the joints are “eased down” into equi-
librium.

Beam Constants. This method of analysis is dependent on the solu-
tion of three problems in the mechanics of materials. These are the
determination of the fixed-end moments, of the stiffness at each end,
and of the carry-over factor at each end for each member of the frame
under consideration. The determination of these values is not a part
of the method of moment distribution and is not discussed in this
paper.

The stiffness of a beam of constant section is proportional to the
moment of inertia divided by the span length, and the carry-over
factor is —3.* '

The proof or derivation of these two statements and the derivation
of formulas for fixed-end moments is left to the reader. They can be
deduced by the use of the calculus; by the theorems of area-moments;
from relations stated in Bulletin 108 of the Engineering Experiment
Station of the University of Illinois (the Slope-Deflection Bulletin);
from the theorem of three moments; by what is known to some as the
column analogy method; ** or by any of the other corollaries of geom-
etry as applied to a bent member. Formulas for fixed-end moments
in beams of uniform section may be found in any structural handbook.

Signs of the Bending Moments. It has seemed to the writer very
important to maintain the usual and familiar conventions for signs of
bending moments, since these are the conventions used in design.

For girders the usual convention is used, positive moment being
such as sags the beam. For vertical members the same convention is
applicable as for girders if the sheet is turned to read from the right
as vertical members on a drawing are usually read. The usual con-
ventions for bending moments are, then, applicable to both girders

* The negative carry-over factor applies with a fiber-stress sign convention for bending
moment. For a convention of signs dependent upon direction of the curved arrow rep-
resenting an end moment, the carry-over factor is positive. Distribution is often performed

with the positive sign indicating clockwise action upon the adjacent joint. Ed.
*+ Hardy Cross, The Column Analogy, University of Illinois Eng. Exp. Sta. Bulletin 215.
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< NUMERICAL METHODS OF ANALYSIS

and columns if they are looked at as a drawing is usually lettered and
read.

" Moments at the top of a column, as the column stands in the struc-
ture, should be written above the column and those at the bottom of
the column, as the column stands in the structure, should be written
below the column when the sheet is in position to read the columns.
This is necessary because positive moment at the right end of a beam
and at the top of a column both represent tendencies to rotate the con-
nected joint in the counterclockwise direction.

It makes no difference whether girder moments are written above
or below the girder. Either arrangement may be convenient. Con-
fusion will be avoided by writing column moments parallel to the
column and girder moments parallel to the girders.

When any joint is balanced the total moment to the right and to
the left of the support is the same, both in absolute value and in sign.
The unbalanced moment is the algebraic difference of the moments
on the two sides of the joint.

Limitation of Method. From the fact that the terms, “stiffness”
and “carry-over factor,” have been defined for beams resting on un-
yielding supports, it follows that direct application of the method is
restricted to those cases where the joints do not move during the proc-
ess of moment distribution. The method, however, can be applied
in an indirect way to cases in which the joints are displaced during the
moment distribution, as indicated later.

As the method has been stated, it is restricted only by this condition
that the joints are not displaced. If this condition is satisfied it makes
no difference whether the members are of constant or of varying sec-
tion, curved or straight, provided the constants (a) fixed-end moments
at each end, (b) stiffness at each end, and (c) carry-over factor at each
end, are known or can be determined. Such values can be derived
by standard methods and may be tabulated for different types of
members and conditions of loading.

It will be found that in most cases accuracy is needed only in the
fixed-end moments. It does not ordinarily make very much differ-
ence how, within reason, the unbalanced moments are distributed,
nor, within reason, how much of the distributed moments are carried
over.

In the “Illustration” which follows it has been assumed that the
members are straight and of uniform section. The stiffnesses, then,
are proportional to the moments of inertia, (I), divided by the lengths,
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MOMENT DISTRIBUTION 5

(L), but the relative values given for I/L in this problem might quite
as well be the relative stiffness of a series of beams of varying section.
In this latter case, however the carry-over factors for the beams would
not be —3.

Illustration. The illustration given (Fig. 1-1) is entirely academic.
It is not intended to represent any particular type of structure nor
any probable condition of loading. It has the advantage for the pur-
pose of this paper that it involves all the conditions that can occur in
a, frame which is made up of straight members and in which the joints
are not displaced.

