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ABSTRACT

The development of experimental correlations and theoretical models for the

âccurâ,te prediction of the florv rate and qualiti,. duling ts,o-phase dischargc thr.ough

srnaÌl branches in pipes has received considerable attentior in the recent literatu¡e.

This interest is due to the relevance of this topic to man)' industriai applications,

such as the flo11' distribution in the cooring headers of cANDU nuclea¡ reactors

( CANDU is deri'ed fronr cAlrada, Deuterium and Llranium) during posturated

Loss-Of-Coolant .Accidents ( LOC A).

A few experirnental investigations for the onsets of gas and liquid entrain..rent.

mass flux and quality have been reported for the case of a single discharge (e,g.,

Smoglie rnà Reimann. 1g86; Schrock et al., 19g6: yonomoto and rasaka, lggg arcl

i991). Experi'rental data and correlations q,e¡e also de'eloped for the onsets of

gas and liquid entrainment during duar discharge frorn a rarge reser'oir (pârrott et

al , lgglr Armstrong et al., 1g92). Horve'er, no information exists currentll, on the

mass flux a'd qualitl" du.ing duar discharge. For three or rnore bra'ches, desig'

info¡mation is completely lacking.

In the present in'r'estigation, extensi'e data rvere generated for the mass florv

¡ate and quality of trvo-phase (air-water) discrrarge from a rarge stratified region (

at a pressure P,) through s'ra side branches (d = 6.3¡ rnm). Four groups of data

were generated; each group corresponds to a particular branch configuration. Group



rìo.1 cout¿ìirìs thr: clata fol a singlo siclc j¡r'¿ruch. groru) no. 2 conespo¡¿s to trl-o siclc

ll¿trtchcs sePalatccl 1¡' a tlistzrlct' ¿ cclterto-( cutel rvith the c clttcllines ilr the. sarue

holizolltal ltlale. aud gl.otrp rìo. 3 r.or.r'es¡rouds to t\\,o si(le ll.¿rnchr¡s sepalzrtccl ìtr- a

(lisr¿ìll( o Z ct'tttt'l'to-ccrttct rt-ith c outr¡r'lirrcs irr tLc s¿rllc r.eltical ¡)lale. -\ll bt.arrt.lics

ilr gtrllrp lttls l 1o 3lït'Lc lltotuttcrl ciÌ a flat ït'ttical 11all lr-ith tlcil arcs hotizoulal

artcl llirtallcl to t'atlt otlit'r'. Glottlr lo. 1r'onesporr<ls to tllr.ce sifle'lr¡arrc¡cs irrstallerl

ort ¿t settricitcltlat \'all. Dilttcusiott¡ of lhc l'all- lrlallcLcs ¿rsscrulrh irr glorrit ro. 1

lclc sclcctcrl to lr,ili clirr.ct pr.cipor.tiou to thr.C,-\\DL hc¿icl,r._fccdcr. sr-str.ur. Thc

tcst rìlatÌi\ irt tLis gtort¡r t'zrs tlcsigrrecl to iuclurlc rlata of a sirrglc cliscìra¡gc. rhral

clisr'halgc arrd tliplc dischalge. Tlie' c ases of d,'.al alrrl triplc clischargc il gr.ou1; nos.

2--l wc'tc itrr..'stigatcd rtuclc'r' the t'ouditiolrs of c<lrral hr'¡lta¡lir. rcsist¿ì¡(.e fi fb¡ t¡e

br'¿rlches zrrrcl erltral ì)ressjtte rl.op -\I acrrrss thc bt.¿rlchcs.

Iu each of the foul gr.otps. tlic'uass flol r.ate rirl¡,¡, artd qualit}, r. were nteasuLecl

at cliffereut licluid levels ¡vithin the lange gir.ing two-phase flow in the branches. The

indepencle't va.iables P,, aP, R ..d Lld (if applicable) were variecl in a systenatic

fashion i' orcler to isolate the influence of each variable. Tìre following ranges we'e

cove.ed: P":316 a.d 516 kPa, LP =27 T"o229 kpa, Lld.: I.5,2,3 ancl g ancl .R=

900 to 3000 (kg'm)-r/z. Normalized plots are shown to be capable of absorbing the

effects of some i'dependent variables within the tested range of operating conditions.

Ernpirical relations were developed ror m7p and r ( in group nos. 1 to B) in ter.'rs

of normalized parameters. These relations agree well with the experimertal rìata.



A theoretical model was de'eloped for predicting the critical height at the o'-

set of liquid entrainment during dual discharge from a stratified trvo-phase 
'egion

through branches of flnite size mounted on an incliled flåt rvall. A previous anall.sis

by Armstrong et al. (1992), in rvhich the branches rvere simulated by point sinks on

a vertical rvall, has been extended to a,ccount fol the finite size of the branches and

the n'all inclination. The present modcl approaches the correct limit for the onset of

liquid entrainment at low'alues of Froude number at the upper ancl lorver branches,

Fr1 and Fr2, respecti'el1' and it con\¡erges to the Armstrong et al, 's pr.edictions

at high F.rl and Fr2. The present anah,sis applies to an]. two immiscible fluids

r¡'ith the terrn " liquid entrainment" referling to the appearance of the hear.ier fluicl

through the lowe¡ branch, Some experimental r.erification of the present theoretical

t rend is also proÏided.
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NOMENCLATURE

ao coefficientì defined b¡, Equation (2.1g)

bo coeffcient, defined by Equation (2.21)

Bo Bond number, defined b¡,Equation (2.I2)

c empirical paramerer used in Equâtions (2.6) and (2.1f)

cp specific heat at constant pressurc, Jlkg. K

cd coefficient, defined b}. Equation (2,22)

d br.anch diameter, m

D diameter of semici¡cula¡ surface for data group no. 4, m

Fr Froude number, defined bv Equations (2.a) and (2.5)

Fr" Froude number, deflned by Equation (5,3)

9 gravitational accelcration, m/s2

å vertical distance betrveen the flat part of the water surface and

the centerline of a b¡anch, m

h- liquid level, definecl in Figures 4.36 and 4.õ3, nz

h6 critical height at lhe B LE or BGE used in Equations (2.6)

and (2.11), nz

hi liquid level, defined b1, Equation (2.26), m

hBrr,o critical heiglrt at thc Bl,E obtained from Equation (5,2), used

in Figures õ.5 and 5.6. r¡



H rormalized liquid level, defined b1, Equation (4.1)

À ratio of specific heats

Z distance bett¡'een the centerlines of tv,o branches. m

m mass florv rai.e, kg f s

X.I normalized mass flow rate, defined b¡, Equation (4.2)

r\i viscositv number, defined b¡'Equation (2.12)

P pressure, Pa

r coefficient, defined by Equation (2.7)

R h1'draulic resistance gir,er b¡' Equation (3.1), (kg .m)-rl2

R' idcal gas constant. Jlkg. Ii

s distance, deflned in Figure (5.1), nz

f deflection of the intcrface. m

f r cmpe¡¿ ¡ g¡e, /r,'

:r qualit¡.

X,\', Z coordinates in the Ca¡tesian sl,stem used in Chapter õ, m

l specific volume, m3/Æq

V velocity, m/s

h mean'elocity of the continuous phase through the branch (whicrr is the gas

during BLE and rhe liquid during BGE). mls

v; nean liquid 
'elocity 

in the main pipe (dou'nstrear¡ from the branch) usetr



in Equation (2.29). rn ls

Greek Letters

o roid f¡action

ó( ) uncertainty in ( )

6' meniscus height used in Equation (2,30). nr

d wall inclination angle, deflned in Figure 5.1

p d)'namic r.iscositl', N.sfm2

p den sirs,, kgf m3

p^ hor.uogeneous densitl', <leflned in Equation (2.27). kglnf

d surface tension, À/m

Subscripts

7.2 lower or upper branch during dual discliarge (used in Chapter 5)

A, B or C branches A, B ot C

BGE beginning of gas entrainment

BLE beginning of liquid entrainment



c choking conditions

G gas phase

tr liquid phase

o large reservoir condition

s separator condition

TP two phase

r,U, z conponents in X-, Y- and Z-directions, respecti\¡el).) used i' Chapter 5



CHAPTER 1

INTRODUCTION

Seve¡al industrial applications in'oh'e t$o-phase flow discharging from a strat-

ified region through single or multiple branches. Examples of these applicatio's

include the flou, through small breaks in horizontal cooling channels of nucÌear Le-

actors during postulated loss-of-coolant accidents, the flo*'distribution in C-{\DLi

header'-feeder s)'stems (multiple branches) during accident scenarios and trro-phase

distribution headers in general, rvhe¡e a ce¡tain incoming stream fed into a large

heade' is di'ided among a nu'rber of discharging streams. Knorvledge of the flou,

phenomena in'oh'ed, as rvell as the 
'rass 

flov' rate and qualitl' of all dischargi'g

strearns is ob'iousl¡' essential fol the design ancl/or performance prediction of such

s1'stems.

