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ABSI'BAGT

TheenergylosscoefficientofPiPeexpansionsÍnreducing

thevelocityofflowfromvaluesoccurringettheoutl'etofa

centrifugal punp to values acceptable for meinLine flow fn an irrÍgation

systemwasdetermined.SÍxteenPiPeexpansíonsweretestedinthe

Hydraulics Laboratory of the Department of civil EngÍneering at the

university of Manitoba. They were made of standard steel' Four were

abruptPiPeexpansionseachofwhichfeaturedadifferentco¡nbination

of approach and exit diameters' Six gradual PiPe expansions and six

tno-6tage PiPe expansions each featuring a gradual expansion stage

andanabruptexpansionstegelJerealsotested.Acomparisonofthe

experimental values of the energy loss coefficient reflects the

impressive poËential of the optÍnally designed two-stage pipe expansion

byshowingthatithasanenergylosswhichinmanyapplicationswould

beonlyafractionoftheenergylossfortheotherpipeexpansions.

(iv)
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CEAPIEB I

ililnoDUClION

1.1 GENERAL

In pressurized irrÍgation systems ' centrifugal

the uater to the lrrÍgation system with a relatively

this high velocity t1pically ranges from 4 to 10 ¡r/s '

designing PuEPs at such a high discharge velocity is to

punp efficiencY.

Unfortunately, if water were transported for

lnpipeslnanirrigatíonEy6tematthesehighvelocities,asubstentiel

amountofenergywouldbesacrificedduetohighfrictionallosses

fnthepipesandfittings.AnoÈherprobleruassociatedt¡ithhigh

velocltiesinpipelineswouldbethevibrationandtheincreasedhazard

of failure risulting from neter hammer'

For these reasons ' e maximum velocity of 1 ' 5 ¡r/s Ís

recomnended (uni-8e11 Plastic Pipe Association, L977) to keep the

fricÈion losses to an acceptable level ' To achieve this everage

velocity, it is necessary to reduce the velocity of lrater in the

mainlÍne.lhiscanbeacconplishedbyusingalarge-diameterpiPe;

howeveralarge-dfameterPiPerequireshighercapitalcostandthis

lsacriticalfactorfortheselectionofpiPediameter.Inmost

labour-intenslve systems and fn Eome capital-intensive systems ' the

EessofthepipewhichletobetransPortedwithinendbetweenfields

ls also a conslderation'

ForreducíngthehighdischargevelocftÍesadevicecalled

aPlPeexpansion(aleolabeledanexpander¡SDenlargementora

punps delÍver

high velocity.

The reason for

achieve higher

long distances
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diffuser) ls ueed. A PtPe expansion decreases discharge velocity

by lncreaslng the crosE-sectional area of flow' in accordance with

thecontlnultyconditlon.loachievethisobjectiveacertainamount

ofenergyhastobesacrifícedlnthedeviceiteelf,duetowall

frlctfon, turbulence and deceleration'

Thechallengefstodevelopanacceptabledesignforthis

devíce whlch achieves a mÍnÍmum energy loss '

t.2 BACKGROUND

DuringefieldÊurveyof556pumpingstationsinLToregon

counties, shearer and Hansenl observed that the PiPe expansion most

comonly used by farm oPeretors to reduce the velocity at the pumP

outlet sas 8n abrupt piPe expansion. This tyPe of PiPe expansion

confÍgurationiscoEParativelyeesytofabricate,requireslesssPace

and is Ínexpensive to buy' Unfortunately' it has a high energy loss

for a given Practical use '

In recent year6, wÍth increasing concern for energy

conÊervation'thegradualPiPeexpansÍonhasbecomemorepopular.

AgradualPiPeexpansfonresultsinalowerenergylossascompared

uith an abrupt pipe expansion' this type of pipe expansion is slightly

nore difficult to fabricate, requires more sPace and Ís s1Íghtly nore

expensive to buy. But for most lnstallations, the srightly higher

lnitialcostfsoffsetoverarelativelyshorttinebyreducedenergy

co6t6.

I Shearer, M.N., end H

Agricultural Englneerlng
Corvellfe' OR 97330.

J. Haneen.
Department t

Unpublished
Oregon State

lnformatíon.
Univers itY 

'
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The concePts preeented 1n this work rlere developed by

Laliberte, et el. (1983). They proposed a pipe expansion which would

bepotentiallyevenDoreenergy-efficientthanthegradualPipe

expansfon. Although these authors did not claÍm the original idea,

theydidProPosetheoriginaleolutiontoadesignequationonwhich

the devÍce is based. The uniqueness of the device is thet it employs

atl'o-stagePiPeexpansion.lhedeviceisnornoreexpensiveto

fabrícate than a gradual PiPe expansion. It requires less sPece and,

foragívenapplication,Ítiscleimedtohaveasmallerenergyloss.

1.3 OBJECTIVES

Thenainobjectíveofthisstudyistotesttheperformance

of a two-stage PiPe exPansion'

SecondlyritisaPurPoseofthÍs6tudytoverifythedesign

criteria proposed by Lalíberte, et al' (1983) by conductÍng a series

of laboratory tests.

Finally, the 6tudy has the objective of presenting a

comparison of the energy loss coefficienÈs K for the sixteen piPe

expansions considered.

I 4 SCOPE OF THE STUDY

Thetwo-EtagePiPeexpansionhasthePotentialforenergy

eaving in irrÍgation aystems. one of the encouraging and practical

features 1s itÊ elnplieity of fabrication. If a flanged connection

fs ueed, the manufacturlng process ie similar to that for a eingle-stage

gradual pfpe expanslon. In addition, the amount of rnateríel required

is marginallY lees.



CEAP1ER II

BEVISI| OF LITEBATURE

2.L ENERGY LOS S IN FITTINGS

There are a number of lrays to exPress Èhe energy loss

asso.ciated with resistance to flow in pipe fittings. one of these

requires an energy loss coefficient which, if multiplied by the average

approach velocity head gives the energy loss ' MathematicaLly ' it

can be expressed as:

(1)
AE K

v1

2g

where AE is the energy loss per unÍt weight 
'

K is the energy loss coefficient '

V1 is the average aPProech velocÍty' and

g is the acceleraÈion due to gravity'

ThereSreanumberofchart's'nomographsandtablesavailable

from many Bources for the energy loss coefficient for piPe fittings

fncluding bends, elbot¡s ' tees ' entrances ' exits ' contractions ' and

gradual and abrupt PiPe exPansíons' One must be careful in using

values of the energy loss coefficient obtained fror¡ a chart ' nomograph

or table.

Therearet\'ooÈherenergylosscoefficients

expressed as a functíon of both the approach and Èhe exiE

and applied to pipe expansions' The equations are as folLows¡

x1 (v1-v2)2 Q)AE=
2g

(u1 - v7>

which are

velocities

AE-
K

2
2g

(3)
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whereKlandK2arethetwootherenergylosscoefficients'

Y2 is the everage exit velocity and the remalning terms are

as defíned before.

AfterapplyingÈheconÈinuítyconditiontheenergyloss

coefficients for pípe expansions can be related as follows:

K=Kt t
D2.LT 2 (4)

(s)

(6)

K=K2 t

Kl=K2t

D4

o2+r

t

¡4

92

where D is the ratio of the exit and inlet diameters

2.2 ENERGY LOSS IN ABRUPT AND GRADUAL PIPE EXPANSIONS

Brightrnore ( 1906) and

demonstrated that, for an abrupt PiPe

loss coefficient K1 can be expressed

geometry bY the equation:

Lo2.5+0.25D2 - 2'0d1 (7)Kl= r00

where D is the ratio of the exit and inlet díametersr and

approach diameter in inches '

If d1 is expressed in centimetres' Eq' 7 becomes'

102.5 +0.25D2 - 5.ld1

d1 is the

Kl =
(8)

100

Archer (1913), however, experimentally formulated the energy

loss in an abrupt pipe expansion by the equation:

1

Gibson (1911) exPerirnentallY

expansion (rig. 1), the energy

as a functÍon of the exPansion
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1.919
1.098 (v1 - v2) (e)

(12)

ÂE- 2g

where V1 and V2 are ln feet per second'

AscorrectlonsforPiPewallfrictionlossesbetweenthe

points of Beasurement of hydrostatic head upstream and dow¡stream

from 8n abrupt pipe expansion vere made in Archerrs experiments, the

energylossAElnEq.grepresentsonlythecomPonentresultingfrom

internal fluÍd forces.

KÍng,etal.(rg¿g)andBraterandKing(1976)substantiated

Archer's ffndings. Assuming the continuity conditíon for incompressible

fluid and comparing Eq' 2 and Eq' g' the energy loss coefficient K1

can be expressed 1n terms of V1 end D¡ thus'

r(r = llo?9_ r ?2 lo.o81 (10)ñr vt.o8t . D2 _ 1

where V1 ís fn feet Per second '

t{tren V1 is expressed in metres Per Êecond' Eq' l0 becomes:

*, =uïogå r #rro.o'r 
(rl)

ThevaluesofKlderivedbyusingArcherIsequationsand

thosebyusingEqs.Tandsareveryclose.However,Ínpractice

thevalueofKlisnotdeterminedfrogrenyoftheabovementíoned

equationsrbutratherisassumedtobeindependentofVl'dlandD'

and is taken to be equal to 1'00'

expans ion '

of K1 for a gradual PiPe

Gibson (191I) derÍved an

equation for the energy loss coefficient K1 as follows:

Kl - 0.0110 ø1.22' 6o É e s 35o

On the other hand, the value

fs generallY less than 1 '00 '

shere 0 ts the lnternal planar angle between the walls of a gradual
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pipe expanÊion of conical cross section (fig' 2)'

llhen 0 fe expressed in radians, Eq' 12 becomes:

Rl - 1.fi6 gL.22 , 0.10 red 5 e s 0.61 rad (I3)

Eqs.

L2

12 end 13 yield values of K1 fn the renge 0'10 f Kl 5 0'84' Eqs'

were derived under experinental conditions characterizedand 13

by energy loss due to PiPe wa11 friction and Ínternal fluid forces

caused by shear and turbulence. Friction losses become relatively

Eore important than internal fluid losses for e < 6o. At e - 5o,

K1 reaches a minimum; the value of K1 increases if e becomes either

less than or greater than 5o. The angle 0 shich produces the minimum

value of K1 is also a function of wal'l eurface roughness' In Gibson's

experiments, a moderately smooth ¡¡a11 surface in eections bored from

brass r¿as used.