The loads on the frame are supposed to be as indicated. The rela—
tive values of I/L for the different members are indicated in circles.

The fixed-end moments in all members are first written. In this
problem they are arbitrarily assumed to be as shown, as follows: at 4,
0; at B, in BA, 0, and in BC, —100; at C, in CB, —100, in CF, 480,
in CD, —200, and in CG, —50; at F, +60; at G —50; at D, in DC,
—100, and in DE, 0; at E, in ED 0, and in the cantilever, =-10. -

Before proceeding to a solution of the problem, attention may be
called to the arrangement of the computations. The moments in the
girders are written parallel to the girders; those in the columns, parallel
to the columns. The original fixed-end moments are written next to
the members in which they occur, the successive moments distributed
or carried over being written above or below these, but farther from
the member.

The arrangement of the moments in the columns in positions above
the columns, when the paper is turned into a position to write these
moments, for the top of the columns (at B, F, and (), and in positions
below the columns for the bottom of the columns (at 4, C, and G),
is an essential part of the sign convention adopted.

The moment at C in the girder, BC, is written above the girder in
order to get it out of the way. Otherwise, it makes no difference
whether the moments are written above or below the girder.

The signs of the fixed-end moments are determined by observing
the direction of flexure at the ends of the members due to the loads.
In order to apply to the columns the ordinary conventions for signs
of bending moments it is necessary to turn the drawing of the structure.

The reader should realize that the solution is built up step by step.
It is always the last figures showing that are to be operated on —
distributed or carried over — so that in ordinary framework there is
little chance for confusion as to what step should be taken next.
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6 NUMERICAL METHODS OF ANALYSIS

Distribution. Distribute at each joint the unbalanced moment, as
follows:

(1) At A there is no moment (Fig. 1-1).

(2) At B there is an unbalanced moment of —100 on one side of
the joint. This moment is distributed to BA and to BC in the ratio,

2 : 4, so that the distributed moment to BA is 100 = 33.33 and

2
2+ 4
to BC, 24ﬁ 100 = 66.67. The signs are written in the only way
possible to balance the joint by giving the same total moment (—33.33)
both to left and right of the joint.

(3) At C, the unbalanced moments are, in CB, —100, and in CG,
—50, giving a total of —150 on the left of the joint; in CF, +80, and
in CD, —200, giving a total of —120 on the right of the joint. The
total unbalanced moment at the joint, which is the difference between
the total moment on the left and on the right of the joint, is 30. This is
now distributed in the respective proportions, as follows:

To CB,

4 -
ire+py10-10
to CF,
- 30 = 5
44+24+5+4+1
to CD,
9 =
4+2+5+130—12.5
and, to CG,
1 _
4+2+5+130_2.5

There is only one way to place the signs of the distributed moments
so that the total is the same on both sides of the joint. This is done
by reducing the excess negative moment on the left and increasing the
negative moment on the right.

(4) At F, the unbalanced moment is +60. The hinge has no stiff-
ness. The moment, then, is distributed between the member, FC,
and the hinge in the ratio, 2 : 0; all of it goes to the member. The
total balanced moment is +60 — 60 = 0, as it must be at a free end.

(5) At @, the abutment is infinitely stiff and the unbalanced moment,
—50, is distributed between the member, GC, and the abutment in
the ratio, 1 : 0. The member gets none of it; the end stays fixed.
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8 NUMERICAL METHODS OF ANALYSIS

(6) At D, the unbalanced moment, —100, is distributed to DC and
to DE in the ratio of 5 : 3.

(7) At E, the unbalanced moment is —10 in the cantilever. Since
the cantilever has no stiffness, this unbalanced moment is distributed
between the beam, ED, and the cantilever in the ratio 3 : 0. This
means that all of it goes to ED.

All joints have now been balanced. Next, carry over from each
end of each member one-half the distributed moment just written,
reverse the sign, and write it at the other end of the member. Thus,
carry over, successively, in AB, 0 from A to B and +16.67 from B
to 4;in BC, —33.34 from B to C and —5.0 from C to B;in CF, +2.5
from C to F and +30 from F to C; in CG, 0 from G to C' and —1.25
from C to G; in CD, +6.25 from C to D and —31.25 from D to C;
and in DE, +18.75 from D to E and +5.00 from E to D.