Fo¡ the case of single discharge from a rarge flor¡, channer under stratified flou,

conditions, Zuber (1980) pointed out that during such flos,s tu'o distinct prreno'rena

ma)' occur. depending o' the rocation of the gas-riquid intcrface rerati'e to the

branch. If the interface is located above the branch, gas can be entrained (bv r.ortex

or'ortex-free motion) into the predomina'tr1. Iiquid flow through the branch. on

the other hand, if the inte¡face is located berorv the brancrr, riquid ma¡. be entrained



into the predominantl¡' gas flour. He proposed sirlplified corrclations fo¡ the onsets

of these phenomena in terms of reler.ant s]'stem parameters and l¡ranch orientatiorr

(top, bottom or side). Laier, detailed experiments rvere reported on the onsets

of gas and liquid entrainment, two-phase mass flux ancl qualit¡. during discrrarge

from a large stratified region (with or ¡vithout main flow) through a single bra'ch

with different orientations (e.g., Smoglie anrì Reimann, 19g6; Schrocli et al.. 19g6;

\btomoto and Tasaka, 1988 and 1991; Micaelli and \,Iernponteil, lggg).

In situations where nultiple discharge takes place simultaneously f¡om se'eraÌ

branches, the existing si'gle-bra'ch correlations ma]. not appll', Initial steps to-

rvards understanding these s)'stems wcre unde¡takel bt. parrott et al. (1gg1) and

Armst.ong et al. (1992) rvho i.r'cstigated thc onsets of gas and liquid entrainrnent.

respecti'ely, during dischargc frorl stratified t*,o-phase regions through trvo side

branches Ho*'e'er, no info¡mation exists curre'tr1' on the mass flux a.d quari-

ty during dual discharge. For three or more branches . i'formation is co'rpleteh.

lacking.

The objectir.e of this thesis is to address the current deflcienc¡. in the literature

by taking a number of steps torvards creating new knowredge that lvourd urtimater'

iead to the proper design of trvo-prrase hea<lers with murtipre discharge. In more

explicit terms. the objectives of the present stud5. ar.e:

1 To de'elop experimertar data and cor¡erations for determining the tu,o-phase

mass flux and qualitl-during singre and duar discharge from a rarge stratified



region through small branches mounted orì a'ertical flat wall. For thc clual

discharge case, the centerlines of the branches are to be located in either. (i) a

ho¡izontal plane, or (ii) a vertical plane.

2. To detelop experimental data for determining the trvo_phase mass flux and

quality during discharge from a lalge stratified regio' trrrough snal brancrres

mounted on a semicircular wall. Dinensions of the wall-branches assenÌrl'

we¡e chosen to be in direct proportion to the CANDU header-feeder sl'stem,

The test r¡atrix was designed to incrude data ofsingle discharge, dual dischargc

and triple dischalge.

To perform a'isual studl' of the different florv phenomena (sucrr as the onset

of gas entrainmerìt, the onset of liquicl entrai'ment, or a combination of both)

that ma1'occur during dual and triple discharge. The flo.q. loop rvas designed

to facilitate this investigation,

4. To develop a theo¡etical modcr for dete'nining tire onset of riquid entrainrnent

during dual discharge from a large stratified regio'through s'raI side brancrres

mounted on an inclined flat wa . The deri'ation tecrrnique used in this stud'

may help in the future for modeling similar flow phenomena that ma¡,occur

during multiple two-phase discharge.



CHAPTER 2

LITERATURE REVIE\V

2.L Single-Discharge fnvestigations

studies of trvo-phase florv through smal branches in horizontal pipes under

st¡atifled-florv conditions ìra'e gai'ed importance due to their ¡cler,ance to man].

engineering applications. The importance of this problem has motivatecl significant

research, conducted mostl¡'duri'g trre past te'years. smogrie and Reimann (19g6)

performed experiments using stlatified air-r,ater florv at 200 to õ00 frpa in a horizon_

tal pipe (20.6 cm in diarneter) rvith diffcrent branch sizes (.1 : 6, g, 12 ar.ñ,20 ntnt)

and different orientations (top, bottom or side) for- each branch. The brancrres *,ere

simulated b¡' pipe stubs (0 055 m in rengtrr) s,itrr sharp-edged entrances and trre

florv through the branch was controlled by a throttle val.r,e. These results indicated

an insig'ificant effect of the b'anch size on the onsets of gas a'd liquid entrainment

and the q'alitl' at the branch. The onsets of e'trainment were detected b' trre noise

in the differential-pressure signals across the branch.

Correlations were developed by Smoglie and Reimann (19g6) based on thei¡

experimental data to predict trìe onsets of ent¡ainment and quaritv of discharge. For.



the side- and bottom-orie'tation cases (nost rere'ant cases for the present x,or.ri).

the c¡itical heights corresponding to the onset or Begi'ning of Gas Entrainrlent

(BGE) and the Beginning of Liquid Entrainmenr (BZð) were gi'en in rerms of

Froude number as follorvs:

Fo¡ thc sido-oricnr at ion case.

and

o"l' - o uu

ÞP = ouro

tr.,0.4! I BGF

¡--0.4T IBI F

(21)

(t r\

For the botton-orientation case.

F t'p6¿ :

for yortex florv,

for vortex-free florv.

4 mr.ac¿
----
nlfgd,pr(pr - pc)

.,. - 
1 mc,Btt__------

rlfgd^pc'pL-pct

rvhere å is the 
'ertical 

distance bets,een the *ater surface and the centerline of the

branch (positive in the uprvard direction), p6 is the densitl, of the gas, p7_ is tire

density of the liquid, g is the gra'itational acceleration, and riz is the mass florv rate

at the onset.

The quality of discharge u.as correlated for the region hprr { h { hpce

( h"r., = 0 fo¡ the bottom branch). Fo¡ the side branch, it u,as given bl

het;,
d - L.(Jrv ttBGE

- n At¡î F,'0 J
(2 3)

(2 4)

(2 5)

, _ ,(,o-"+) [ro_r,(*) (,,-*),(',-r)1" \2ct
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wirh (2., J

where c - 1.09, ñ.¿ = h1c¡-n'hen å > 0, and c = 1.00, å¿ : lhn¡,rlwhen l¿ < 0.

For the bottom branch, the quality was given bi

.r : r'2i hlhBGE'11 .0-0.-õ(.h )1,.0.. 
å 

)r, '.0-, ¡"o,,1 
o'. 

,2.8,L \h¡c¿l \ hac¡ / I '- "'

schrock et al. (1986) performed experiments using both air-rvater and stea'r-

wå.ter as the rvorking fluids. The experiments were performcd at sJ,sten pressul.es up

to r.07 MPa in a horizontal pipe (i0.2 cm in dia'reter) with differe't branch sizes

(.d = a,6 and 70 mm) a.d different orientations for each branch. The brarches s,ere

simulated b1' tubes 723 nzm in le'gth. \,'ierving windorrs rvere placed at the ìrla'ch

section and in the pipe just upstream and dorvnstream of the branch to allow r.isual

obserratio¡r of the flou, phenomcla. The1, concludecl that the BGð (side atd bottom

orie'tations) rvas affected b¡' surfacc tension and 
'iscosity 

in addition to Fl.oude

runrber. TIte BGE data for the side orientation did not agree rvith thc data of

smoglie and Reimann (1986). No expranation rças gi'en for this disagreement. Their

data on discharge qualitl', together g,ith data from othe¡ studies were correlated in

terms of a no''alized inte¡face re'er. The correrations for hB6s, hB¡¿ andr of sidc

branches were git'en by

hBcr f o I 1 ^ ^ -\0.476d = l¡æ^" \-r rnc¡Bo,'\;'"J /r ô \

(2.10)- 0.62a Fro¡|.r

6

lhB tel
d



and

rvhere Bo is the Bond nu'rber, À; is the'iscosity number, ø is the su¡face tension,

Àp is the density difference betr',een the phases, ¿r¿ is the liquid 
'iscositr'. 