Andres (1909), using a smaller interior angle (2" S e S 12o)

and an extremely emooth waIl surface, determined the energy loss

coefficient for gradual PiPe expansions in terms of K2 ínstead of

K1. The values of K2 were in the range 0'033 S K2S 0'20'

Using Eq. 6 for D = 1'6, these values of K2 can be shown

tobeequaltovaluesofKlÍntherenge0.0755K150.46.Inthe

renge of overlap of 0 Ín Gíbsonts and Andres'experirnents, the results

are not entirely in agreement (King, et al. 1948). The s¡nalI difference

is considered to be due to the influence of wall surface roughness'

KÍng, et al. (1948) and Brater and King (1g76) solved Eq'

4 for abrupt PiPe expaneions usíng a value of K1 from Eq' 10' The

results revear that the practÍce of assuming K1 s 1.00 for abrupt

expansion is justified'

King, et al. (1948) and Brater and King (1976) also determined
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theenergyloescoefficÍentKforgradualplpeexpansionsfordifferent

values of D over the range 2" s g s 60o. Investigators 8re cautÍoned

that the results at best rePre8ent approximations of the experimental

work of Andres (1906) and Gibson (1911) on shich they ere based'

latarÍnov o946) developed a graphical rePresentation of

K over the range 5o S e S 1800 for values of D in the range 1'3 5D

s4.0,probablybasedonGÍbsonIsdata.Ingeneral,Laliberte'et

a1.(1983)foundthatlatarinovIscurvesforKeorresPondreasonably

¡¡el1(*0.07)withvaluesofKcalculatedusing,inEq.4,values

of K1 detemfned frour Eq. L2 and Gibson I s other experimental values

of K1 Ín the range 35o S e 5 180o. Tatarinovrs curves are applicable

for both gradual and abrupt pipe expansíons '

Idel,chik (1966) postulated that the energy loss åoefficient

should reflect both r¡a11 frictíon losses and internal fluid losses;

thus,

K = Kf, + Kexp (15)

whereK¡'ÍsthefríctioncoefficíentandK"*nlsthelocalresistance

coeffícient due to the pipe expansion. For an abrupt PiPe expansion'

Ide1,chik recornnended Kf, = O and calculated value of K"*O using Eq'

4 in which Kl = L'02' Thus, the energy loss coefficient becomes¡

K=1.02 rv t2 (16)

ForagradualPiPeexpansionofconicalgeometry,Idel'chikformulated

the friction coeffícient:

Kft -

¡rhere À lE the

ecosec ã D4

frÍctional coefficÍent of

section-dianeter untte)

(r7)

a unit relative length of

determined as a function of

1¡4L
I t

pípe (length ln
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theReynoldsnumberRfromgraphsprovÍdedandtheotherparameters

are as PrevlouslY defÍned'

ForthelocalresistancecoefficientduetoPíPeexpansion

he proposed the exPression:

Kexp =

Eq. 18 is quite

substituting an

(1911), that Ís '

3.2 (tan T) 
t'zs

sinílar to one

ooses 400 (I8)

be derived fron Eq. 4 bY

. L2 suggested bY Gibson

92
2I

92

that can

alternate equatÍon for Eq

Kl = 3.5 (tan T)L'22 ,7.5o s e s 35o

which yields in the following equation for K¡

K = 3.5 (tan I )L'22 t
2 7.5" S O S 350I92

(1e)

(20)
92

sirnilarity between Eqs. 18 and 20 suggests the applicability of Gibson's

equations ¡rhen K¡. is surall relative to KexP'

Substituting Eqs' 17 and l8 into Eq' 15 gives:

x=À "o"""9 <oo;tl +g.z( e'1'25 'o2-Jtz
8 z \T) + r'¿ \tan -) tÇt '

ooÉ e s 400 (21)

ThisequationisfortheenergylosscoefficientKforgradualPipe

expansionsofconicalgeonetryhavingsmallinteriorplanarangles.

Laliberte,êtal'(1983)reportedthat'intherange6o

Ses35o,thevaluesoftheenergylosscoefficientKforgradualPiPe

expansion calculated frorn Eqs. 4 and L2 together and from Eq' 21 match

quiteclosely(*0.04).AndthevaluesofKforanabruptPiPe

expansÍon using Eq. 16 and from Eqs' 4 and 7 together also match very

closely.Therange4oos0slsoooftheinteriorplanaranglewas

notcoveredbyldel'chik,EEtudy.Butfortunatelyitfsofless

practlcal interest. so ldeltchlkr6 technique for obtaining the energy
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losscoefficientisusefulinthedesignofirriga:ionsystens.Based

on the experinents of Fllegner (1898) and Andres (1906), Parker (1925)

suggeEted a 6et of values of K2 in the renge 2" s a s L2" t¡hich

ldentical with those euggesÈed by King' et al' (1948) and Brater

King (f97ó) in the range 2o s e s 9o, but differ in the range

s e 5 L2".

Babb and Amorocho (J976) reported the energy loss coefficient

K for air flow in a gradual PiPe expansion Íor e = 6o and D = 2'0

to be 0.34. This value is larger by a factor of 4 and a factor of

7 than is predicted by ldeltchikfs and Tatarinovrs equations and by

the merhods of King, et al. (1948), Brater and King (L976), and Gibson

(1911), re8pectively. Chaturvedi (1963) concluded that energy loss

in an axisyrrrmeÈric expansion reaches its maximum value at s = 60o

and in Èhe range 60o s e s lgoo the values of energy loss coefficient

are close to the maximum value'

cermak (1948) found a good correlation between theoretical

equations and his data based on experiments with conical diffusers

using air for e range of internal planar angle 7.5o S e s 180o, diameter

ratio 1.95 S DS 6.43 and Reynolds number 5 000 S R S 150 000'

RouseandJezdensky(1966)foundtheenergylosscoeffícient

K for an abrupt PiPe expanslon for the range of diameter ratÍo I'6

s D s 3.5 to be very close to the velues estimated by Eq' 4 with

are

and

100

out le t

of

Kl - 1.oo'

FuruYa and Sato (1959) euggested

rrith an lnternal planar angle 0 of 10o and a

have eignificant advantagea over the sirrple

aeme length but having en fnternal planar

thet conical diffusers

suddenly enlarged

conical diffuser the

20" .angle greater than
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And uhen the lnterior wall near the eeparation point is roughened'

theenerSyloselelessthanlnthecSseofaemoothwallbecause

of delaY of the seParatlon Point'

Duggins(1970),usingtruncatedconícaldlffusers,reported

thattruncationoftheconeyieldedareducedPressurerecovery'

typicalty4%fora50"Ltruncation.AccordÍngtoDuggins,thisresult

is inconsÍstent rith Gíbsonrs theory. However, he clairned that these

findings ere in accord ¡¡ith Hendersonts theory which postulates that

thelosslnatruncateddiffuserexceedsthatintheuntruncated

diffuser by an eBount equal to the loss 1n a eudden enlargement having

theareachangethatoccursetthetruncâtion.AccordingtoLaliberte'

et al. (1983), Duggins incorrectly attributes to Gibson an empirical

expressionwhichSsgumesthattheenergylossínthefirst6tageis

ProPortÍonaltothechangeinthevelocityheadthroughbothstages

oftheexpansion.Inreality,however,GibsonassumedaProPortionality
the change in the velocity head through only

2.3 AN ENERGY-EFFIC IENT TWO.STAGE PI PE EXPANSION

Gíbeon (1911) demonstrated that a two-8tage PÍPe expansÍon

consistin8ofagradualexpansioninthefirststegeandanabrupt

expansion 1n the second stage (fig.3) ls the most energy-efficient

fitEing for a given diameter ratio D and that the energy l-oss fot

atwo-stagepíPeexpansioncouldbeminimizedbyProPerselection

ofdianeterettheinterfaceofthetwodifferentpípeexpansions.

Glbson (1911) fornulated an eguation for the energy loss

betr¡een energY loss and

the first stage.

as follows:



L2

AE-
(vr-vz ) 2

2e
)

,7
(

rl

22
2.'-;tr;/ 2r1

(tI + \r'
K1 + (

( r+leJ2
92

2

(22)

where 11 and 12 are the approach and the exit pipe radii respectively'

0 is the interior angl-e between the diverging walls of the conical

firststageoftheth'o.sÈagefitting,Klistheenergylosscoefficient

appLícab1e ro a velociry head term as explained in Eq. 2 (not vzrlzù tor

the first stage, and.1, is the length of the pipe expansion'

Gibson successfully validated Eq. 22 by using independently

determined values of K1 and aE for different values of approach and

exitvelocíties.However,theonlywayhewasabletodevelopamethod

ofdeterminingtheoptimuurvalueoftheinteriorangle0o,which

producedaminimumenergylossl'asbyatrial-and-errorsubstitution

of values of 0 in his equatíon'

LaliberÈe,€tal.(1983)inserteddimensionlesslengths

anddiametersintheGibson'sequationanddevelopedthefollowing

r -r
2

equat ion :

x=aebIt-+Ñ ry (t+le)2

Differentiating Eq' 23

dK/d0 to zero gives:

O, eo in rad

.rffi- f 0 in rad. (23)

r¡íth resPect to 0 and equating 0 to eo and

,?
t2T

1

¡2
2

4q3
0o *ito * ï" d.åf ø

"

4 1l4

¡2
+

(24)

In Eq. 24, values of 1.536 and l '220 for a and b 
'



optinal value of the diameter ratio Dl
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respectivelyr are Eubstítuted fron Eq' 13' The applícabil'ity of this

equation is in the range of 0'10 rad' É 0oS O'6L rad' this non-linear

equatÍonwaseolvedbyusingNewt'on'smethodofíterationtogetthe

approxÍmate oPtinal value of internal planar angle' that is 0o'

After getting the oPtinel velue of eo (in radians), the

at Èhe interface between the first

two-stage PiPe exPansion, that is
stage and the second stage of the

a'/dt, is defined bY:

D'-1+Leo (25)

Here,d,istheoptimalvalueofthediameterattheinterfacebetrveen

the first stage and the second stage and L is the length ratio t/h'

Tablesland2showvaluesof0oandtheoptimalvalueof

D' for different values of length ratios L and diameter raÈios D'

respectively. The optimum internal planar angle 0o results in the

minimum value of K. The minimum value of K' thus' can be obtained

by substituting 0 = 0o in Eq' 23' Table 3 presents values of K in

an optirnally desígn Ehto-stage Pipe expansion for a range of values

of dimensionless diameter and length'



CEÄPÎER III

EQItIPilEf,T, llATERrÄLS AIID tlElrODS

3.1 PI]I'{P AND ELECTRIC UOTOR

A eíngle-stage vertical-axis PuEp was used to de1íver water

from the sumP to

for a three-phase

pump are as follows:

Pump Soecifications

Manufactured bY:

FAIRBANKS.MORSE

Impeller size :

Discharge :

Total head :

Speed :

Intake diameÈer:
Serial no. :

0.355 m

o.z2I m3 /s
15.240 m

1770 rpm
0.2L7 m

K3 J260

Power
Speed
Current
Voltage
Ìlode 1

Serial no.

44.76 KVt

L776 rpm
554
575 V

365 UPR.4DLHW
c32-3638-902

the mainline. The specifícations for the PumP and

electrÍc motor required to supply the Power to the

Electric Motor Specifications

Manufactured bY:

BROTIN BOVERT (CANADA) LTD., LACHTNE

QUEBEC, CANADA

3.2 ORIFICE PLATE

A circular orifice plate installed in the suppLy line r¡as

used to measure the discharge. The orifice diameter was O'L52 m

and the pipe dianeter was 0.203 m. The discharge through the orifice

plate \tas calculated by using the equation:

a = 22.7 6O'467 129)

uhere Q= flow, t3/",

h = differential head at orifice' centimetres of mercury'

arrd 22.7 and O.467 are the experÍnental constants'

Differentlal head at the orifice wa6 meaeured by using a



15

U-tube manometer with red meriam having a epecífic gravity of 2'95

as the ueasuring liqutd. The measured differential head rras converted

to an equivalent differential head for mercury and then used in Eq'

29 to calculate the discharge. In additíon to the measure¡oents using

the red meriam EanoEeter, the discharge through the orifice plate

Iras also measured directly by using a previously calibrated mercury

manometer which read the discharge 1n litres per second' Both readings

uere compared and it hras found that, for higher discharges (above

0.040 13/.), both readings vere nearly the same' For discharges less

than 0.040 r3/", however, only the red meriam manometer readings were

considered because r for the mercury manometerr the low discharge

measurementswerenotwithinanacceptablelirnitoferror.