Distribute the moments just carried over exactly as the original fixed-
end moments were distributed. Thus, at A, +16.67 is distributed 0
to AB (fixed-ended); at B, —5.0 is distributed as —1.67 and +3.32; at
C, the unbalanced moment is (—33.34 4+ 0) — (430.00 — 31.25) =
—32.09 which is distributed as +2.67, +10.68, —5.34, and —13.35;
at F, +2.50 is distributed as —2.5 to the member; G is fixed-ended; at
D, +1.25 is distributed as —0.78 and +0.47; at E, the unbalanced
+18.75 is distributed to the member as —18.75.

The moments distributed are now carried over as before and then
re-distributed; and the process is repeated as often as desired. The
procedure should be stopped after each distribution, however, and a
check made to see that statics (ZM = 0) is satisfied.

When it is felt that the process has gone far enough, all moments at
each end of each member are added to give the total moment at the
joint. After the moments at the joints have been determined, all
other quantities, such as moments and shears, may be obtained by
applying the laws of statics.

Convergence of Results. The distribution herein has been carried
out with more precision than is ordinarily necessary, in order to show
the convergence of the results. To show the rate of convergence, the
successive values of the moments at the joints after successive dis-
tributions are given in Table 1-1.

For most purposes the computations might as Well have been
stopped after the second distribution. Had this been done, the solu-
tion would have appeared as shown in Fig. 1-2.

For any practical purpose the computation might in this case have
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MOMENT DISTRIBUTION 9
TABLE 1-1. CONVERGENCE OF RESULTS
Suclcessn}e After one | After two | After three | After four | After five After six
ya ugis Ol \distribution|distributions|distributions|distributions|distributions|distributions
b‘_m n% (two rows | (four rows | (six rows | (eight rows | (ten rows |(twelve rows
30;2?& of figures) | of figures) | of figures) | of figures) | of figures) | of figures)
A |....... 0 4+ 16.67 + 17.50 + 18.39 + 18.48 + 18.55
B Lesas sen — 33.34 — 35.01 — 36.79 — 36.97 — 37.10 — 37.13
[ InCB — 90.00 —112.66 —113.22 —114.24 —114.23 —114.26
c “CF | + 75.00 + 99.66 +100.36 +101.32 +101.36 +101.41
“iCD —212.50 —257.10 —258.09 —259.89 —259.88 —259.93
1 “.0G — 47.50 — 44.83 — 44.55 — 44.36 — 4431 — 44,28
D |....... — 37.50 — 32.03 — 23.66 — 23.48 — 23.15 — 23.15
E |....... — 10.00 — 10.00 — 10.00 — 10.00 — 10.00 — 10.00
| (— 0 0 0 0 0 0
(¢ (O — 50.00 — 51.25 — 52.59 — 52.73 — 52.83 — 52.86

been stopped after the third distribution.
distributions are sufficient.

In general, two or three
This is not true in all instances, but in

any case the exactness of the solution at any stage will be indicated
by the magnitude of the moments carried over in the members.
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Variations of the Method. The writer has developed and used at
different times several variations of the method shown, but the original
method is itself so simple and so easy to remember that he finds himself
inclined to discard the variants.
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10 NUMERICAL METHODS OF ANALYSIS

One variant is perhaps worth recording. It is rather tedious to
carry moments out to the end of a member which is free to rotate
and then balance the moment and carry it back again. This may be
avoided by releasing the free end once for all and leaving it free. In
this case, for beams of constant section, the stiffness of the beam is to
be taken three-fourths as great * as the relative I/L-value would indi-
cate. After the end of the beam is once released, no moments are
carried over to it.

CORRECTING FOR SIDE-SWAY

Single square or trapezoidal frames, portals, L-frames, box culverts,
and similar structures act as simple continuous beams if there is no
transverse deflection. If they are symmetrical as to form and loading,
they will not deflect sidewise and if they are restrained against side-
wise movement, they cannot so deflect.

Side-sway of frames due to dissymmetry of the frame is rarely an
important factor in design. Correction for side-sway may be made
by a method which may be applied also in cases of transverse loading
on bents. The method is to consider that the bent does not sway
sidewise and analyze it as a series of continuous beams. The total
shear in the legs will not now, except by accident, equal the shear
which is known to exist. The difference must be a force which pre-
vents side-sway.