(c:0.5,

fu: hacr) when h > 0 and (c = 0, /¡¡ : lA¡¿¡]) r,hen,â < 0. For bottom br-anchcs,

hp6p and ¡ u,ere given bv

/,n ¡ ì
¡ = 0.06\.- Ár /

uith Bo - d

bi : rffi (fi"'"'u"^-o') 
o n"

, : 
f, 

o - (#r)1"",, i_,, (#)]

i' '-"(å) (' '_' *)l (211)

(212)

(2.13)

(2.11)

Yonomoto and Tasaka (1988) developed a sirlple analJ¡tical model to sturl¡. tu,o-

phase flou' through smalr b¡anchcs. Air-ri,ater experiments at a maximum pl.essu'e

of 700 kPa were ¿lso conducted. A ho¡izontar. square duct (19 cnz x 19 cm) u.as

used in the experirnents instead of a round pipe. The branch was simurated b¡, a

sharp-edged junctio' (d : 10 and 20 nzm,), The characteriz ation ol BGE and B LE

rvas determined by'isuar obse^,ation. Their moder deflned a two-phase interface

profile having a conical shape near the branch. Therefore, the mass florv rate and

quality of the tro-phase discharge thr.ough the br.anch çere expressed as a function



of the 'oid fraction a, defined as a ratio of gas florv area to totai flou, alca in this

conical region

ñrp = a rne,ncr+ (1.0 - a) mr.Bc¿ (2.15)

(2.16)

The void fiaction a for the side branch was giten b1.

û -- rr.o - a") f-L) -,"\nntr /
a : -ool=L) *,".

\n BGE /

and a mG.BGF

nl,r p

and

1.0

1.gn(¡tcaLr\./L\tnL.BGE/ V pG

hBcr
,l : tJ.6E'2 I rb¿L arrd

For the bottom branch, a rvas given br.

0.9 å",

1.15 å" - 0,15,

lh a ¡al
d = 0.558 ¡'ro;'1 -

forå<0

for å > 0, (2 17)

(2.18)

(2. i e)

."=o.s(ro-

for'0< ö"<0.6

for 0.6 < å" < t.0,

'l' ') "l 
./ )l

5

(2.20)

(2.21)

() rr\
,rc.B t r lpl--l

"-*rl *)
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and (2.23)

Good agreement was obtaincd betrveen their ruodel and their experimental data for

discharge qualitl'on the liquid- entrainruent side (ñ. < 0) and an empirical correction

factor was incorporated in the model on the gas-entrainment side (ñ. > 0), A

modifled mathematicâl model rvas developed later b¡.Yonomoto and Tasaka (1g91)

which improled the agreement with the experinental data.

Micaelli and Memponteil (1989) performed experiments using steam-rvater mix-

tures. A wide range of parameters was cor"er.ed (s1'stem pressures of 2 to 7 \.{Pa,

nrain pipe diameters of 80 and 135 mm, ald branch diameters of 12 and 20 mnt).

The correlations fo¡ lhe BGE and BZ.E u,ere bascd on their experimental data

as ¡vell as those of Smoglie and Reir¡ann (1986). and Schrock et al. (1986). A

semi-empirical correlation was developed for the branch qualitr. based on simple

theoretical approaches adjusted b¡-their own experimental data as well as othel.

experimental data in the literature.

In their final correlation, the qualit¡' r for the side-branch case wâs given as a

function of the 
'oid 

fraction o at the branch inlet over the whole range hp¡¿ <. h I

/z¡¡;¡ as follorvs:

hBct 
- n ono r-o 4

ù
=-

" + J# (1.0 - a)'
(2.24)



$ here

ând

wirh

and pm is th€

1o-o.i(,.0*l)' rorñ<o
\ h;/

o.; (r.o - +)'. rbr ñ > o,\ hi/

r t r0.l
äi = o.Gg I ,*î' ,l

LSpn\pL - pG) )

(2.25)

(2.26)

homogeneous densitl' given b1.

l-,. ll.0-.r:)l-tt¡_=l- -¡-l .r.):
lPc f'r I '""

For tire botto' branch, r was arso correlated b1'Equatio'(2,2a) with o gir.en ìir.

a = 1.0 - 
h

hacr

hacr = ["- (l)"] l;#ï^]"and

(2.28)

(2 2e)

in the main pipeand
where V¿ and lf are the mean liquid velocities in the branch

(dorvnstream from the branch), respectivell,.

2.2 Multiple-Discharge Investigations

The common feature among the in'estigations mentioned abo'e is trrat fluid

discharge was alwa¡'s induced througrr one brancrr ( top, bottom or si<ie). In sit-

uations *'here discharge takes prace simurtaneousrl' from murtipre b¡anches at the

10



same cross-section, such as the case with the florv distribution headers of cA\DLl

nuclear ¡eactors or trvo-phase distribution rreade¡s in generar, these existing morlers

of single discharge may not appl¡..

I{orvalski and Krishnan (1987) reported experinents with steam-wate¡ flo* irr

a test section t1'pical of the cANDU header-feeder s}-stem. In generai. the c.{\-
DU heat-transport svstem contains large horizontal heade¡s, approximatell, 10 to

12rn in length and 0.3 to 0,4m in diameter, connected to ihe fuel channels b¡. a

number of feeders. typically b0.8 mn¿ in diameter, attacrred to the si<ìe s,als of the

header. \ormalll', the feeders are ar.ra'ged in banks at different c¡oss-sections a_

long the heade¡ rvith fir'e feeders in eacrr bank. Iioivalski and Krishnan found that,

the experimental 
'alues 

of thc criticar heigrrts at BGE and BtrË rvere sig'ificantl1.

underpredicted b1. the correlations of Smoglie and Reimann (19g6) .

Initial steps torvards understandi'g trre rcasons for trre disagr.eement betrveen trrc

si'gle and rnultipre discharge results çvere taken b¡' parrott (rgg3). He in'estigated

experinrentalll' the phenomena or BGE and BLE for the condition of simurtaneous

discharge f¡om t*o s'.a brancrres o¡iented 
'erticar], 

with respect to eacrr otrre¡ on

the side of a high -pressure rese.'oi' contai'ing a stratified air-water rnixt,re. Trre

stud;' was performed with s¡'stern pressures of 0.5 Mpa during BG.Ð experi'rents

and 0.3 MPa during B_LË experiments, Both onsets were determined b1, r.isual

obse^'ation Parrott concruded trrat trre criticar heights corresponding to trìe onscts

can be stronglf inffuenced b¡. the r.ertical distance separating the centeriines of the

11



b¡anches.

Pâ.rrott et al. (1gg1) de'eloped an erlpirical correlation for the critical height

tor BGE at the upper branch during dual discharge gilen b¡,

hncr*ó' I t ,rrll \'1 0334

-T =0.887lFr,. ¡r,,rp(-Z.l'Z(-,) fr;022Fr;0r6)I r2.30;0 L .\ \J/ )l

where h¡6¿ is the'e¡tical distance between trre flat interface and the centerline of

the upper branch, Fr1 and Fr2 are the Froude numl¡e¡s at the gpper and lorl,er

b¡anches and á- is the 
'reniscus 

heigrrt ( estirlated to be about 3.3 mm). Since

correlation (2 30) is purerv e'rpiricar, its use rvas recommen<ìed onrl-for geometries .

fluid properties and flotv conditions si¡.nilar to those considered in their experi.re'tal

investigation.

Follori'ing Pa¡rott et ar. (1g9r), Arnstrong et ar. (1992) de'eroped a theorer-

ical'rodel to predict trre critical hcigrrt for BZË during duar discharge. In their

simplified theoretical anar¡'5is, Arrlstrong et ar. (19g2) negrected the effects of is-

cositl'and su¡face tension. assumed potentiai flo'v throughout the field and treated

each branch as a point sink. \\¡ith these simplificat ions, hp¡¿fL was obtained as

a function ot r., (f)-'?5 ancl Fr2 (å)-t' The model rvill be discussed fur.rlier.in

Chapter 5.

The abo'e re'iew shou,s that some information exists in the rite¡ature on the

florv phenomena and c¡iticar heights for the BGE anrl BLE duri'g dual discharge.

Ho'rve'er, no information exists currentr' on the mass flux and quarit¡.during cìual

12



discharge. For muÌtiple discharge, dcsign information is completel¡. Iacking. The

objective of this thesis is to address the current deficiency in the literature b¡' taking

a numbcr of steps towards creating nerv knorvledge that would ultimatel], lead to

the proper design of two-phase heade¡s rvith multiple discharge.