3.3 DIFFERENTI AL }IANOMETERS

Threedifferentialmanometer6wereusedtomeasurethechange

in piezometric head along the PiPe expansion test section' The

manomeÈera were connected with the test section using t poly- flo'

(polyethylene)therBoplastÍctubing'T-joÍntsandcontrolvalves.

ltwo different SetuPs for the differential manometers v¡ere constructed

tofacilitatemeasureEentofthechangelnpfezometricheadforall

oftheteEtsections.InthefirstBetuP(rig.4),th'odifferent

rneasuring llquids ¡tere ueed; one sas red meriam having a specific

gravityof2,g5andtheotherliquidwas¡nercuryofepecificgravity

13.57.}fanometer8Nos.land3werefil'ledwithredmeriamand

Manometer No. 2 was filled with Bercury' Manometers Nos' 1 and 3

t'ere used to measure the change ln plezouretric head uPstream and
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downstream from the PiPe expansion' resPectively. Manometer No' 2

wes ueed to Dea6ure the change fn píezonetríc t¡ead between the lnlet

and exit of the pÍpe exPansion.

In the second Betup (fig. 5), only one lnenometer filled

wfth red meriam was used to nteasure the change in píezonetric head

along the te6t Eectfon euccessively between upstream tapping points,

between the inlet and exÍt points of the PiPe expansion and between

the downstream tapping points. The errangement of the manometers

and the preEsure taps along the ptpe expansÍon test section for both

the first and the second EetuPs is shown in the schematic diagrams

(rigs. 4 and 5).

3.4 DIMENSIONS FOR THE PIPE EXPANSION ÎEST SECTIONS

Altogether, 16 piPe expansion test eections were tested

in the Hydraulics Laboratory of the Department of Civil Engineering'

University of llanftoba. Four were abrupt PiPe expansions each of

which featured a different combination of approach and exÍt diaureter.

Six gradual PiPe expansions and six two-8tage PiPe expansions were

also te6ted. they lJere all made of standard steel' The thto-Etege

pipe expansions featured the oPtÍne1 design criteria suggested by

Laliberte, êt a1 . ( 1983) . Dimensions of the PiPe expansion test

sections are Presented in Tables 4 to 6'

3 .5 EXPERIUENTAL PROCEDURE

Foreach test tection the experimental procedure uas as follows:

The test eection wea selded together r¡fth an uPstreem and

dounetream ptpe Gxpan8fon and then fnstalled 1n 8n exÍsting

plpeline in the Hydraulice Laboretory' using a Style 78

I
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Victaulic coupling and e Rockwell 411 coupling'

the rnanometers rtere connected with the tapping Points through

rpoly-flo' (polyethylene) thennopl-astic tubing, connecting

tees and control valves.

the purnp ltas used to deliver water from the 6umP to the

mainline. After passing through the test section, the water

drained back ínto the sumP.

Discharge rates rrere neasured using the manometers which

were connected scross the orifice plate using 'poly-flo'

(polyethylene) thernoplastic tubing.

The change in piezometric head along the test section 1l¡as

recorded.

steps 4 and 5 r¡ere repeated at different disch"tg" t"t"".

3.6 COMPUTATI ON OF THE ENERGY LOSS COEFFICIENT

The recorded changes in piezometric head btere converted into

changes in píezometric head in m of water (Tables 7 to 22).

The discharge rates uere converted into approach and exít

velocities in n/B (Teble 23).

A FORTR-AN IV programring language algorithrn lras developed

to predict piezornetríc head gradÍent as a function of discharge

in a steel pipe with an assumed absolute roughness coefficient

of 4.572xLÍ5 D. this program used the Darcy-t'ieisbach

equatlon and thls equation requires the eolution of e

non-linear equation to estimate the value of the coefficient

of frictfon t.. The Newton-Raphson method of iteration was

ernployed to approxfmate the value of f' This Program

2

3

4

5

6

I

2

3
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lnterfaced wlth the VERSAIEC PLOTTER subroutines and plotted

the graph between the gradient of piezometric head and

dÍscharge for the different PiPe diameters tested in this

study. Graphs are presented in Appendix A (figs' A-1 to

A-5) and the listing of the comPuter Program algorithm is

presented in Appendix B.

A eecond FORTRAN IV programming language algorithm was

developed to fit a least-6quare streight line through the

observed change in piezonetric head along the horizontal

centreline of the PiPe expansion' this Program plotted the

upstreen and downstream least-square 6traight lines

simultaneously and then calculated the change in píezometric

head between the approach and exlt points of the PiPe

expansion. This program also calculated the velocity head,

the energy loss in the PiPe expansion and finally determined

the energy loss coeffÍcient K' Figs' C-1 to C-22 show the

plotofthepredictedleast-squarestraíghtlinesaswell

aEtheobservedchangeinpÍezonetricheadalongthetest

section. the listing of this second comPuter Program algorithm

fs presented in APPendix C'



CEAPIEB IV

TESI'LÎS ÄrI) DISCUSSION

Burmary of the experimental val-ues of the energy los s

coefficlent K for the abrupt, gradual and two-stâge pipe expansions

for each of the velocítÍes t.ested ís shown in Table 24. It is evident

from the mean values of the energy loss coefficíent K that the gradual

pipe expansion is generally more energy-efficient than the abrupt

piPe expansion. It is also evident that the tr4ro-st.age pipe expansion

is more energy-efficient than the other fittings (tab1e 25). This

statement is true in general for all values of length ratío and at

the higher val.ues of diameter ratío. However, for lower values of

diameter ratio, this claim cannot be made. The savings achievable

with this optinally designed device are greatest, therefore, at higher

di¡nensionless diameters. However, even at low values of D, the

optimally designed tvto-stage fitting offers opportuníty for considerable

energy conservation, if ít is considered as a replacemenÈ for an abrupt

pipe expansion.

Bxarninfng the experimental values of the energy loss

coefficient K (fable 24), it appears that, for the range of velocities

attaÍned in the experiments, the energy loss coefficient K does not

vary Ín eny regular Eenner wlth the velocity. In 6ome cases, the

value of K falIs off appreciably r¡ith decreasing velocities, though,

fn general, the results do not ehow any very consistent Pattern.

A comparison of the energy loss coefficient K determined

experÍnentally with the predicted values of K (Laliberte, et a1. 1983)

for all the pfpe expansÍonÊ considered in this study fs ehown in Table

26. The comparison ehows that- for tso-stage and gradual pipe expansions
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with 1o¡r dfameter ratfos D, the very low predicted values of K were

not achieved fn the experiments. Further, for low values of diameter

ratios, the experimental values of K for the two-8tsge PiPe expansion

were of the seme order as the values of K for the gradual PiPe

expansion. At higher valuee of diameter ratios Dr hor¡ever, the

t¡ro-Etage pipe expansÍon exhibÍted a low value of K as predicted and

rsas consÍderably ltrore energy-efficient than a gradual PiPe expansion

having the same diameter ratio D and length ratio L'

The percentage dÍfference in values of the energy loss

coefficient K between the predÍcted results based on the optínal design

criteria suggested by Laliberte, et 41. (1983) and the experimentally

determined results is presented in Table 27.

The deviations from the predicted values of K were between

40 to 4007" for two-stage and gradual pipe expansions with low diameter

ratios D. However, for the higher diemeter retios Èhe highest deviation

from Èhe predicted values of K was 337. (Table 27) '

The deviations from the predicted values of K ltere Partly

due to the precision ín measuring the piezorneÈric head differences

and velocity heads. the accuracy fn measuring the piezometric head

differences and velocíty heads were * 0.000975 m and * 0.019L5 m for

red-meriam and Eercury manoroeters' reePectively'

The error that has occurred ín the meaaurenent of the relevant

variables and, therefore, fn the calculated values of the energy loss

coefficient K is gÍven in Table 28 . these values of error show

that the experimental Betup and methods of neasurenent and calculation

were fairly precise. Even with the highest error taken into

conslderation, the disagreement betseen the observed and the predicted
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values of K for the lower values of diameter ratio D cannot be explained

eetisfactorll.y. Thís lnplies that the observed varÍation of values

of K is not due to the línitations of the experiment. It Ís ínteresting

to note that, fn thoee te6t runs for which there ItaB Potential for

the maximum error (i.e. r¡hen merÍam and mercury were used in

manometers), the observed values of K agreed reasonably well with

the predícted values of K. On the other hand, when the Potential

for error Ìfas less, the observed values of K deviated greatly from

the predicted values. this, agaín ' 
confirms the possibilÍty that

the prediction may not be suitable for this range of lower values

of dianeter ratio D. However, for the higher values of diarneter retio

D, the experimental results corresPond very closely to the predicted

values.

Beside experimental error, there are other factors which

night explain the dísagreement, at the lower values of diameter ratío

D, between observed vaLues and predicted vaLues of the energy loss

coefficient K for two-stage piPe expansions. The following points

íllustrate these factors:

1. The effect of wal1 friction is not t.aken into account in

Gibson's theory (1911). This assumption is valid for abrupt

pipe expansions but, for gradual and tr{o-stage pípe expansions,

the r¡al1 friction effect in the expansion may be signÍficant,

depending on the length of the expansion, the absolute

diameters of the approach and exit pipes, the fluid viscosity,

the roughness of the r¡all surface and the state of the fluid

flow. In reports of Past research, it is claimed that the

energy loss coefficient K should reflect both wa11 friction
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losses and internal fluid losses (t¿et'chik, 1966).

there may be an effect of Èhe absolute magnitude of the pipe

diameters on the observed value of energy loss coefficient

K. For example, Èhe results for abrupt Pipe expansions nos.

18 and IC, having the same diameËer ratios but dífferent

absolute values of approach and exit PiPe diameter (tab1e

4), show that, for the smaller absolute Pipe diameters, the

observed value of K is higher than for the higher absolute

pipe diameters. The effect is perhaps due to the proportion

of pípe cross-sectional area occupied by the boundary layer

being higher for the srnaller absolute PiPe diameters than

for the higher absolute pipe diameters. I'Je do not have

sufficienÈ experimental data to frame any definite conclusions

concerning the effect of the absolute magnitude of Pipe

diameters on the value of K for tÌ{to-stage piPe expansions.

However, from the above example, wê can speculate that an

effect involving Èhe absolute value of pipe diameters sirnilar

to that observed for abrupt PiPe expansions may exist for

both gradual and two-stage pipe expansions'

The backward ext,rapolation of the piezometric Pressure heads

to the exit point of the pipe expansion rePresents an

idealization whích may contribute Èo the difference beËween

the observed and the predicted values of the energy loss

coefficient K. The pressure taPs were installed beginning

a short distance do¡¿nstream from the exit point (Figs. 4

and 5) and at several additional downstream points. The

extrapolated values of Ëhe piezometric Pressure heads, of

course, ere not the true values because, while the velocity

3
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distribuÈion far downstream from the exit point is normally

distributed over the enÈire cross-section represented by

the downstream díameter d2, the velocity profile at the exit

point is not normally distributed over the entire

cross-section. Instead it is distributed over only the

diameter of the interface between the first stage and second

stage, that is, over d'.