Now, assume all joints held against rotation, but the top of the bent
moved sidewise. Assume any series of fixed-end moments in the legs
such that all legs have the same deflection. In this case for members
of uniform section fixed-end moments in columns vary as I/L? Dis-
tribute these fixed-end moments and find the total shear in the legs.
The changes in moments due to side-sway will then be to the moments
just computed in the same algebraic ratio as the total unbalanced
horizontal shear in the legs due to side-sway when the frame is analyzed
as a continuous girder is to the shear just computed.

Multi-Storied Bents. Bents of more than one story, subject to side-
sway, either as a result of unbalanced loading or due to horizontal
forces, may be solved by this method. It is understood that exact
solution of such problems is not commonly of great interest. It is the
approximate effect that is desired rather than exact analysis.

To analyze by this method a two-story bent it will be necessary to

* The moment needed to produce a given rotation at one end of a beam when the other
end is free is three-fourths as great as if the other end is fixed.
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MOMENT DISTRIBUTION ' 11

make two configurations — one for each story. From the assumed
shear in each story (producing, of course, shears in the other stories),
a set of moment values may be obtained. These may be combined
to obtain the true shears, and from the true shears the true moments
follow.

General Application of the Method. The method herein indicated
of distributing unbalanced moments may be extended to include
unbalanced joint forces. As thus extended it has very wide applica-
tion. Horizontal or vertical reactions may be distributed and carried
over and thus a quick estimate made of the effect of many complicat-
ing elements in design. The writer has used it in studying such
problems as continuous arch series, the effect of the deflection of sup-
porting girders, and other phenomena.

An obvious application of moment distribution occurs in the com-
putation of secondary stresses in trusses. Many other applications will
doubtless suggest themselves, but it has been thought best to restrict
this paper chiefly to continuous frames in which the joints do not move.

Conclusion. The paper has been confined to a method of analysis,
because it has seemed wiser to so restrict it. It is not then an over-
sight that it does not deal with: (1) Methods of constructing curves
of maximum moments; (2) methods of constructing curves of maxi-
mum shears; (3) the importance of analyses for continuity in the
design of concrete girders; (4) flexural stresses in concrete columns;
(5) methods of constructing influence lines; (6) the degree to which
continuity exists in ordinary steel frames; (7) continuity in welded
steel frames; (8) plastic deformation beyond the yield point as an ele-
ment in interpreting secondary stress computations; (9) the effect of
time yield on moments and shears in continuous concrete frames;
(10) plastic flow of concrete as a factor in the design of continuous
concrete frames; (11) whether in concrete frames it is better to guess
at the moments, to take results from studies made by Winkler fifty
years ago, or to compute them; (12) the effect of torsion of connecting
members; (13) the relative economy of continuous structures; (14) the
relative flexibility of continuous structures; (15) the application of
methods of continuous frame analysis to the design of flat slabs;
(16) probability of loading and reversal of stress as factors in the de-
sign of continuous frames; (17) the relation of precision in the deter-
mination of shears and moments to precision in the determination of
fiber stresses; and a dozen other considerations bearing on the design
of continuous frames. :
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12 NUMERICAL METHODS OF ANALYSIS

A method of analysis has value if it is ultimately useful to the de-
signer; not otherwise. There are apparently three schools of thought
a3 to the value of analyses of continuous frames. Some say, ‘“Since
these problems cannot be solved with exactness because of physical
uncertainties, why try to solve them at all?” Others say, “The
values of the moments and shears cannot be found exactly; do not try .
to find them exactly; use a method of analysis which will combine
reasonable precision with speed.” Still others say, “It is best to be
absolutely exact in the analysis and to introduce all elements of judg-
ment after making the analysis.”

The writer belongs to the second school; he respects but finds diffi-
culty in understanding the viewpoint of the other two. Those who
agree with his viewpoint will find the method herein explained a useful
guide to judgment in design.