CHAPTER 3

EXPERIMENTAL INVESTIGATION

3.1 Scope

The data taken in this inr.estigation are categorized into four groups. Each

group corresponds to a particurar branch configuration. Group no. 1 presents thc

data of a single branch (dia'reter d); group no. 2 corresponds to two side bra'ches

of equal diameter d and a horizontal separating distance Z' center_to_center; group

no 3 corresponds to two side b¡a'ches of eq'ar <lia'reter d and a 
'ertical 

separati[g

distance ¿ center-to-center. AI branches in group nos. r to 3 were mountecr on a flat

ve¡tical surface with their centerrines rrorizontai, as sirown in Figure 3.1, Group no..1

corresponds to three side branches of eq'ar diameter d instaued on a semicircura'

su¡face. Dimensions of the semicircurar surface and branches *,.ere chosen to be i'
direct proportion to those of ttre CANDU header_feerler system.

The experiments of duar and triple discharge were conducted under the condi-

tions that the branches ha'e the same ir¡'drauric resistance R, and the pressure drop

is the same across the branches.
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Group nos. 1 to 4 could scr\¡e as benchmark data for testing safet¡' cocles of

C.ANDU nuclear reactors and in general would guide future research on tlvo-phase

distribution headers.

3.2 Experimental Parameters

The geometrical and flor¡' parameters rele\ant to the most elabo¡ate case of triple

discharge are shou,n in Figure 3.2. The modifications applicable to the other cases

of single a¡ld dual discharge are given at the end of this section.

Figure 3.2 shou,s a semicircular. surface rvith three branches (_4, B and C) of

equal internal dianeter d placed on the side of a large reservoir containing stratified

lal.ers of air and rvater at a pÌessure P". One strearn (could be A, B or C) u.as

directed to a measuring separator s'here air and rvater florv rates rvere measur.ecl

do*nstream, ancl the remaining t''o strearrs s,ere dilected to an auxilia¡, (no'-

measuring) separator. Both separators were kept at p,l ihus the pressure drop across

all branches, ÂP, was kept the same. Er.en though each experiment *,ould ha'e to

be repeated three times in order to 
',easure 

the flow from all three bratches, this

was found preferable to using three separators due to the difÊculty in maintaining

all separators at a preset pressure throughout testing. Another condition that *as

imposed in this study is equal hydraulic resistance Ã for alt branches. The h'draulic

resistance of a branch rvas based on si'gle-phase liquid florv conditions. as defi'ed

16
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late¡.

un<ie¡ these conditions, the mass flo*' rate and qualitl.of the three rlischargi'g

streams are expected to depend on P", ap, ¡? and the location of the air-water

interface ¡elative to the branches. For fixed r,alues of po, Áp and À, let us consider

the dependence of flow from the three branches on the location of the intcrface.

At high interface le'els abo'e branch A, the discharge from the three branchcs

will be in the form of singlc-phase liquid r.ith essentialll, equal mass flon' rates,

¡nL,,t = mr.B: rir¿.6. Lorvering tl.re interface ler.el, a c¡itical height is reached

where the BGE occrrrs at branch A (h a = heç;¡,a a"nd tn1,a = ñr66:¡..a ). Fo¡

ha ) hB6¡,.a. the four qualtities inr,acc,.+, nttA, m.r.B anð, m1.6 are essentiall¡.

equal. The h)'d¡aulic resistance for an1. blanch is defined as

P- vSP
tn L.BG E

(31)

A further lorvering of the interface results in a tr¡,o-phase discharge at branch .,4

â.t a rate m¡p..a, v'hile the single-phase liquid flow at branches B and C ¡e'raius

unchanged. The two-phase flow from b¡anch á is sprit in the measuring separator

into liquid and gas components, rvherebl-

mTp,.1 = ?nL..A + nIG,A (3 2)

,tTLr;. t
¿_{ - -:-

n.LTP,A

18
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As å decreases ' rnrp,¡ dccreases s,hile r¡ increases. Foul other onsets are en-

countered with further los'ering of the interface: (1) the BLE ar branch -4 col-

responding to å,1 = hata,l. x.¿. = 1.0 and mc¡ = ntc,Brn,t (although on lou.

ering the interface ler.el, at an-v BLE the flow changes from there being liquid

entrained in the branch to theÌe being no liquid entrained in the branch, the te¡-

m "onset" or "beginning" is used, rather than ,'end,', in keeping with the exist_

irig literature). (2) the BGE at branch B cor.respondirg to å.¡ = hB6¿.s aÍd.

inL,a = ¡nt,ncr,B, (3) tlLe BLE ar b¡anch B with Ä¡ - har¿,a, ¡¡ : 1.0

and m6,¡ = ?nc,are,n and (4) the BGE aT branch C rvith å6 : hB6¿.ç and

m7,6 = rn7,96¿.c. The order in rvhich these onsets are encountered as the inter-

face is lowered depends on the r.alues of P,, Àp and Ã, Finalll, at hç =.0.0, the

discharge from the three branches will be in the fo¡m of single-phase gas .nith flou,

rares rir6.¡ = mc.n = m6.r = nt6.g¡¡.Á: mG.BLE.B : ntc,str,c.

In the case of experiments rvith a single discharge i' group nos, 1 and 4. the

acti'e branch rvas dilected to the measuring separator and the auxiliart. sepàrator

was left inacti'e. Two onsets were encountered. and the independent parameters for

mass flo'o'rate and qualitl'rvere P,, ÀP, Â and ir, For the duar discharge experiments

in group nos 2 to 4, four onsets ü''ere encountered, and the independent pârarreters

werc Po, LP , n, h as uell as the configuration of the trvo branches. Trre geon.retricar

parameters rele'ant to group nos. 1 to 3 are shos'n in Figure 3,1. Both separato's

rvere actitated as measuring sepâratots in the experirnents of group nos. 2 and 3.
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The objecti*e of this in'estigation is to focus on the tlvo-phase discharge region

betrveen the t$o extreme onsets and to investigate the behar.ior of map and ¡ *'iirrin

this regio'. The experimentâl dâta were sought in a systematic fashio' so that the

influence of each indepe'dent parameter courd be ¿ssessed indir.iduarlv.

3.3 Experimental Test Facility

3.3.1 Flow Loop

A schenatic diagram of the florr roop is sho*'n in Figure 3.3, An im'rersion-t¡,pe

circulating pu'rp \\''as used to supprl' dist rccl water to the test section at a Ìate

adjusted b¡' a bl.pass line. The temperature of the lr,ater was held stearì¡. during

the experiment b¡' a cooling co , as sho*'n in Figure 3.8. The large rese.'oir *,as

connected to an air supplv equippcd rvitrr a feed-back p¡essure cont¡o er rvhicrl

'raintained 
a stead' pressu¡e P, in the test section througho't the experiment.

The tlvo-phase florvs rea'ing the test section through the b¡anches were directecr

to thcir respecti'e separato.s *'he.e the air anrl water were split b1. centrifugar

action. The florv rates of air and rvate¡ lear.ing the measuring separator(s) n,ere

each measured b¡' a ba'k of four 
'a¡iable-area-tJ'pe 

flowr¡eters rvith o'errappi.g

ranges Each of these flow-measuring stations covered the range of 15 cm3 fntin. ro

0.01Ió m3 f min on the q,ater side and lgg cm3 f nzin to I.3 m3 f min at standa¡d

conditions on the air side.
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The temperature and pressure rvithin the ra.rge reser'oir. as wer as otrrel roca-

tions u'ithin the loop. s'ere recorded during the experiment. AII flos, meters. ther-

mocouples and pressure gauges lvere calibrated before testing began (see Appendix

A).