At the exít point, therefore, the reduction in velocity head

has not been fully achieved. However, the G¡trePolation

of the piezometric Pressure head measured at the downstream

pointsbackwardtotheexitpointofthePipeexpansionis

an idealization tantamount to essumíng that the ful1 reduction

of the velocity head has been achieved at the exit point.

In fact, this situaËion cannot occur at the exit point because

there can be no flor¿ across Èhe annular ring represented

by the abrupt expansion which Ís the second stage of the

tr47o-sËage pipe expansion. As mentioned, the fu11 reduction

in the velocity head and the normalization of the velocity

profile does not likely occur until some poinË downstream

from the exit point of the PiPe expansion. The extent to

which Èhe actual flow Pattern díffers from Èhe idealized

condition is undoubtedly a factor accounÈing for the difference

between observed and predicted values of the energy loss

coefficient K.

Table 27 indicates that the optimally designed two-stage

pipe expansion has substa'ttial potential for energy conservation for

the higher diameter ratios. However, for lower diameter ratios' energy

conservation ís not appreciably greater than that for the gradual
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pipe expansion. Conceivably' it should be possible to explain this

phenomenonbyaseLofexperirnentshavingasanobjectívethe

visualizatíon of the flow pattern in the transiEion zone of the PiPe

expansion. This rpould require the visual observation of the flow

separation along the PiPe expansion by constructing the expansion

using a transparent material and by injecÈing dyes from the side walls

of the pipe expansion during fluíd flow. unfortunately' it was

inpossible, ¡¡ithin the constraints of the Present study, to investigate

this phenomenon. It is, however, hoped that it night be possible

to do this in a future studY.

To support a recorElendation for this investigation, a possible

physical explanaÈion of the flow conditions through gradual and

thro-stege pipe expansions is proposed. In the case of a gradual piPe

expansion, part of the velocity head is converted to píezometric

pressure head by diverging flow boundaries as íllustrated ín Fig'

6. However, this conversion of velocíty head to piezometric Pressure

head is more efficient in the case of a t!to-stage PiPe expansion as

illustrated in Fig. 7. It is hypothesized Èhat toroidal eddies are

formed in a zoÍte of otherwise disorganized flow near the Pipe wa11

imrediately downstream from the second stage of a two-sEage piPe

expansion. It is further hypothesized that these eddies provide a

continuously moving surface adjacent to the flow leaving the first

stageofÈhePiPeexpansion.Thisphenornenonhel.psimprovetheflow

condition.Thehigh-ve1'ocityfluidleavingthefirststageserves

asadrivingforcerbyvirtueofshearstress'fortherotational

motion of these eddies and, in the Process, reduces Èhe shear stress

at the interface between Èhe main flow leaving Èhe first stage and

the fluid in the zoîe occupied by the toroidal eddies ' These
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toroidal eddies are probably more well developed for higher diameter

ratios than that for lower diameter ratios because, for higher diameter

ratios and in fact for higher values of absoluÈe díameters, the size

of the eddy zoîe is appreciably larger. For lower values of diameter

ratios, and also for lower values of absolute diameters, the eddies

in this zo1¡le are 1íkely less well' developed, t.he f low being

characterized by turbulence which, instead of improving the flow

condiÈion in the maín flow leaving the first stage, acts to retard

it. This phenomenon would naturally be reflected in a higher value

of energy loss coefficient K for these situations'

Thisphysícalexplanationrationalizesthegreaterenergy

efficiency of the trvo-stage pipe expansions for higher diameter ratios

and for higher values of absolute díameters. on the other hand, for

the lower diameter raÈios and for lower values of absolute diameters'

the energy efficiency of the two-stage PiPe exPansions is similar

to that of the gradual pipe expansions'

Itcanbespeculated,therefore,thatthepredictedvalues

of Èhe energy loss coefficient K for two-sÈage Pipe expansions having

higher diameter ratios and also those having higher values of absolute

diametersshouldcorresPondverycloselytotheexPerimentalvalues

ofK.But,forthelowerdiameterratiosandforlowerabsolute

diameters, the relatively low predicted values of the energy loss

coefficient K would not likely be achieved from the experiments' Our

study evidently confirmed this speculation and this is perhaps another

factor explainíng the Pattern of the differences between observed

and predícted values of the energy loss coefficient K, particularly

for the lower diarneter ratios, in addition to the three fåctors

described PreviouslY.



GEAPIER V

CONCLT'SIONS AI|D ST'GGBSTIONS FOR FI'TI'RE BESEâT'CE

5.1 CONCLUSIONS

From this etudy it can be anÈiciPated that the optimally

desÍgned two-6tage pipe expansion has substantial potentíal for energy

coneervation in reducing the velocity of water as it exits from a

centrifugal punp and enters the mainl'ine of an irrígation system'

The very low predÍcted values of the energy loss coefficient

for a tÌro-stage piPe expansÍon were not achieved when the diameter

ratios were snal1. In this situation the energy loss coefficient

was similar to that of a gradual pipe expansion. Therefore, the energy

efficiency attained waa not appreciably greaÈer than for the gradual

pipe expansion.

Athigherdiameterratios,however,theagreementbetween

the predicted and the experimental values of the energy loss

coefficients was good. Furthermore, at the higher diameter ratios'

the observed values vJere appreciably lower for a two-stage PiPe

expansion than for a gradual pipe expansion and, of course, considerably

lower than for an abrupt pipe expansion.

In situations calling for eigníficant reduction of velocity'

therefore, the optinally desÍgned two-stage PiPe expansion offers

the posslbÍlity of accornplishing this objective with less energy loss

than with any previously available PiPe expansion. This opportunity

probably represents the most signÍficant contributÍon of this 6Èudy'
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5.2 SUGGES TIONS FOR FUTURE RESEARCH

I Because of lÍnited time and resources ' this Etudy did not

include other available and co"'-only used PiPe materials

and the entire range of diameter end length ratíos that was

possible. Thus, further tests are Euggested to quantify

theenergylosscoefficientKforthedifferentavailable

materials and the differenÈ combinations of díameter and

length ratios r¡hÍch are in common use '

Sincepredíctionandcontrolofflowseparationisofprime

interest to hydraulic and fluid Power engineers, study is

recorrmended to investigate flow separation and to anaLyse

andvisualizetheflorgPatternÍnthetransíÈionzoneby

meana of a numerical procedure and en experimental study'

Tovisua]'izetheflowpatterntheuseofatransParentmaterial

would be required to PrePare the transition zone'

The flow conditions in a conÍca1 pipe expansion depend on

the velocity distribution at the inlet of the PiPe expansion

a8 influenced by the initial state of the boundary layer'

Thereforerastudyísrecornmendedofthevariousvelocíty

distributions using different lengths of inlet pÍpe and valves

and fíttings which ere conrmonly used in irrigation systems'

TheriseinPresEureduríngthetransformationofkinetic

energy to Pressure energy is not complete at the end of the

conical section. Therefore, a study is reconrmended on the

effectofvaryíngthelengthofthedownstreamPiPeonthe

maximum PreE6ure recovery'

this study did not make any attemPt to apply other analytical

2

3

4

5
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approacheB Ín finding the Dost efficÍenÈ cross-section for

the PiPe expansÍon' Therefore, furÈher study is reguired

using numerical approximaÈion of Navier-Stokes equations

to find the qualitaÈive features of fluíd flows in the

transitlon zone of a most efficient cross-sectíon and to

gain experience on the problems associated with Èhe ful1

Navier-Stokes equations'
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ÎA3IJ 1 Values of the optiral angle 0o Ln degreee for a tBo-atege

pfpe erpaneíon of optimal desÍgo (Laliberteret al. 1983)

L = 9,/dy
D = d2ld¡

1.500 2.000 2.500 3.000

r.1.11

1.250

1.333

L.429

1.500

1.600

L.667

2.000

2.500

2.667

3.000

3. 333

*

7"L7'

go4g'

100 12'

11003'

12005'

L2" 36'

140 33 '

16003'

16" 23'

16051'

17 
0 11'

*

5" 47'

7006'

g" 1g'

9003'

go58'

LOo 26'

L2" 12'

13031'

13"48'

1.40 16'

14"33'

*

*

5058'

7003'

7" 44'.

8" 32'

9 
000'

10036'

11"52'

12005'

L20 29'

14" 47'

*

*

*

6009'

6" 46'

7030'

70 54'

9o 24'

10o36'

100 50 '

110 14 '

110 31 '

* Out'ide the range of applicability,6o S 0oS 35o, for Eq. 23.
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ÎABLß 2 Veluee of the optiEel dineneÍonless dieneter It' (tbe ratio

of tbe optirel diameÈer dr at the interface to Èhe inlet

diameter d1r that le, d'/d1) in a tro-atage PíP€ etpansion

of optinal deeiga. (LsliberÈe, et al. 1983).

t = r'/dt
D = d2ldy

t.500 2.000 2.500 3.000

1.111

1.250

1 .333

L.429

1.500

1.600

L.667

2.000

2.500

2.667

3.000

3. 333

*

1.190

I .231

L.267

L.290

1.316

1.330

I .38r

L.420

L.429

L.44L

I .450

*

L.202

L.248

L.290

L.316

1.348

L.364

L.426

L.47 2

L.482

I .498

1.508

*

*

L.260

L.308

1.338

L.37 2

L.392

L.462

1.518

1.528

1 .545

1 .558

*

*

*

1 .321

1.354

1.393

L.4t4

t.492

I .555

L.567

I .588

1 .603

*
Outside the range of applicability' 0.10 S 0 S 0.61, for Eq. 23'
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ÎABLE 3 Yaluee of the energy loes coefficienÈ K for uee la Eq. I

ageociated yitb a tuo-atage pipe expaneion of optÍnal

deeíga (Laliberte, et al- 1983)-

t = 9,/dt
D = d2/d1

1 .500 2.000 2.500 3.000

1.111

I .250

1. 333

L,429

1.500

1 .600

r.667

2.000

2.500

2.667

3.000

3.333

*

0.02

0.03

0.04

0.06

0.08

0.09

0. 14

0.20

o.2L

o.23

0.25

*

0.01

0.02

0.04

0.05

0.06

0.07

0.L2

0. 17

0. 18

0.20

o.2L

*

*

0.02

0.03

0.04

0.05

0.06

0. 10

0. 15

0. 16

0. 18

0. 19

*

*

*

0.02

0.03

0.05

0.0s

0.09

0. 13

0. 14

0. 16

0.17

*
outsÍde the range of applícabllity, 0'10 s 0 5 0'61' for Eq' 23'
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ÎABI,E 4 Dineneions for the abrupt pipe expansions

Pipe
Expans íon

No.

Approach Diameter d1 ExiÈ Diarneter d2
D = d2ldy

mm

IB

1A

1c

1D

0.L52

0. 102

0.051

0.038

0.203

0. 203

0. 102

0.L27

1 .333

2.000

2.000

3. 333
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IABI.E 5 lti-neneÍone for the gradual pipe expansíons

Pipe
Expansion

No.

Approach
Diameter

d1

m

ExÍt
Diameter

d2
D = d2ld1

Pipe Expansion
Centrel ine
Length 9.

L = 9" /d1

m m

2A

28

2C

2D

2E

2F

0.L52

0. r52

0. 152

0. 102

0. 102

0. 102

0.203

0. 203

0.203

0.203

0. 203

0.203

1.333

I .333

I .333

2.000

2.000

2.000

0 .457

0.30s

0.229

0.305

0. 203

0. 152

3.000

2.000

1.500

3.000

2.000

1 .500
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ÎABLE 6 lli¡ensione for the tso-stage pipe expansione

Pipe
Scpansion

No.