Members of the last named school of thought should note that the
method here presented is absolutely exact if absolute exactness is
desired. It is a method of successive approximations; not an approxi-
mate method.
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Hapaocryna 13.3 oei 316 (Schaum’s 2500 Problems) -Aven e

vA®Weco wpoypounoTicnoy FORTRAN

DIMENSION TITLE(13) ,DIAM(100,10) ,Q(100,10) ,ROUGH(100,10),
*  HLOSS(100,10) ,QDEL(100)
REAL LENGTH(100,10)
INTEGER UNITS,LOOPS,PIPES(100),PPLOOP,PIPENO(100,10),0LOOP(100,10)
OPEN (5,FILE=DATA.TXT)
OPEN (6,FILE='OUTPUT.TXT)
1 READ (5,100,END=2)UNITS,IWRITE,LOOPS, TITLE
100 FORMAT(211,13,12A3,A3)
WRITE(6,105)TITLE
100 FORMAT(12A3,A3////)
COEFF=1.318
FACTOR=12.0
ERROR=.01
IF(UNITS.EQ.1)COEFF=.8492
IF(UNITS.EQ.1)FACTOR=1000.0
IF(UNITS.EQ.1)ERROR=.001
READ(5,101)(PIPES(J),J=1,LOOPS)
101 FORMAT(4012)
DO 200 J=1,LOOPS
PPLOOP=PIPES(J)
DO 200 K=1,PPLOOP
200 READ(5,102)PIPENO(J,K),0LOOP(J,K),DIAM(J,K),LENGTH(J,K),Q(J,K),
*  ROUGH(J,K)
102 FORMAT(213,4F10.0)
NIT=1
205 IF(IWRITE.EQ.1)WRITE(6,106)NIT
106 FORMAT(//38x, INTERATION NO.'13,/,38x,'========= === ==' /)
IF(IWRITE.EQ.1.AND.UNITS.EQ.0)WRITE(6,107)
107 FORMAT('LOOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS
*  FLOWRATE (CFS) HEAD LOSS (FT) ',/ ==---s =nnec =-one-
* - S — )
IF(IWRITE.EQ.1.AND.UNITS.EQ.1)WRITE(6,108)
108 FORMAT('LOOP NO. PIPE NO. DIAMETER (MM) LENGTH (M) ROUGHNESS
*  FLOW RATE (CMS) HEAD LOSS (M) /' =-=--== =-mmemme =mmee
e S )
DO 201 J=1,LOOPS
IF(.EQ.1)NIT=NIT+1
SHLOSS=0.0
SHQ=0.0
PPLOOP=PIPES(J)
DO 202 K=1,PPLOOP
HLOSS(J,K)=(ABS(Q(J,K))*4.0**1.63/3.14159265/(DIAM(J,K)/FACTOR)
*  **2 63ICOEFF/ROUGH(J,K))**(1.0/.54)*LENGTH(J,K)
IF(Q(J,K).LT.0.0)HLOSS(J,K)=-HLOSS(J,K)
HQ=HLOSS(J,K)/Q(J,K)
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SHLOSS=SHLOSS+HLOSS(J,K)
SHQ=SHQ+HQ
IF(IWRITE.EQ.1)WRITE(6,109)J,PIPENO(J,K), DIAM(J,K),LENGTH(J,K),
*  ROUGH(J,K),Q(J,K),HLOSS(J,K)
109 FORMAT(3x,13,7x,13,7x,F7.1,6X,F8.0,7X,F5.0,7X,F8.3,7X,F9.3)
202 CONTINUE
QDEL(J)=-SHLOSS/1.85/SHQ
IF(IWRITE.EQ.1.AND.UNITS.EQ.0)WRITE(6,110)SHLOSS,J,QDEL(J)
110 FORMAT(78X,'------- '1,78X,F9.3,/1X, FLOW RATE ADJUSTMENT FOR
*  LOOP'13,=",F7.3,CMS',/)
201 CONTINUE
DO 203 J=1,LOOPS
PPLOOP=PIPES(J)
DO 203 K=1,PPLOOP
QU,K)=Q(,K)}+QDEL())
L=OLOOP(J,K)
IF(OLOOP(J,K).NE.0)Q(J,K)=Q(J,K)-QDEL(L)
203 CONTINUE
DO 204 J=1,LOOPS
IF(ABS(QDEL(J)).GT.ERROR)GO TO 205
204 CONTINUE
IF(IWRITE.EQ.1)GO TO 1
IF(UNITS.EQ.0)WRITE(6,107)
IF(UNITS.EQ.1)WRITE(6,108)
DO 206 J=1,LOOPS
PPLOOP=PIPES(J)
DO 206 K=1,PPLOOP
IF(K.NE.PPLOOP)WRITE(6,109)J,PIPENO(J,K), DIAM(J,K),LENGTH(J,K),
*ROUGH(J,K),Q(J,K),HLOSS(J,K)
IF(K.EQ.PPLOOP)WRITE(6,112)J,PIPENO(J,K),DIAM(J,K),LENGTH(J,K),
*ROUGH(J,K),Q(J,K),HLOSS(J,K)
112 FORMAT(3X,13,7X,13,7X,F7.1,6X,F8.0,7X,F5.0,7X,F8.3,7X,F9.3,/)
206 CONTINUE
NIT=NIT-1
WRITE(6,104)NIT
104 FORMAT(//,1X,13,ITERATIONS WERE REQUIRED.)
GOTO 1
2 STOP
END
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Elwcoymyn ocoopnévov