3.3.2 Two-Phase Reservoir

Details of the large reserr.oir a¡e shou-n in Figure 3.4 with 
'vâter 

entering through the

bottom flange, air entering through the reft flange and discharge through thc right

flange. The geometrical design of the reserr.oir is si'rilar to that used b], parr.ott ct

al. (1991). The rese..oir u'as manufactuled fro'r t1.pe 30.1 stainless-steei sections,

except for a clear acrylic pipe section ncar the outlet flange for visual obser'ation of

the flolv pirenomera. The acrl'lic pipe nas hcrd fir'rl1'bet¡ieen two machined flanges

b'fou¡ tie-rods and sealed q'ith an o-ri'g at each end. The air and u,ater entering

through the reser'oir u'ere dispersed into a number of streams to pre'ent an]- \\,a\.es

or ripples on the gas-liquid inte¡face. The attainment of a smooth interface rvas

essential in eliminating fluctuations in the diffe¡ential pressure transducer signal

used to measure the liq.id le'el height. Details of the inlet air and water dispersers

are sho'n in Figures 3.õ and 3.6, respectir.ery. Each disperser w's nlounted onto

the inner face of the corresponding flange.
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3.3.3 Test Sections

A schematic diagram of a test section used in group nos. 1 to 3 is shoq,n in Figure

3.7 . The first part of the discharge brancrres were hores , 6.s5 mnz in diarreter

and 727 mm lolg, machined in a b¡ass block and bolted to the stainless-steel outiet

flange. Thus, each branch had a straight rength of 20 diameters before an1. be'<is

or area cfianges were incorporated. Two brass blocks.çvere machined to pror.ide r/d

- 1.5' 2, 3 and 8. A surve¡'ing transit was used to ensure that the faces ofthe outle1

flange and the b¡ass block rvere vertical and thai the cente¡lines of the. iest b¡anches

fell on a straight (horizontal in group no, 2 and 
'e¡tical 

in g¡oup no. 3) line. of

course, onlr. one branch was active in group no. 1 experirnents.

The test section used in gro'p no, 4 is shorvn in Figure 3.g. A se'ricircular

slrape of diameter 50.8 mm a'd length S0.g mm. was machined in a brass brocri

and three branches were drilled and connected to the semicircular surfaces at angles

0, '1ö' and 90" frol¡ the horizo'tal, as shou,n in the figure. The bra.ches started

out s'ith a diameter d = 6.35 mn?, \\¡eïe maintained at trris size for.a length of

at least 4 diameters and n'ere subsequentrl, enrarged to a diameter 9.53 n¿m, as

shorvn in Figure 3.8. The brass biock was borted to a stainress-steer bri'd flange ancr

the semicircula¡ surface and b¡anches u,ere exposed to a rarge, stratified. air-q,ater

region.

In the earll' stages of the in'estigation. co¡rsideration was gi'e' to a circurar (furl
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header) iest section rvith 5 branchcs. Horver.er, a careful analysis of the expected

florv conditions revealed that the flow rates lear.ing the branches rvould har.e to l¡c

kept fairl¡'s'rall if stratifred conditions were to be maintained in the header. Dre

to the interest in a wide range of b¡anch florv rates, a semicircular (half heacìer)

test section thai is open to a large volume r.r.'as adopted instead. of course, certain

conditions rvould have to be satisfied if the results of the semicircular section are

to be considerecl applicable to the circular geometr]¡. As shos,n later in Section 4.,1

the florv out of b¡anch c (see Figure 3.2) u'as found to be essentialll. independe'1

of whether or not there s'as flor¡, out of branches A aú. B within thc tested range,

Therefore, it is unlikelt' that the two nissirg branches from the circular section

would affect the results of branch c in a ci¡cular section. As rvell, the trvo nissing

b¡anches rvould ha'e been too far fron b¡anches A and B to cause significant effects

there. As a result, the data from the present test section should be representati'e

of those fo¡ a full-header geomet¡1'.

3.3.4 Separation Tanks

The two-phase flo*'s lea'ing tire test section througir the b¡anches nere directed

to separators rvhere the air and rvater ¡r,ere sprit by cenirifugar action. This $¡as

achie'ed b1' forcing the flo*, througrr two 60.0 mm dia'reter nozzres angred to dis-

charge the florv in a dorvnrvard spiraling direction, as shown in Figure 3.9. \\.ater

exiting from the nozzles flowed along the tank wall where it drained dow'ward.
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The air flowed out through the top of the separation tank. A baf8e located abor-e

the gas-liquid interface isolated the interface frorn the flo,o, abo'e it. The bafic. a

circular disk pelforated with man¡'small holes, 5.-o mnt in diameter, has a diametel

slightll' smaller than that of the separation tank: this left a gap of about 4 ,zm. on

the tank wall.

The tank incorporated abrupt changes in c¡oss-sectional area as shou'n in Figure

3.9. If the liquid florv rate was too low, the gas-liquid inter.face in the tank rvas

maintained in the smallest diameter cross-section. on the other hand, for thc high

liquid flov'rate. the interface rvas maintai'ed in the largest diameter cross-section.

This procedure decreased the errors resultilg from small changes in the heigirt of

the interface rvith time.

Each separation tank t'as constrìrcted fi'om t¡'pe 304 stainless-steel sections rvit¡

flanges rvelded and bolted to eacrr end. A 610 mm long-sight-grass *as used to

obse^'e 
'isuaÌ11' 

the liquid le'el in the ta'k. A pressure tap was installed on the

air side of each separator and connected to a differential pressure t¡ansducer.. The

readi'g of this transducer during the duar and triple discharge experiments u,as

monitored continuousll' and adjustments v,ere made (if necessarl.) for the outlet

florv rates in order to ensure that the pressure difle¡ence between the trvo separators

was at or near zero.
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3.3.5 Liquid Level Measurement

Trvo pressure t¿ps, as shorvn in Figure 3.10, onc or the air side and the other on the

v'ater side, rve¡e installed on the outlet flange and connected to a diferential pressure

transducer (Rosemount model r 151 Dp) i'order to measure the liquid height in the

test section from which rhe'alue of å was dete¡mined. A 21 vDC po*er suppl1.*,as

connected to the transducer rvhich produced an electrical current that r,aried 1i¡earl¡

s'ith the differential pressure. The current rvas passed through a resistor and the

voltage drop ac¡oss the resistor rvas r¡easured q'ith a digital voltruete¡. Calibration

of thc transducer ( see Appendix A) pro'ided a measurement of 0 to 254 m?n water

height o'er the range of 2 to 10 r'olts as measured b1' a toltmeter rvith a ¡esolutiorr

of 7m.l'' . Therefore. r'er1' small cha'ges in the liquid level could be easill cletected.

3.4 Experimental Procedure

A totâl of 100 data sets flere collected in this inr.estigation, Fourteen data sets

for group no. 1, thirtl-¡1qo data sets for group no. 2, thirty_two data sets for group

no. 3 and t1a'enty-t\1'o data sets for group no. 4. Eacrr set corresponds to a ce¡tain

combination of P,, AP, Ã as well as the configuration of the branch(es). Before

starting the experiments with a new branch configuration, the hydrauric ¡esistances

of the connecting lines were set nearl¡, equal (not necessar¡. for single discharge

experiments in group nos. 1 and 4). This rvas done b¡, performing adjustments
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on one or all lines until thc deviation bets'een the single-phase liquid flow rates

from all branches was 3 % (all sets) or less. The der.iation betri'een the sir-Lgle-phase

gas flow rates from the all branches u'as 6.8 % or less for data set nos. 3-3. .1-21

and 4-22, rvhile for the other 97 data sets, it rvas 4.3 % or less. Aftel adjusting

.R for a given configuration, appropriate values of Po and AP x'ere fixed and an

experimental procedure rvas followed in collecting the data of each group. Follorving

is the procedure followed for dual-discharge experiments (branches one above the

other) in group no. 3 (see Figure 3.1) and group no.4 (could be branches .,1 and

B, ,4 and C or B and C); the nodifications fol the single-discharge experiments in

group nos. 1 and 4, dual discharge experiments (branches side by side) in group no.

2, and the triple discharge experiments in group no. 4 are pointed out at the end of

this section:

1. The conditions at the BGE at the uppcr branch ( interface level and mass

flow rate) rvere established first. The air-u¡ater interface location (height) u'as

set at a high value and was rcduced in small steps, at which the liquid flow

rate lvas measured under steady conditions. As the onset rvas approachecl, the

liquid level was slou'I1' lorvered further until gas was suddenl]¡ entrained at the

branch; this onset was observed visualll. through the transparent part of the

test section, The steady-state flow rate just before the onset and the reading

of the pressure transducer immediatel¡- follos'ing the onset rvere recorcled,



Knon'ing thât the magnitudes of the critical hcight for BGE at rhe upper

branch and the critical height for theBLE at the lower branch are roughl¡,

equal, the 
'ertical 

distance between these two locatio's was di'ided into a

number (in the range of 20 to 30) of equal interr.als. The experiment t.as

thcn conducted at decreasing values of l¿. At each ,â, the liquici level s,as

held co'stant for a sufficient period of time that allowed the flon¡ into each

separator to be split and measured accuratel¡,.