Approach
Dia¡neter

d1

m

Exit
DÍameter

d2
D = d2/d¡

Pipe Expansion
Centreline
Ipngth 9'

, = tldl

m m

3A

3B

3c

3D

3E

3F

0. 152

0. 152

0. 152

0. 102

0. 102

0. 102

0.203

0.203

0. 203

0.203

0.203

0. 203

1 .333

1. 333

I .333

2.000

2.000

2.000

0.457

0. 305

0,229

0.305

0.203

0.152

3.000

2.000

1 .500

3.000

2.000

I .500
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IABLE 7 Obseryed change in piezometric head along Èhe pipe erpansion

Xo. 1A for different diecharge rates

Press.
TaP

No.

Axial
Distance

m

Change in Piezometric Head for Test Number' m

Test No. 1 Test No. 2 Test No. 3

I

2

3

4

5

6

7

I

9

10

0.0000

0. 2s40

0.5080

0.7620

I .0160

L.4224

L.9304

2,4384

2.6924

2.9464

0 .0000

-0.00s8

-0.0097

-0.0370

-0.0624*

+0. 2554 
*

+0.2944

+0.2925

+0.2808

+0.2749

0.0000

-0.0034

-0.00s8

-0.0214

-0.0283 
*

+0. 1540 
*

+0. 1813

+0. 1784

+0. 17 16

+0. 1696

0.0000

-0.0029

-0.0039

-0.0159

tr
-0.0195

*
+0.1150

+0. 1345

+0. 1326

+0.L287

+0.1267

* these data points lrere not considered in the computation of energy

loss coefficient K.
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ÎABI,E I ObeerYed change fn piezooetric head along the pipe expansÍon

f,o. 18 for different diecharge retes

Press.
TaP
No.

Axial
Distance

m

Change in Piezo¡netric Head for Test !{umber, m

Test No. 1 Test No. 2 Test No. 3 TesÈ No. 4

1

2

3

4

5

6

7

I

9

0.0000

0.0762

o.L524

o.2286

0.2921

0.6858

1. 1938

1.7018

1.9558

2.2098

0.0000

-0.0462

-0.0624

-0. 137 I

-0.0984*

+0.4980 *

+L.4852

+1.5368

+1.5173

+L.5023

0.0000

-0.0302

-0.0390

-0.0877

-0.0663 *

+0.3448 *

+0.9942

+1.0195

+1 .0087

+1.0019

0.0000

-0.0195

-0,0273

-0.0595

-0.0438*

+0. 2107 
*

+0.624L

+0.6358

+0.6280

+0,624L

0.0000

-0.0146

-0. 0195

-0.0390

-0.0312*

+0. 1341 
*

+0.4006

+0.4181

+0.4109

+0.405 110

* These data poínts rtere not considered in the comPutation of energy

loss coefficient K.
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AÀBIJ 9 Observed change ln pf.ezooetric head along Èhe pipe expaneion

Ilo. lG for dtffereot discharge ratea

Press.
TaP
No.

Axial
Distance

m

Change in Piezometric Head for Test Number' m

Test No. 1 Test No. 2 Test No. 3 Test No. 4

I

2

3

4

5

6

7

I

9

0. 0000

o.2032

0.4064

0.6096

0.8128

L.2L92

1.6002

L.8542

2.L082

2.3622

0.0000

-0.2106

-0.3399

-0.5869

-0.7345

-0.42L4*

+0.0524

+0.0319

+0.0260

+0.0426

0.0000

-0. 1521

-0. 256s

-0.4329

-0.5538

-o.3256*

+0.0253

+0.0162

+0.0097

+0.0194

0.0000

-0. 1121

-0. 1882

-0.3178

-0.3997

-0.2346*

+0.0217

+0.0149

+0.0110

+0.0149

0.0000

-0.0780

-0.1316

-0.22L3

-0. 2788

¿
-0.L724^

+0.0050

+0.0011

-0.0008

-0.002710

* These data points were not considered ln the comPutation of energy

loss coefficient K.
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ÎA3IJ 10 obseryed change fn piezooetric head along the pípe expansion

No. llt for dÍfferent diecharge ratea

Press.
laP
No.

Axial
Distance

m

Change in Piezometric Head for Test Number' m

Test No. I lest No. 2 Test No. 3 Test No' 4

I

2

3

4

5

6

7

8

9

10

0.0000

0.2032

0.4064

0. 6096

0.8128

L.2L92

I . ó002

t.8542

2.L082

2.3622

0.0000

-0.5r28

-L.2044

-2.110s

-2.4L86

- 1 .4175 *

- 1 .0641

-1.068s

-L.O776

-L.0822

0.0000

-0.6552

-r.5463

-2.7436

-3. 1590

-L.8773*

-L.3937

-1.4015

-1.4093

-1.4171

0.000

-0. 1959

-0.4134

-0.70s9

-0.8443

-0.4693 *

-0.3s16

-0 .357 2

-0.3630

-0. 3669

0.0000

-0.5427

-1.1310

- 1 .9480

-2.3127

-r.0248*

-0.7382

-0 .7 440

-0.7470

-0.7518

* These data points nere not considered in the computation of energy

loss coeffícient K
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IABIJ 11 Obeeryed ebange fn piezooeÈric head along Èhe plpe e:paneion

tlo. 2A for dtfferent dLscharge rateg

Press.
laP
No.

Axial
Distance

m

Change in Piezometric Head for Test Number' m

Test No. l- Test No. 2 Test No. 3 Test No. 4

I

2

3

4

5

6

7

I

9

0 .0 000

0.2540

0.5080

0.7620

1.0160

I .8796

2.387 6

2.89s6

3.1496

3.4036

0.0000

-0.0351

-0.0526

-0.0604

-0.0682

+0. 3958

+0. 3880

+0.3822

+0. 3685

+0.3646

0.0000

-0.0234

-0.035 1

-0.0409

-0.0468

+0.2613

+o.2574

+0.2515

+{.2437

+0.2398

0.0000

-0.0156

-o.0234

-0.0273

-0.0312

+o. 1735

+0. 17 16

+0. 1696

+0. 1657

+0. 1638

0.0000

-0.0117

-0.0136

-0.0175

-0.0214

+0. 1092

+0. 107 2

+0. 1053

+0. 1014

+0.099410



TABLE t2 Obeerred change ln plezonetrLc head along the plpe expanslon Xo. 2B for dlfferent dlecharge

rateg

Change ln PLezometrl-c Head for Test Number' m

Press. Tap Axlal Distance

No. Test No. I TesÈ No. 2 Test No. 3 lest No. 4 Test No. 5m

I

2

3

4

5

6

7

I

9

0.0000

0.2540

0.5080

o.7620

1 .0160

I.7 27 2

2.2352

2.7432

2.997 2

3.2512

0.0 000

-0.0058

-0.0156

-0.0409

-o.o72L*

+0. 3900 *

{{.3939

+0. 3880

+o.3744

+o.3724

0.0 000

-0.0039

-0.0117

-o.o273
¿

-0.0507 ^

+0.2730*

+0.2769

+o. 27 10

+o.2613

+o.2574

0.0000

-0.0039

-0.0087

-0.0L95

-0.0351 *

+0. 1 794 *

+o.L794

+0. 1755

+0.1716

+0. 169 6

0.0 000

-0.0029

-0.0048

-0.0156

-0.0273 *

+0. 1443 *

+0. 1443

+0. 1423

+0. 1365

+0. 1365

0.0000

-0.0029

-0.0039

-0.0117

-0.0214 *

+0. 1092 *

+0. 1111

+0. 1092

+0. 1053

+0. 103310

r
o\

* These data points aTere not considered in the computation of energy loss coefficlent K'
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1Â3IJ 13 ObserYed change in piezometrl.c head along Èhe pLpe expansion

f,o. 2G for different diecharge rates

Press.
TaP
No.

Axial
Distance

m

Change in PiezometrÍc Head for Test Nunber, m

Test No. I Test No. 2 TesÈ No. 3 Test No. 4

I

2

3

4

5

6

7

I

9

10

0.0000

0.2540

0.5080

0.7620

1.0160

1.6510

2.L590

2.6670

2.92L0

3. 1750

0.0000

-0.0078

-0.019s

-0.0s16

-0.0858

+0.4118

+0.4089

+0.4011

+0.3884

+0.3865

0.0000

-0.0058

-0.0136

-0.0351

-0.0624

+0. 2873

+0. 2854

+0. 2815

+{.2727

+0.2698

0.0000

-0.0039

-0.0117

-0.0243

-0.0419

+0. 1915

+0.1910

+0. 1896

+0. 1828

+0. 1798

0.0000

-0.0039

-0.0078

-0.0146

-0.0263

+0.1149

+0.1149

+0. 1 134

+0.1r10

+0. 1095



TABLE 14 Obeerved change Ln pLezmetrLc head along the ptpe expansLon llo. 2Il for dlfferent dLscharge

ratea

Change in Plezolletríc llead for Test l{umber' m

Prees. lap

No.

Axlal Distance

Test No. 1 Test No. 2 Test No. 3 lest No. 4 Test No. 5m

1

2

3

4

5

6

7

8

9

10

0 .0000

o.0762

0.2286

0.3048

0. 3683

1.0668

1.5748

2.0828

2.3368

2.5908

0.0000

-0.0351

-0.1131

-0.1.443

-0. 3042*

+3.4865*

+3.6366

+3.6308

+3.6t7I

+3.6113

0.0000

-0.0195

-0.0760

-0.0955

-o.2047*

+2.24L3*

+2.3495

+2.3329

+2.325L

+2.3L93

0 .0 000

-0.0136

-0 .05 16

-0.0643

-0. 1404*

+1.4559*

+I.5222

+1.5163

+1.5085

+1.5038

0 .0 000

-0.0117

-0.0351

-0.0438

-0.0887*

+0.9195*

+0.9653

+0.9604

+0.9585

+0.9555

0.0000

-0.0097

-0.0195

-0.0273

-0.0448*

+0.5363*

+0.5636

+0.5607

+0.5578

+0.5558

r
@

* These data points were not considered in the computation of energy loss coefficient K.



lABIfi 15 Observed change Ln pf-ezøetrl-c head along the pl-pe expansLon to. 2E for dlfferent dlecharge

retes

Change f.n Plezometric Head for lest Number' m

Press. Tap Axlal Distance

No. Test No. 1 Test No. 2 Test No. 3 Test No. 4 lesÈ No. 5m

I

2

3

4

5

6

7

I

9

10

0.0000

0.0763

o.1524

0.2286

0.292I

0.5334

1. 3970

1.9050

2.1590

2.4130

0.0000

-0.0507

-0.0916

-0. 1345

-o.5762*

+2.5669 *

+2.7502

+2.7 346

+2.7 2IO

+2.7It I

0.0000

-0 .0341

-0.0604

-0.0926

-0.3861 *

+L.7624*

+1.8813

+1.8774

+1.8735

+1.8696

0.0000

-0.0243

-0.0399

-0.0604

-o.266L*

+1. 1589 *

+1.2360

+I.2292

+1.2251

+1.2t94

0.0000

-0.0175

-0.o273

-0.0438

-0. 1521 *

+o.7662*

+0.8179

+0.8150

+0.8052

+o.7974

0.0000

-0.0117

-0.0185

-0.0243

-0.0955 *

+0.4214*

+0.4526

+o.4487

+o.4448

14.4428

s
lo

* These data points r¡ere not considered in the computation of energy loss coefficient K.