01 2 SAMPLE PIPE NETWORK ANALYSIS
44

1 18. 2000. 7.00 120.

2 2 24, 900. 350 120.

3 12. 2800. -2.19 120.

4 24. 1100. -7.00 120.

) 12. 2200. 3.50 120.

6 18. 750. -3.14 120.

7 24. 2600. -5.69 120.

21 24, 900. -3.50 120.
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1 1 18.0
1 2 24.0
1 3 12.0
1 4 24.0

FLOW RATE ADJUSTMENT FOR

12.0
18.0
24.0
24.0

NN NN
N N O O

FLOW RATE ADJUSTMENT FOR

2000.

900.
2800.
1100.

ATOTELEGUUTO

INTERATION NO. 1

120.
120.
120.
120.

LOOP 1= 0.212CFS

2200.
750.
2600.
900.

120.
120.
120.
120.

LOOP 2= -1.435CFS
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FLOWRATE (CFS) HEAD LOSS (FT)

7.000
3.500
-2.190
-7.000

3.500
-3.140
-5.690
-3.500



18.0
24.0
12.0
24.0

el
A W N R

FLOW RATE ADJUSTMENT FOR

12.0
18.0
24.0
24.0

NN NN
N N O O

FLOW RATE ADJUSTMENT FOR

2000.

900.
2800.
1100.

INTERATION NO. 2

120.
120.
120.
120.

LOOP 1=-0.017CFS

2200.
750.
2600.
900.

120.
120.
120.
120.

LOOP 2=-0.286CFS

-63 -

FLOWRATE (CFS) HEAD LOSS (FT)

7.212
5.147
-1.978
-6.788

2.065
-4.575
-1.125
-5.147



INTERATION NO. 3

18.0
24.0
12.0
24.0

el
A W N R

FLOW RATE ADJUSTMENT FOR

2 ) 12.0
2 6 18.0
2 7 24.0
2 2 24.0

FLOW RATE ADJUSTMENT FOR

2000.

900.
2800.
1100.

120.
120.
120.
120.

LOOP 1= -0.005CFS

2200.
750.
2600.
900.

120.
120.
120.
120.

LOOP 2=-0.014CFS
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FLOWRATE (CFS) HEAD LOSS (FT)

7.196
5.416
-1.994
-6.804

1.779
-4.861
-7.411
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INTERATION NO. 4

LOOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS FLOWRATE (CFS) HEAD LOSS (FT)

1 1 18.0 2000. 120. 7.190 7.149
1 2 24.0 900. 120. 5.425 0.470
1 3 12.0 2800. 120. -2.000 -6.742
1 4 24.0 1100. 120. -6.810 -0.876

0.002

FLOW RATE ADJUSTMENT FOR LOOP 1= 0.000CFS

2 ) 12.0 2200. 120. 1.765 4.206
2 6 18.0 750. 120. -4.875 -1.305
2 7 24.0 2600. 120. -1.425 -2.429
2 2 24.0 900. 120. -5.425 -0.470

0.001

FLOW RATE ADJUSTMENT FOR LOOP 2= 0.000CFS
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