3 Three other onsets were encountered çvith decreasirg /z; these *,'ere the BLE ar

tlre upper branch. and the BGE and the BrÃ at thc lorçer branch. All these

onsets u¡eÌe detected visualll,. As each one ofthese onsets rvas approached, the

liquid le'el was lorvered in fl'e increments so that the corresponding iz ancl ri.t

were accurately determined. \\/ith the water level just slightl¡. al¡or.e that for

tlre condition of the BLE at either branch. a stream of .n,åter q,as seen to bc

pulled up from the interface through the branch. Decreasing the le'ei caused

this stream to become thin'er until it sudde'I1' disappeared at the "onset".

For single-discha.rge experiments in group nos. 1 and 4, the procedure *as

similar, except for the fact that t$'o olìsets \4ere present in this case. In dual-

discharge experiments in group no. 2 (brancries side by side), identicar conditions

n'e¡e measured for both branches at the BG-E and also aL fhe B LE duc to sl.mmetr¡,

(same aP, sa're -R and same distance from the i'terface). Therefore, onl¡,trvo onsets



were rele\'ant to tests in group no. 2, as in group no. 1.

For triple discharge experiments in group no. 4, as pointed out earlier. one

stream (could be A, B or C) rvas di¡ected to a measuring sepüator uhere air and

water were measured downstream, and the remaining t\¡,¡o streams were directed

to the auxiliarl, separator. Each experiment was repeated three times in order to

measure the florv from all three branches, The experimental procedure was similar

to that of dual discharge, except for the fact that measurements \^,€re made onlr..

betrveen the two onsets of a given branch.

3.5 Data Reduction

The recorded data fo¡ each test run included the air and water flo* rates, the

liquid level, the stagnation conditions within the large reser'oir, po and e. as rvcll

as the pressure and temperature in the separâ.tors and other locations withrn the

loop. Strictll' speaking, there was some frnite air'elocity in the large resel'oir:

horvever, the cross-sectional area was so large that this velocity was below 0,6 mls

at the highest discharge rates. All parameters presented in the follorving chaptcr

are based on directly measured quantities, except for Frpl¡. rt o¡de¡ to dete¡mine

FrB¡¿, the inlet conditions at the branch(es) had to be determined. This was done

by a"pplying the following procedure (sim ar to ihat used by Armstrong et at., 1992):



1.

where k is the ratio of specific heats,

Equations (3.a) to (3.2) rvere soh.ed iteratir.elr

the values of P, T, pc and 11¿. Equation (2.õ)

Treating the air as an ideal gas, assuming isentropic flo.rv

energy balance betrveen the stagnation conditions and the

get

rt2
^.1. _^,t ,ldLpra-Lpr f 

2

r)

(31)

(3 6)

l\\'rllr Jo and m6.s¡¡ as kno\.n) for

was then used fot the et'aluation of

and applf ing an

branch inlet. *,e

rvhere cp is the constant-pressure specific heât. T is the temperâture at branclr

inlet and V¿ is the mean discharge velocity.

2. From mass conser\,ation. we hate

mc,a tr = la, p"l-0,
+

lvhere the density p6 is gilen b1.

(3 õ)

P is the pressure at the branch inret and -R'is trre ideal gas constant for air.

3. The isentropic expansion from the stagration conditions to the branch inlet is

given b1'

T
T" (3 i)(å)=
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FrB¡p. 'lhe assumption of isentropic expansion rvas calefulll, assessed b1- par.rott

(1993). Ii was found that this assumptio' had a small influence on the 
'alue 

of

Fr6¡¿, mainly because the differences (T - T") and (p - p.) were small.

3.6 Experimental Uncertainty

An estimate ofthe unce¡tainties in the inclependent and dependent variables q,as

made in the fashion described b], \doffat (1988), and Kline and tfcClintock (19ö3).

AÌl uncertainties quoted here are at "odds" of 20 to 1. The uncertainties are ùeant to

accommodatc: the accu.acr. ofthe calib.ating de'ice, the error in fitting an equation

(for cotnputer data reduclion ) to rlle calibrarion dara. ..liscrimìn ar ion un,-crtajuties

in the measuring instrunents and u'steadiness i'the process, pressure gauges lvcre

calibrated using a deadn,eight tester, trrermocoupres using a standard me¡cu.-i,-

glass thermomcter, gas rotar¡eters using rvet test met€rs and venturi 
'eters 

(i'

turn the calibrations of n hich rvere traceable to National Institute of Standards anrl

Technologl') and liquid rotameters using a rveigh- and-time methocr. The pressure

t¡ansmitter used for 
'reasuring 

å was caribrated agai'st a micromanoneter ancr

the digital voltmeter used in the calibration was subsequentry used in the no¡mar

running of the experimentsr for botrr calibration and subsequent experi're'ts trre

sensiti'it1' rvas approximately 35 mv per mm of rvater; ihe discrimination o' thc

digital I'oltrneier rvas *1 m.\'.



The results of the uncertaintl.. analr,sis vary slightlS' arnong the foul groups a:rd

the highest uncertainties for each 
'ariable are gilen here. The uncertaintl, in p"

(absolute pressure) was *0.9 %; the uncertainty in Àp fo¡ data sets rvith Àp - +o

lcPø (the smallest ÂP) rvas +7.9 %, while for rhe other data sets (higher ,\p) it

was *3.9 % or less. The lnaximum uncertaintt, in the florv rates riz6, m¡ and m7p

was f4.0 %, +2 5 % and *4.7 %, respectir.ell'. The u'certainty in terrperature

measurements rvas *0.25"c. The maximum uncertaint¡.in the qualitl'r was !1.1 To.

The maximum uncertaint)' in .R ¡'"'as +4,7 %. The maximum absolute uncertainties

itt h, hs6¡ and hBlB rverc *0.1õ mm, *0,38 mm atò. t0.3g m.m, respectir.elr..

For the dimensionless quantit¡' 11 (deflned later in chapter .1, used in the anall.sis

of the data of group nos. 1 io 3 and har.ing a range of 0 to f). in the range

0.2 < H ( 1, the maximum uncertaint' in 6H lH s'as f g.0 % r the uncertainn. in

6H f H increa"sed rvith decreasing 11, was a maximun of *13.5% at ä = 0.1 and

increased to large'alues as 11 approacrred zero. For trre dimensionress quantiti. ,r1

(dcfrned later in chapter 'r, used in the anarl'sis of thc ciata of group nos. 1 to 3 anrl

having a range of 0 to 1), ójr[ varied between approrimaterv *0.003 and +0.03g.

smaller ralues being associated rvith small 11 and larger r,alues being associated u.ith

large 1[: i. the range of 0.1 < M < 1, trre maximum unce¡tainty in órf/ry' rvas t6

%; the uncertainry in 6trIlM increased u,ith decreasing M and at the smalrest finite

M (-6.95¡ rvas t10%.

38



CHAPTER 4

EXPERIMENTAL RESULTS AND

DISCUSSION

4.L Single Discharge from a Branch on a Flat. Vertical

Wall

4,7,1 Presentation of Data and Tlends

The operating conditions for the fourteen sets of experimental data generated in

this group are listed in Table -1.1, It is obr,ious fro'this table that the independe't

'ariables 
P,. a,P and A rvere r.aried in a syste'ratic fashion u,hereb)-the influence of

each independent pârâmeter u-as considered separately .n'llile the other two r.ariables

*'ere held constant, set nos, 1-1 to 1-3 and set nos. 1-4 to 1-6 explore the effect of

AP at fixed values of P. and R. The influence of .R ar flxed 
'alues 

of p, and Âp

can be examined using set nos. 1-1, 1-11 and 1_12, or set nos. 1_4. 1_13 and 1_14.

Finalll', the influence of P, at flxed 
'alues 

of ap and -R can be examined from sct

nos l-7 to 1-10. A complete taburation of arl experimentar data in this group can

be found in Appendix B.
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Table 4.1: Nominal operatìng conditions for group no. I

(single discharge)

Dara Set

No.

P"

(kPa)

AP

(kPa)

R
,ti2

(ke.m)

l-l
1a

l-3

3t6 123

40

1000

t-4
l-5
r-6

517 235

t66
97

-'7

-8

-9

-10

316
3',78

448

517

t27

11

12

316 123 1660
3000

l3
14

517 235 1600

3000

40



Figures 4.1 and 4.2 shorv t1'pical res'lts for n.L7p a'd r. ::especti'elr.. \\'ithin

each data set (ûxed P., LP, and ,R), rirTp decreases from in1,B6¿ Io m,6,8¡¿ and,

r inc¡eases f¡om 0 to 1as h decreases from à¡6¡ lo hs¡¿. As the in<ìependent

parameters P,, AP and Ã were varied during the experimental progranr, significant

effects were noted on the measured depende't parâmetels. I'creasi'g -R at trre

sanre P, and ÂP gave decreasing irt rn1,B6¿. ¡nc.n¡t, hB6B, alld lå,¡¿¡1. as shown

in Figurc 4 3; similar trends rve¡e obtained on decreasing Àp at the same po and ,R.