ÎAßLE 16 Obeewed change Ln plezøetrlc head along the ptpe expansLon Xo. 2l f.or dLfferent dlscharge

ratea

Change in Plezometrlc Head for Test Number' m

Press. lap Axial Dlstance

No Test No. 1 Test No. 2 Test No. 3 Test No. 4 Test No. 5 Test No. 6

1

2

3

4

5

6

7

I

9

0.0000

0.0763

o.L524

o.2286

o.292L

0.8382

L.3462

L.8542

2.ro82

2.3622

0. æ00

-0.097s

-0.L248

-0.2301

-0.5733 *

+1 . g582 *

+1.9810

+L.9634

+1.9556

+1.9498

0.0000

-0.0750

-0. 1014

-0. 1813

-0.4368*

+t.4t76*

+1.5073

+1.5033

+t.4936

+I.4897

0.0000

-0.0380

-0.0546

-0.09s5

-o.2252*

t0.8045*

+0.8601

+0. 8562

+0.8474

+0.8455

0.0000

-0.0273

-0.0370

-0.0643

-o.1462*

+0.5364*

+0.5754

14.5754

+1.5675

44.5646

0.0000

-0. 1111

-0. 1443

-o.2613

-0.6103*

+2.L264*

+2.2628

+2.255L

+2.2453

+2.2453

0.0000

-0.0195

-0.0263

-0.0429

-0.0955 *

+0. 3831 
*

+0.4075

+o.4075

Ð.4036

+o.402610

l.tl

* These data points nere not considered in the computation of energy loss coefflcient K



ÎABLB 17 Obsered change in pf.ezmetrlc heed along the ptpe expansion llo. 3A for dl-fferenË dlecharge

rates

Change in Pl,ezometrlc Head for Test Number, m

Press. lap

No.

Axfel Dlstance

0.0000

o.2540

0.5080

0.7620

1 .0160

1.8796

2.3876

2.8956

3.L496

3.4036

0.0000

-o.o273

-0.0487

-0.0565

-0.0604*

+0.3695*

+0.3763

+0. 3705

+0.3510

+o. 3490

0 .0000

-0.0195

-0.0331

-0.0390

-o.o42g *

+o.2574 *

+{.2593

+4.2554

+o.2476

+{.2437

0.0000

-0.0136

-0.0195

-0.0234

-0.0253*

+0. 1638*

+o. 1638

+0. 16 18

+0. 1 540

+0.1521

0.0000

-0.0097

-0.0136

-0.0175

-0.0195 *

+0.122g *

+0.L228

+0. 1 189

+0.1150

+0.1131

0.0000

-0.0058

-0.0097

-0.0136

-0.0156 *

+0.0916 *

+0.09 16

+0.0897

+0.087/

+0.0858

0.0000

-0.0019

-0.0058

-0.0078

-0.00g7 *

+0.0604 *

+0.0604

+0.0585

+0.0565

+0.0565

m Test No. I Test No. 2 Test No. 3 Test No. 4 Test No. 5 Test No. 6

1

2

3

4

5

6

7

I

9

10

(Jt
H* These data points qrere not considered in the computation of energy loss coefficient K.



TABIJ 1g Obgewed change in plezmetrlc head along the ptpe expansLon Xo. 38 for dl-fferent dlscharge

retea

Change ln Piezometric Head for Test Nurnber' m

Prees. lap Axlal Distance

No lest No. I Test No. 2 Test No. 3 Test No. 4 Test No. 5 Test No. 6

1

2

3

4

5

6

7

I

9

10

0.0000

o.2540

0.5080

o.7620

1.0160

1.7272

2.2352

2.7 432

2.9972

3.2512

0.0000

-0.0351

-0.0s26

-0.056s

-0.0643
¿

+{.3724 "

+o.3763

+0.3705

14.3549

{{.3510

0.0000

-0.0214

-0 .035 1

-0.0370

-0.0448

+0.2554*

+o.2574

+0.2535

+0.2437

+0. 2398

0.0000

-0.0136

-0.0214

-0.0253

-0.0292

+{.1677*

+0. 1686

+0. 1638

+0. 1560

+0. 1560

0.0000

-0.0078

-0.0136

-0.0156

-0.0175

+0. 1092 
*

+0. 1092

+4.1o72

+0. 1053

+0. 1033

0.0000

-0.0058

-0.0097

-0.0126

-0.0156

+0.085g *

{{.0838

+0.0838

+0.0819.

+0.0799

0.0000

-0.0039

-0.0058

-0.0087

-0.0107

+0.0546 *

+0.0546

+0.0507

+0.0468

+0.0468

Ul
NJ

* These data points nere not considered in the computation of energy loss coefficient K.
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1ABI;g 19 ObeefTed change in piezonetric bead along the PÍPe

expansion tlo- 3C for different discharge ratea

Press.

TeP
No.

Axial
Distance

m

Change in Piezometric Head for Test Number, m

lest No. 1 lest No. 2 Test No' 3 Test No' 4

t

2

3

4

5

6

7

I

9

10

0 .0000

0.2540

0.5080

0 .7 620

r.0160

1 .65 10

2.1590

2.6669

2.9209

3. 17s0

0 .0000

-0.0058

-0 .0156

-0 .0448

-0 .0780

{{.4017*

+o.4075

{{.4017

+0.3861

14.3822

0.0000

-0 .0019

-0 .0078

-0.o292

-0 .0507

+0. 2593*

{{.2613

+4.2554

+o.2457

1{..2437

0 .0000

-0 .0019

-0.0058

-0 .0 156

-0 .035 1

+0. 1540*

{{.1560

+o. 1540

€.1482

.r{.1482

0 .0000

-0 .00 10

-0 .0019

-0.00s8

-0 . 0117

{{.0604*

+o.0624

+o.0624

+0 .0604

{{.0604

* These data points were not considered in the computation of energy

loss coefficient K.
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IABIJ 20 Obeerved ehauge in plezooetric head along the pipe erpansion

llo. 3D for different díecharge retes

Press.
Tap
No.

Axial
Distance

m

Change in Piezometric Head for Test Number, m

Test No. L Test No. 2 Test No. 3 Test No. 4

1

2

3

4

5

6

7

I

9

10

0.0000

0.L524

0.2286

0.3048

0.3683

1.0668

L.s748

2.0828

2.3368

2.5908

0.0000

-0.0624

-0.L725

-0. 1901

-0.2r4s

+2.9884*

+3.24L9 *

+3.2624

+3.2458

+3.2399

0.0000

-0.0331

-0. 1101

-0.L228

-0.L374

+2 . 01 14*

+2. 1830*

+2.19L8

+2.L869

+2. 1830

0.0000

-0.019s

-0.0760

-0.0867

-0 " 09s5

4
+1.4175 ^

+1 .5384*

+L.5462

+1.5404

+1 .5384

0.0000

-0.0087

-0.0438

-0.0526

-0.0604

+0. g42g*

+0.9160*

+o.9199

+0.9150

+o.9130

* These data poínts were not considered in the comPutation of energy

loss coefficient K.
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ÎABLE 21 Obeerved cbange ín pÍezonetric head along Èhe pipe expansíon

No. 3E for different discbarge ratea

Press.
TaP
No.

Axial
Distance

m

Change in Piezometric Head for Test Number, m

Test No. 1 Test No. 2 Test No. 3 Test No' 4

I

2

3

4

5

6

7

I

9

0.0 000

0.0762

0.1s24

0.2286

0.2921

0.8890

1.3970

1.9050

2.1590

2.4L30

0.0 000

-0.0507

-0.0682

-0. 1131

-0.2847*

+2.9692*

+3.2734*

+3. 3037

+3.286L

+3.28L2

0 .0 000

-0.0360

-0.0s07

-0.0848

-0.2076*

+2.1551*

+2.3793*

+2 .4008

+2.3949

+2,387L

0.0 000

-0.0224

-0.0321

-0.0507

-0 . 1209 
*

+t.tgl 2*

+L.3279*

+L.3376

+1 .3318

+L.3279

0 .0 000

-0.0175

-0.0224

-0.03s1
¿

-0.0799 ^

+
+0.8045 "

+o. gg03*

+0.9020

+0.8962

+0.8942t0

* These data points Lrere not consídered in the computation of energy

loss coefficient K.
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T^B],E 22 ObeerTed change Ln piezonetric head along the pipe expansÍon

tlo. 3P for different díecharge rates

Press.
TaP
No.

Axíal
Distance

m

Change in PíezomeÈric ltead for lest Nunber' m

Test No. I Test No. 2 lest No. 3 lest No' 4

I

2

3

4

5

6

7

I

9

10

0.0000

o.o762

o.2286

0.3048

0. 3683

0.9L44

t.4224

1 .9304

2.L844

2.4384

0.0000

-0.6708

-0.9399 *

-0.8063

-L.0237

+2.0880 *

+2.4624 *

+2.4800

+2.4683

+2,4644

0.0000

-0.2886

-0.4953 *

-0.409s

-0.5460

+1.5133 *

+L.7766*

+1 .7980

+L.7863

+I.7824

0.0000

-0. 1540

-0.3120 *

-0.2301

-0.3147

+1.0919 *

+t.2654*

+I.27L3

+L.2654

+L.2606

0.0000

-0.0887

-0. 1608 *

-0.L287

-0. 1852

+0.6321 *

+0.7374*

+4.7452

+0.7384

+0. 7355

* These data point6 were not considered ín the comPutation of energy

loss coefflcient K.



rÂll.l 2t Approech rúd Grlt rcloclty for ptpc crpanllmr tc¡tcd

leeÈ llunbet

3
654

2
1

Plpc lxPenelon
llo.

Approech
VetocftY

(a/e)

Exlt
Vc locltY

(¡¡l a )

Approach
Ve toc ltY

(rn/s )

Erlt
VelocltY

(n/s)

Approach
Veloclty

(n/s )

Brlt
Veloclty

(n/e )

Approach
VelocltY

(rn/ s )

Exlt
Veloclty

(n/g )

Approaeh
Veloclty

(n/s)

lrlt
VclocltY

(r/¡ )

Approach
velocltt

(r/¡)

ßxlt
Vcloclty

(¡/¡ )

tÀ
lr
tc
ID

2^
2B
2C
2D
2¿
2r

3A
3D
3c
3D
3E
3F

3.918
9.395
7.610

16.194

2.204
2.372
I .902
t.457

2.247
2.194
2.t23
2.496
2.374
2.426

3 .076
7 .658
6.534

14.047

3. 258
3.285
3.374
8. 101
7.843
9.O75

2.109
6.089
5.816

t4.464

2 .668
2.705
2.750
6.595
6.338
7.981

2.635
2.631
2.563
6.292
5.956
6.377

L.t24
1.537
1.454
1.301

1.501
1.521
1.550
1.665
1.600
2.015

1 . f.82
I .483
I .441
1.588
1.504
1.610

4.978
5.O42

1.256
t.260

1.
1.
1.
1.

1

I
1

1

I

221
t52
243

3.
3.
3.
7.
7.
7.

2t5
296
297

2
2
2
2

130
934
ó33
264

.995

.900

.r22

.8E7

.403

.609

3
3
4
9
9
9

1.E33
I .847
I .901
2,O45
1.980
2.29L

2.145
2.4L7
2.r33
5.348
5. 169
5.945

2.299
2.220
1 .6¿+l
4.951
4.893
4.983

1.206
1.359
L.202
1.350
1.305
1.501

1.293
1.251
0 .923
1. 250
L.235
1. 258

4.050
4.002
4.848

1.o22
1 .010
t.224

226I1802

1 .0160264

954
9_2681

776
l7t 2

2.035
1.918

1. 144
1.081

0
0

1 .696
I .6443.860

4 .001
4.012
9 .099
9.2r2
9.276

.824
. 917
.9992.326

2.342
920
392

866 1.986

(Jt
!



IABI,ß 24 ExperlnenÈal values of Èhe energ:t loss coeffl,clent K for plpe expanglong tested

Value of K for Test Number

Pipe Expansion

No. lest No. I TesÈ No. 2 lest No. 3 Test No. 4 Test No. 5 Test NÔ. 6

1A
1B
1c
1D

0.207
0.558
o.612
0.735

0.073
0.060
0.096
0. 160
o.279
0.389

0.061
o.o72
0.077
0. 108
0. 131
0. 136

0.2r4
0.557
0. 613
o.732

0.076
0.068
0.07 L

0. 189
0.292
0.396

0.059
0.078
0.079
0. 135
0.r42
0. 200

o.226
0.561
0.62L
0.722

0.068
0.081

063

0 .091
0.086
0 .090
0.115
0. 151
o.L72

0. 113
0. 105

0. 145
0.167

0. 565
o.6-29

0.083
0.079
0.058
0.224
0.262
0.378

0.098
0.090
0 .080
0. 145
0.150
0. 208

0. 105

0.210
o.322
0.382

2^
28
2C
2D
2E
2F

0
0
0
0

203
284

0. 370383

3A
3B
3c
3D
3E
3F

(Jl
@
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1ABIJ 25 Erperinentel average values of the energy lose coefficíent K

for PiPe exPansions tesÈed

Pipe Expansion
No. D = d2/d¡ L = 9, /d1

Average
Value of K

1A

1B

1C

1D

2A

2B

2C

2D

2E

2F

3A

3B

3C

3D

3E

3F

r .333

2 .000

2.000

3.333

1.333

1.333

1.333

2.000

2.000

2.000

1.333

1.333

I .333

2.000

2 .000

2.000

3.000

2.000

r .500

3.000

2 .000

1.500

3.000

2.000

1.500

3.000

2.000

1.500

0 .2r

0. 56

0.61

0.73

0. 08

0.0I

0. 07

0.20

0.29

0. 38

0.09

0. 10

0 .08

0. 12

0. 14

0.17



TABLß 26 Gmparlson of the experinental valuee of the energ:t loss coefflclent K slth the predLcted

values of K (I"allberte, et al- 1983)

Average Vatue of Klype of Pipe

Expansion

Abrupt

Plpe Expaneion

No.

1A

1B

1c

1D

2^

28

2C

2D

2E

2F

3A

3B

3c

3D

3E

3F

D = d2ld1

1 .333

2.000

2.000

3.333

I .333

1.333

1 .333

2.000

2.000

2.000

1.333

1.333

1 .333

2.000

2 .000

2.000

L e./d1

3.000

2.000

1.500

3.000

2.000

1 .500

3.000

2 .000

1.500

3.000

2.000

1 .500

Experlmental

0.2L

0. s6

0.61
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TABLB 27 perceotage dlfference ln values of the energ:t lose coefflcient K betseen the predlcted
(Laltberte' et al. 1983) and the experluental resulÈe
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APPEIÍDLÍ A

GRADIEIIT OF PIEZO}IETRIC EEÆ) AS A FT'NCTION

OF DISCEARGE IN A STEEL PIPE
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APPBIfDIÍ B ALGORITHM 10 CALCULATE GRADIENT OF PIEZOI'IETRIC HEAD AS A

FI'NCTION OF DISCHARGE IN A STEEL PIPE

... PROGRÀT.I TO CALCULATE GRÀDIENT OF PIEZOMETRIC HEÀD ÀS À

... FT'NCTION OF DISCHÀRGE IN À STEEL PIPE WITH ÀN ÀSST'MED

... ÀBSOLUTE ROUGHNESS COEFFICIENT OF 4.572NIOE-5 I'iETERS.

. .. À - cRoss-sEcTroNÀL ÀREÀ , Vl**2

. o. E - ABSOLUTE ROUGHNESS OF PIPE, M.

... F COEFFICTENT OF FRICTTON, CALCULÀTED BY
I DARCY-I{EI SBÀCH' EQUÀTION.

FL - LENGTH OF PIPE, M.
G - ÀCCELARATION DUE TO GRÀVITY, ì4/S**2
HL - HEÀD LOSS DUE TO FRICTTON rN THE PIPE, M.
Q - DISCIIARGE RÀTE, M**3/5.
RE - REYNOLD'S N['UBER.
v - FLOW \¡ELOCTTY, M/5.

....VIS KINEMÀTIC VISCOSITY OF ç{ÀTER ÀT ROOM

.... TEMPERÀTURE (20 c), tl**z/s.

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

aaa

a aa

a aa

a aa

10

111

REÀL*8 RE,VI S, E
REÀD( 5, * ) O,Q,FL,VIS,E,G
À =0.78539815*D*Dv=Q/A
RE=V*D,/VI S
IF (ne .GT. 2100) CO tO 3
F È 64/RE
GO TOL
EVIS = E/VIS
ELOG = 18.7*DLOG10(2.71828183)
ED = E/D
F = I./(1..14-2.*ALOGI0(ED) )**2
PAR = V*SQRT(E/8. )*EvIS
rF (pen ,GT. 100) GO TO I
NCT =0
FS B SeRr(F)
FZ B 0.5/ (F*FS )

ARG = ED + 9.35/ (RE*FS)
FF = I. /FS 1..14 + 2. *ÀLOG10 (ÀRG )

DF = FZ + ELOG*FZ,/(ARG*RE)
DIF -FF,/DF
F Ë F+DIF
NCT = NCT+I
IF (¡¡S(prr) .GT. 0.00001 .ÀND. Ncr .LT. 15) Go ro 2

3

2

1 HL E F*FL*V*V / (2.*G*D)
SL -HL/FL
I{RITE (6,101 ) Q,D,FL,F,l{L

101 FORMÀT (IN,'Q ="F10.4,lX
S' F = 

r rF10. 5, lXr'HEÀDLOSS
rr(Q .GE. .25) GO TO 4
Q=Q+O.002
GO TO 1.11

4 STOP
END

L
D =tF]0.4r1Nr tL =r,F1.0.2
,Fl0.{ TIt" SLOPE =r rFJ.0.

,s
I

,
cf

,lx,
4)
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AIGORITHM 10 FIT A LEAST-SQUARE STRAIGHT LINE THROUGH THE

OBSERVED CHANGE IN PIEZOMETRIC HEAD ALONG THE HORIZONTAL CENTRE.
LINE OF lHE PIPE EXPANSION AND TO CALCULATE THE ENERGY LOSS

COEFFICIENT K

PROGRÀM FOR LEÀST SQUÀRE STRÀIGI{T LINE FITTING ÀND
REGRESSION COEFFICIENT FOR TIIE UNOBSTRUCTED UPSTREAM
PIPE SECTION.
X s DISTANCE ÀLONG THE PIPE SECTION.
Y : PRESSURE DIFFERENCES BETT.IEEN THE lST TAPPING

POINT ÀND TI{E REST ALL TAPPING POINTS.
N : NTTMBER OF TAPPING POINTS EXCLT'DING THE lST ONE.

c
c
c
c
c
c
c
c

aa

ao

aa

aa

aa

aa

aa

aa

aa

aa

aa

L1

10

111

c

DIMENSION X(5),Y(5)
READ (5,*) N,Bgr¡I
DO 11 ! = l,N
REÀD (5,*) X(r ),Y(I )
CONTINUE
Stl!'fX= 0 . 0
SUMY=0.0
SUÌ'Í,XSQ=9. g
SÌJMYSQ=0.0
SUI'íXY=0.0
DO I0 !s l,N
SUMX=SUMX+X( I )
SttMY=SttMY+Y ( I )
StlMtSg=St uxSQ+X ( I ) *x ( I )
SUMYSQ=5I MYSQ+Y ( I ) *Y ( I )
SIIMXY=SUllXY+t ( I ) *Y ( I )
CONTINUE
tBÀR=SUl,It/N
YBÀR=SIIMY,/N
SEX= SIIMJTSQ- ( SI'MX* STJMX ),/N
SYY=STIMYSQ- ( SUMY*5UMY ) /N
sEY = SuÌ'txY- ( suÎ.{t* sltMy ) /N
BETÀI=STY/SXX
BETÀ 0 =YBÀR- BETA1 *tBÀR
R=SXY/ ( SoRT ( SXX*Syy ) )
DO 111 J= l,N
wRrrE (5,*) t(J),v(J)
CONTINUE
DELTÀP=BEÎÀ0+BETAI. * I . 04 l. 4
I{RITE (6,*)
t{RrrE ( 5, * ) get¡o, BETAI,DELTÀP, R
STOP
END
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APPENDIX C CONTINUED

c o.... PROGRÀ!,! FOR LEÀST SQUÀRE STRÀIGHT LINE FITTING ÀND

C ..... REGRESSION COEFFICIENT FOR THE T'NOBSTRUCTED DOT{NSTREÀM

C ..... PIPE SECTION.
C ..... X 3 DISTÀNCE ALONG THE PIPE SECTION.
C ..... Y : PRESSURE DIFFERENCES BETWEEN THE lST TÀPPING
C ..... POINT ÀND THE REST ÀLL TÀPPING POINTS.
C ..... N : NTTMBER OF TÀPPING POINTS ETCLT'DING THE lST ONE.
c a a a a a a aa a a a a a a a a aa a a a a a a a a a a a a o a a a a ¡ a a a a a a a a a a a a a a a a a a a a a a

DIMENSION T(5),Y(5)
READ (5,*) N,ggrel

11

DO11 l=l,N
REÀD (5,*) X(¡ ),Y(I )
CONTINUE
SUM8=O.0
SIIMY= 0 . 0
SIIMXSQ=0.0
SUMYSQ=9.9
SIJIIXY=0.0
DO 10 l= l,N
SUt{x=St¡Ux+x ( I )
SUMY=STIMY+Y ( I )
SIIMXSQ= Sttl,fx,SQ+X ( r ) *x
SI,IMYSQ=ST,MYSQ+Y ( I ) *Y
STTMXY=STI}ÍXY+X ( I ) *Y ( I
CONTINUE
TBÀR=STIMX/N
YBÀR=Sttl'fg/N
stx=suÌ,txsQ- ( sltMx*sltMx ),/N
SYY= STIMYSA- ( 5T'MY*5T'MY ) /N
sxY= sulfxY- ( stt!,fx* st¡MY ) /N
BETA1=SXI/SXX
BETÀ 0 =YBÀR- BETAI *XBÀR
R=SXY/ ( SQnr ( SXX*SvY ) )
DO 111 J= l,N
wRrrE (6,*) X(J),Y(J)
CONTINUE
DELTAP=BETA0 +BETÀ1 * l. . 2 7