Increasing P. at the same ÁP and .R had essentially no effect on hs62 and. m¡.s6¿

rvhile ¡i'¿c,¡¿¿ and lhB¡¿l increased, as shou,n in Figure 4.4.

Normalized plots are sho*'n in Figures ,1.5 to 4.10 using trre folorvi'g definitions

for the normalized liquid le'el and the normalized rnass flow rate, respecti'err.:

,. h - hn¡,
h aca - hat r:'

MTP _ MG,BLE

tt7 L,BGE - mG,BLE
(4.2)

Figures 4 5 to 4 10 show that s¡hen the present data are plotted in ter'rs of :\1

't'ersus ¡Y and z 
'ersus 

ll, the effects of p,, -ap, and -R are rargerl. absorbed rvitrrin

the present tested range of paraneters. Trris obse^,ation is based on experimentar

data corresponding to a finite range of parameters and thus, shourd not be extencred

outside the present range witrrout co.siderabre trrought. For exampre, Figure .1.10

suggests a verl'small but consistent effect of po on x. This efect may become more

(+ t)

and

.11
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visible if the range of Po is considerablr, .çvidcned.

4.1.2 Comparisons with Existing Correlations

comparisons were conducted between the present results and those of pr.er-ious

investigations. Figures 4.11 and 4.r2 relate to the height ofthe interface ar rhe BGE

a'nð, BLE ' respecti'ely (correlations used in these figures are given in chapter 2,

except for that of Armstrong et al. which is given in chapter 5). These critical

Ireights are correlated in terms of FrB66 and. FrB¡¿ gir.en by Equations (2.4) and

(2.5), respectively. significant deviations can be seen among different correlations

for the case orhB6¿ in Figure 4.11, where the present resurts appear to be closest io

those of \4icaelli and \Ie'rponteil (1989) and pa¡rotr et al. (19g1). The correlatio'

by schrock et al. (1986) includes 
'iscositj' 

and Bond numbe¡s (in addition to Frourre

number) which rvere evaluated at the present experinental conditions.

The de'iations betrveen thc p¡esent å.¡¿¿ results (Figure 4.i2) and the correla-

tions are not 1¡ery sig'ificant. The manne¡ b1' rvhich the experiment is conductecr

can influence hB¡¡ . In the present experiment, all ralues of hB¡B were measured

with a slowly decreasing liquid lerel *herebl'the area ofthe rnetal face betr¡¡een the

inte¡face and the branch nâ,s lvet. Additional results rve¡e obtained rvith a slorvl¡.

rising liquid le'el (i.e., dry face of test section) and trrey are shown in Figure 4,12.

Some deviation appeals betu,een the trvo sets of experimental resultsl hos,eveL,

these deviations are small, as ive as the deviations among the diferent
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co¡relations for hB ¡¿.

The present values of r were colrpared q,ith existing correlations and a repre_

sentative samplc of the results is shown in Figures 4.13 to 4.1ã for data set no. 1-,1

(where the mass flow rates are highest), Figures 4.13 and ,1.14 show significant der.i-

ations among the correlations of smogrie and Reimann (1gg6), schrock et al. (1gg6),

and Yono'roto and Tasaka (1988), gi'en by (2.6), (2.11) and (2.16), respectir,ell..

As well, the data are underpredicted by the correrat,ions at high ralues of ¿ a'd

overp¡edicted at lorv ïalues of ¡. These three cor¡elations provide r as a function of

hlh"cr for'fr > 0 and hllhB¡¿) for å < 0.

The best agreement n'as obtained u'ith the correlation of Micaelli arcl Merlpo'-

teil (1989)' gi'en by (2.2a). rn trris correlation, the qualitl'e rvas gi'en as a funcrio.

or hf h[ ot'et the rvhole rzn'ge hB¡¿ I h I hB6ç. Figure 4.1,5 shows good agreemcnt

betrveen data set no. 1-4 and the correlation of \,Iicaelli and \femponteil throughout

the u'hole range of ¿. The t¡ends lustrated i' Figures 4.r3 to 4.1õ for set no. 1-4

were found to be the same for all the other datâ sets.

Aithough the correlation of \{icaelri and \de'-Lponteil (1ggg) has the *idest data

base among all existing correrations, and it resulted in the r¡est .greement s,ith the

present data. this correlation is not in a suitable form for predicting ¡. Tliis is

because of the dependence on åi (given b1' Ðquation (2.26)), which in turn, requires

a knondedge oÍ m7p , a quantitl. not knor,,.n a priori, Rather than requiring dr7¡

for the determination of z, it rvourd be usefilr to pro'ide separâ.te correrations for
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determining n'17 p ànd r independentll,.

4.1.3 Correlation of present Data

correlations rvere de'eloped based on the present experimental data. Trrel. consist

of the follorving relations:

l¿acr:

d

lh p'el
d

:0.5T Fron|r,

:0.87 Fro;9I-

(1 3)

(4 +)

l+.r)

r = o2 ",rfa u(||ff)]_r
il.s (r -r:)r3 f-o.orrr-, -o,.t2al, t t.0iV*J

and

M - H2 ",nf t.s+a, (r o - ",)"" ]
(16)

For gi'e. r'alues ofp¿, pc, d, h, p,, rR a'd Àp (from v,hich corresponding 
'alues 

of

rn¡,sç¿ and mG,BLE ca'. be determined for the particulâ.r systeÌn under considera_

fion), m7p and ¿ can be easill, determined fi.orn the above relations.

Equation (4.3) correlates the present d.ata of h96B within tõ % and its pre_

dictions a¡e very close to those of parrott et ar. (1gg1), as can be seen in Figure

4 l l Equation (4.4) correrates the present dafa of he¡¿ (for decreasing riquid rever)

$'ithin +5 % and its predictions are close to those of existing correrations, as shos,n

¿¿



in Figure 4 12. Equations (a.5) and (,r,6) conr.e'ge to trre appropr.iate rimits ar rr =

0 and 1. They are consistent with the t¡encls shorv' in Figures 4.5_4.10, whereb¡, 2

and .1.1 a¡e functions of 11 with a slight dependence of r on po or (Orlp¡;¡

Figures 4.16 ar'd 4.17 show comparisons between all the data in group no. 1

and the correlating equations for ¡ and 11, respecti'ely. \'er1' good ag'eement can

be seen in these figures. Quantitatir-el1', the experin-Lental ralues of ¿ were predicted

with a root-mean-square er¡or of 8.1 % o'er the range 0,001 < ø < 1. As *,ell. the

experimental 
'alues 

of M were predicted rvitrr a root-mean-squa,re error of 13.2 %

or.er the range 0,001 < M < 1.0 and a root-mean-square error of g.2 % or.er the

ra'ge 0.01 < rl'f < 1 0. It should be e'phasized that trrese correrating equatio.s are

empirical and thus, their accurac]' can onl¡' be ass'red q'ithin the range of conditio's

cor.ered in this int estigation.

4.1.4 Comparison with Critical Two-phase Models

In o¡der to know the t1'pe of florv (subcriticar or supercriticar) through the brancrres.

a comparison was made between the experimental data of m7p and the results of

trvo models available in the literature for predicting trre criticar m7p. These t'vo

models are the "homogeneous frozen moder" and the Henry-Fauske moder. The first

model is that gi'en by \\,'halley (19g7) for homogeneous frozen flow as follorvs:

7T2d4P^A ¡ z lli:Ì)
161,6."r \,(.a t,/ (1.i)
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*here rh¡p,. is the critical t*'o-phase flou, rate, r is the qualirr- (constant *,ithi'the

pipe) and Po and u6,o are the pressure ancl gas specific voiume at the stagnatioÌl

conditions upstream of the choking plane,

The second model is that gir.en b1. Helr1. and Fauske (1g7t) for non_

homogeneous flow, as follorvs:

;.2 (rratl lrt - ¡)rt."(p"- p,) - (*) t¿r"., - p"uc.")lnt P'"= t-¡-/ l ] tr 8

with

ñ -1/*, r'¡,.G,r - ¿6.01;-J
JÔ

(1e)

rvhere a¿.o is the liquid specific 
'olume 

at the stagnation conditions upstrean of the

choki'g plane. P" and r¡" are trie the pressurc and trre gas specific 
'olul¡e at the

choking plane,

The measured values of rn7¡ 1v€re compared q¡ith the predictions of Equations

(1.7) and (1.8) at the present operâting con<ìitions. The pressure and temperaturc

in the la.ge rese^'oir rvere taken as the stagnatio' conditions in Equatio's (.1.7)

and (a.8)' rvirile the pressure i'the separation tank was assumed to be the crroking

pressure. These assumptions rv r gi'e the ro*,est prediction for the t*,o-phase c¡iticar

flo* at the present values of p, and p,. Figures 4.1g and 4.19 shorv the comparison

for data set nos l-1 and 1-4 ( r'ç'here trre mass florv rates â,re highest at t,.¡o diffel.ent

ralues of P") It is clea¡ fro'r trrese figures trrat the present r,arues oî m,p are

smaller than predicted c¡iticar 
'arues 

at the same conditions. An exper.imental

,lo
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check was conducted for the limiti'g case of singre-prrase air floiv bf i'creasiug

aP be1'ond the maximum'alue otherrvise used in the experiments and no chokilg

occurred. These trends, showing subcritical florv, rvere found to be the same for the

remaining data sets in the present group as weil as in the other three groups.