WRITE (5,*)
t{RITE (6,*) ¡greo,BETÀl,DELTÀP,R
STOP
END

I
I

10

111

c
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APPENDIX C CONTINUED

cÀLL PLors (¡gur,4ooo
REÀD (5,*) (X¡nn¡y(r )
¡{RrrE(6,* ) (x¡nn¡y(r )
cALt PLOT(0.0,-5.0,-3
CALL PLOT( 0.5 ,2.5,-3l-
AÀRRÀY(fl)=0.0
NÀRRÀY(12)=0.35
YÀRRÀY(11)=-0.40
YÀRR.AY(12)=1 .0/5.0

)

CÀLL ÀXIS (0.0 ,-.75, 'CENTRELINE DISTANCE, I,IETRES' ,
ç-27,10.0,0. 0,xÀRRÀy ( 11 ) ,tÀRRÀy ( 12 ) )
cÀLL ÀXrS (-0.5,0.0,'CHANGE IN PIEZOMETRIC IIEÀD,

REÀD( 5, * ) N,NT¡,FL,DL,TL,BETÀUS,BETÀDS,Dl,D2
DO 10 I=I,N
XUS(I)=TÀRRÀY

) =YARRÀY
) =8ÀRRAY
) =YÀRRÀY
NUE

I=6 r7

11

100

13

t{

DIMENSTON rBUF (¿000 ),X¡nn¡v(12 ),YÀRRÀY(1.2 ),rUS ( 7 ),
svus(7),xDs(7),vDS(7),xu(4),yu(4),rD(4),yD(4),xBE(4),
syBE(4),rÀ(11),rÀ(11),tB(4),yB(4),XC(4 ),yC(4),rup(6),
syup ( 6 ), xDN ( 6 ), yDN ( 6 ), XIID ( 4 ), vnD ( 4 ), Xl ( 4 ), yt ( 4 )

yÀRRAy(I),I=f,I0)
YÀRRÀY(I),I=1,10)

,
I
)

10

YUS(I
XDS(I
YDS(I
CONTI
DO 11
IUS(I
YUS(I
XDS(I
YDS(I

(r )
(l )
(5+r )
(s+r )

I)
I)
I)
I)

) =XÀRRÀY ( 5+
) -YARRÀY ( 5+
) =8ÀRRÀY ( 5+
) -YÀRRÀY ( 5+

CONTINUE
IF'(NN .EQ. 4)GO TO
cÀLL LrNE (rUS,YUS,
cÀLL LINE (rOS,YDS,
GO TO 200
DO 13 I=1,NN
TUP(I )=TÀRRÀY(I )
YUP(I )=YARRÀY(I )
xDN(I )-8ÀRRÀY(6+I )
YDN(I )-YÀRRAY(6+I )
CONTINUE
DO 14 I=5,6
tUP(I ).8ÀRRÀY(6+I )
YUP(I )=YÀRRÀY(6+I )
xDN(I )=XÀRRÀY(6+I )
rDN(I).YÀRRÀY(6+I)
CONTINT'E

100
5,1, -r ,21
5,1, -1 ,0 )
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5 I.I ,2
I )-8ÀRRÀY(4+r )
I )=YÀRRÀy(4+r )
Z+fl=tÀRRÀy(10+I )
2+IÌ=YÀRRÀY(10+I )
INUE
LINE (XUp,YUP
LINE (XON,yDN
LINE (XUO,YUD
=0.0
=2.95
=0.0
=0.0
=8ÀRRÀY ( 11 )
=8ÀRRÀY ( 12 )
=YÀRRÀY ( 11 )
=YÀn'RÀY ( 12 )

CALL DÀSI{LN (tl,yL ,2,l,I0l
SIllrfEUS=0.0
SIIMYUS=0. 0
SUIiIXDS=0.0
SUMYDS=0.0
K=N-1.
DO 12 I=lrN
S tlt'1tU S = S ttltXUS + XU S
SIIMYUS=St MYUS+yUS
SUMTDS=SUI'ÍXDS+tDS
SIIMYDS=SttMyDS+yDS
CONTINUE
8BÀRUS=SU},ÍXUS,/N
yBÀRUS=St MyUS,/N
8BÀRDS=St MXDS,/N
YBÀRDS=St lfyDs,/N

=FL
=BETÀOU+BETAUS*XU( Z )
=XUS(5)
=YUS(6)
-tUS(7)
-YUS(7)

BETÀ 0U= YBARUS - BETÀUS *XBARUS
BETÀ 0D= YBARDS - BETADS *XBARD!
XU(1)=0.0
YU(1)=BETÀOU

DOl
xrD(
YT'D (
xnD (
YT'D (

15 CONT
CALt
CALL
CALL
11( r
x'l( 2
Y](1yr(2
11( 3
11(4
Yl( 3y](4

,4 rI r-I r2l
,4,Lr-1r0)
,2 rr, -1,1.1)

00

c
c
c
c
c
c
c
c
c

2

c

)
)
)
)
)
)
)
)

I
I
I
I

(
(
(
(

)
)
)
)l2

XU
YU
XU
YU
IU
YU

(
(
(
(
(
(

2
2
3
3
4
4

)
)
)
)
)
)
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aaaaaaaaaa

tD( 1)
a a a a at a a a a a a a aa a a a a a a a aa a ao. a a a a aa o a a a
:FL+DL

YD ( I ) -BETÀOD+BETÀDS*tD ( 1 )
tD( 2 )=TL
TD ( 2 ) =BETAOD+BETÀDS*XD ( 2 )
xD(3)-tU(3)
YD(3)=YU(3)
xD(4).tU(4)
ID(4)=YU(4)
CALL LINE (XU, yU ,2 ,I, 0 , 0 )
cÀLL LINE (XO,yp,2,l,0,O)
XBE(1)=FL
IBE(1)=YU(2)
tBE(2)=FL+DL
YBE(2)=YD(1)
tBE(3)=xD(3)
YBE(3)=YD(3)
xBE(4)=xD(4)
YBE(4)=YD(4)
cÀLL DASHLN(Xne,YBE, 2, 1, 10 )
XÀ(1)=0.0
YÀ(11=-(ol/2.)
xÀ(2)=tÀ(1)
YA(21=DI/Z,
tA(3)=FL
YA(31=D]-/Z.
XÀ(4)=FL+DL
YÀ ( 4 1=Ð2/2.
XÀ(5)=TL
YÀ(5)=YÀ(4)
xÀ(6)=xÀ(5)
YÀ ( 6 1=- (o2/z .l
tÀ(7)-FL+DL
YA(7)=YÀ(5)
tÀ(8)=xÀ(3)
YA ( 8 1=- (ol/z .l
tÀ(9)=tÀ(1)
YÀ(9)=YÀ(1)
tÀ(10)=0.0
rA(10)-0.0
XÀ ( 11. ) =XÀRRÀY ( 12 )
YÀ ( 11 ) =8ÀRRÀY ( 12 )
cÀLL LINE (tÀ,YÀ,9,1,0,0)
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ETL

=0.0
=xÀ(10)
-yA(10 )
-xÀ(11)
-YA(11)

CÀLL DÀSHLN
XC(1)=FL

(xg, yg ,z rl rLol

=- (Dl
=tC(l

/2.
)

=D]./2.
=AB(3)
-YB(3)
=tB(4)
=YB(4)

cÀLL DÀSHLN (XC,yC,2,1,10)
tl(1)=FL+DL
Yl(1)=-(oZ/2.)
tI(2)=xl(1)
Yl(21=D2/2.
tl(3)=xC(3)
Yl(3)=YC(3)
tl(4)=tC(4)
Yl(4).YC(4)
cÀLL DÀSHLN(Xl,yl, 2,1,10 )
cÀLL SYMBOL(-.42,-J.95,.14,75HFIG. 2.9 CHANGE IN

sPrEzoMETRrC HEÀD ÀLONG THE HORTZONTAL CENTRELTNE
$oF PIP8,0.0,75)
cÀLL SyMBOL(0.84,-2.10,0.14,64HEXPÀNSION NO . 28

sttNDER THE VELOCITY CONDTTIONS OF TEST NO. 2B-5.,
s0.0,64 )
cÀLL PLOT (12.0,0.0,999)
STOP
END

TB
YB
TB
YB
TB
YB
AB
YB

yc
ac
YC
xc
yc
ac
YC

(
(
(
(
(
(
(
(

(
(
(
(
(
(
(

I
1
2
2
3
3
4
4

I
2
2
3
3
4
4

-0.0
.0.0)

)
)
)
)
)
)
)

)
)
)
)
)
)
)

)

c
c
c

PROGRÀM FOR COMPUTING TI{E ENERGY LOSS COEFFICIENT Kaaaa

a _a a a aaaaaaoa aaaaaaaaaao

REÀD (S
DO 1.1 r
READ (5
PBE=(vI ÈO

I ,A2, D, N,*) A
= lrN,*) A
-(PIB
/^t

Pl.B, PIE
+PlE )

I
)

vZ - e/Az
vltEAD = (vl*vll /Q*g.grl
Etoss = PBE+WIEÀD*( (D**4-Jl /6**41 I
ETCOE - ELOSS/VI{EAD
l{RITE (6,*) r rQ,Vl,V2,ELCOE

CONTINUE
STOP
END

11
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APPENDIX D ALGORIÎËM TO CALCULATE lEE ERRORS INCURRED IN THE ITIEASUREMENT

OF PRESSURE IIEAD AITD IN THE CALCULATION OF IIATER DISCHARGE,

AVERAGE DISCTIARGE VELOCITY, ENERGY LOSS ÂE AND ENERGY LOSS

COEFFICIENT K

....PROGRÀM TO CALCULATE TI{E ERRORS INCURRED IN THE

....MEÀSUREMENT OF PRESSURE I{EAD ÀND IN THE CÀLCULATION

....OF T{ÀTER DISCHÀRGE, À\'ERÀGE DISCHÀRGE VELOCITY, ENERGY

....LOSS AND ENERGY LOSS COEFFICIENT K

c
c
c
c
c
c

100

1L

REÀL EH TEQ, EV, EHEÀD'Ep rC rH, EDELE TEK TÀBEK, K, Kp rLTK,UllK
REÀD(5,*) t,Y,D
I{RITE(6,*)
wRITE(5,*)
DO 11 N=I,24

REÀD( 5, * ) pe¡,n,DELP,V],K,KP
EH=X,/DELH
EQ=(l+EH)**0.{67-1
EV=EQ
EIIEAD=2*EV+EV*EV
EP=Y/DELP
C=1-(frl1p**4¡¡
n= ( (vl*vtl / (2*981) )
EDELE= ( gp*Ogr.p ) / çOg[.p+!t* c ) + ( eHeeo*H * c | / (-oø¡.p+H* c )
EK= ( EDELE+EV ),/ ( r-gv )
ÀBEK=EK*K
LTK=K - ÀBEK
UIIK=K + ÀBEK
DOPK=K - KP
REK=DOPK/KP
wRI TE ( 6, 1 0 0 ) X, gtt 

r EQ, EV, EHEAD, Ep, EDELE T EK, ABEK, K, K,
$ÀBEK,KP,R8K

FORMÀT( lXr I 2 r2' rF6.4 ,2ã-rF6.4 ,z'..rF6.4 ,2t rF6.4 ,ztrF6.4,
$2trF6.4 r2t rî6.4 r2trF6.4 t2tr?5.3 rztrF5. 3 r2trF6.4 r2N,
sFs. 2 r2x-,F6.3/)

CONTINT'E
STOP
END