4.2 Dual Discharge from Branches on a Flat Side Wall,

the Centerlines Lying in a Horizontal plane

The operating conditions for the 32 data scts generaterl in this group are listed

in Tal¡le 4.2. For Lld:1.5, set nos. 2-I to 2-J and set nos. 2-6 to 2-g explore

the effect of aP at fixed P, a'd ^R. The influence of -R at flxed p, a'd Åp can be

examined from set nos. 2-1, 2-r ''d 2--o, or set nos. 2-6, 2-g and 2-10, A sirlilar

test matrix rvas followed for Lf d - 2. Hos'e'e¡, nor Lld, - 3 and g, it u-as deciried

not to include the influence of Ã at fixed p, and Âp because suffcient information

on tlris effect had been gained frorn the resurts of Llct:1.5 and 2. \ärues of p,,

.aP and rR used in this in'estigation are practicary identicar to those used i'group

no. 1 (see Table 4.1) ; trrerefore, influences of the discrrarge at the second branch

can be clearlf isolated. A complete taburation of the data in this group is gi'en i'
Appendix C.

õ7



Table 4.2 Nominal operating conditjons for group no. 2
(dual discharge-branch centerlines lying in a horizontal plane)

Set No. Ltd Po
(kPa)

AP
(kPa)

R ,,,(kg.m) -

2-1.",
2-3
2-4
2-5
2-6
11

2-8
t_o
2-10

1.5 316 123
82

^^

r000

123 1670
?ôna

517 235
166
a1

1000

235 r670
3000

2-1t
2-12
2-13
2-14
2-15
2-16
2-17
2-18
2-19
2-20

2.0 316 r23
82
4I)

1000

123 1670
3000

517 235
r66
o1

1000

235 1670
3000

')_)t

1_17

2-24

t- 26

3.0 316 tz3
82
40

1000

517 235
166
q1

.) /ro

1-10

2-30
2-31
l--t1

8.0 316 123

82
Á

1000

517 235
166
97
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4.2.1 Flow Phenomena

The florv phenomena will be described in terms of the mass flow rate of each phase

at each branch (Figure 1.20) and the appearance ofthe interface (Figure 4.21)r thcse

are functions of å (the vertical distance rreasured upward from the centerlines of the

branches to the flat part of the interface, as sho*,n in Figure 4.21(b)). The interface

shape rvill be sketched approximatel¡' to scale for Ll(l: g (simple case) and. Llrl _ 2

(complex case) , botir rvitli large AP and small Ã. The term,,simple casc" means

that the branches act essentialll. independentll. of each othe¡: this situation arises

for sonre combinatio' of large L I d. and f or sma.ll a,p and/or largc .R. The tcrm

"complex case", means that there is interaction betrveen the trvo branches and it

arises u'ith the opposire combinarion of r/d (small), ap (laLge) and rR (s'rall ).

The sketches marked "side eleration" in Figure ,1.21 depict the interface outlinc

a' obse^'er v'ould see f¡om the side of the test section and perpendicular to the

centerlines of the branches ( for the sinple casc, the sketches then shou. the intclface

alolg a'ertical plane through the centerline of one of the two branches; this is not

the situation for the complex case).

The Simple Case:

h 2 hact (see region 1 in Figure 4.20)

Let us begin with an interface

be florving liquid only, m¡, and

ler,'el rvell abo\e the two

the interface will be flat,

branches. Each branch s'ill

as shou'n in Figure 4.21(a").
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As h is lou'ered and approaches .å.¡5¡ , two "dimples" begin to form in the interface

(Figure 4.21(b)). These depressions beco're more pronounced (Figure 4.21(c)) and

cone-like uniil the tips of the two cones suddenll'extend to the branches; this is the

BGE at the branches (Figure a.2t(d)), the corresponding å is hB6¿ and trre florv

rate is ri¿ = nzt,Bca. Identical conditions of entrainment in this region (as well. in

the all other regions) were observed at both bra.ches due to s]'mmetr\' (sarne ap,

same -R and same distance from the interfacc).

h,Bct 2 h 2 hBtn (see regiol 2 in Figure 4,20)

In this range, as ñ. decreases, the liquid 
'rass 

florv rate decreases and the gas llass

flow rate increascs at each branch. The i'terfacc shape is shown through Figures

4.21(e) and (f) untit at (g) liquid is ro ronger entrained ar the tÍ,o brancrres (this is

the BLE at the branches);i.e., rit, ¿ : 0 and h : hBrn s,hile the corresponding gas

flon' rate at each branch is nt6.s¡p.

h < h.are (see region 3 in Figure 4.20)

In this range, the interface shape would be as depicted in Figure a.21(h); when lñ.1

is sufficientl¡' large the interface is flat. The flo.çv rate in this region at each branch

is m6 - rrtc,pt ¿.

The Complex Case:

å I å¡c¿ (see ¡egion 1 in Figure .1.20)

u,1



As ñ is los'ered and approaches hae r, a "dimpre" begins to form in the nidrìre of

the interface bet*'een the two braucrres (Figure 1.21(i)). This depressio' becorlcs

morc pronounced with decreasing h (Figure a.21(j)) and cone-like u.tii the bottor:r

of the cone is sudde.ll' di'ided into two small cones, each extending to a branch as

shown in Figure 4.21(k). This is the BGE at trre branches, the correspo'di'g å is

å¡6¡ (larger than that of simple case) and the florv rate is m¿ = rnLncr (sa¡rc as

for the simple case).

hacn > h 2 hate (see regíon 2 in Figure ,1.20)

As u'ith the sirlple case, in this range as h decreases, rn¿ decreases and m6 i'creases

at each branch, The inter.face shapes are shorvn in Figure 1.21(l) and (m): for,h > 0

gas is feci to both branches frorl a si'gle region abo'e and betwcen the two branchcs:

for /¿ < 0liquid is fed to both b¡anches fro' a single region beÌo'v and betu,een the

ts,o branches. As ñ apploaches hB¡¿,l\rc strcams feeding liquid to both br.anches

become thinner until the flow of liquid into both branches ceases (nr¿ = 0); this is

at hB¡¿ (larger i. magnitude than that of trre simple case) with the interface srror.n

in Figure 1.21(n) and m6 = n'tç.8¡¿ (same as for the simple case).

h t heLE (see region 3 in Figure 4.20)

The interface shapes are depicted in Figure 4.21(o)r when lål is sufficie't11, rarge the

interface is flat. The florv ra.te in this region at each branch is rir6 _ rn6,B7¿ (sante

as fo¡ the sinple case).
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4.2.2 9nsets of Gas and Liquid Entrainment

The criiical heights corresponding to the BG.E and BLE at both branches u,ere

r¡easured in each of the 32 data sets. A seg're't of these results correspondi'g to

Lld : r.5,3 and 8 is shown in Figures 1.22 and 4.23. since the criticar heights

measured at both branches rvere nealh' identical, onll' the results from one of the

two branches a.e shown in Figures 4.22 and 4.23. These results are correÌated i'

terms of their respecti'e Froude numbers as defined in Equations (2.a) and (2.ó).

Two lines corresponding to the rimiting cases Lfd = 0 and cc are arso srros,n

in Figures 4.22 and 4.23. Fo. Lld : æ, trre florv situation reduces to trrat of a

single side branch for ¡vhich the critical heights at the onsets may be correlated br.

Equations (4.3) and (4.4). For the limiting case Lf iL: 0, the florv situario'agai'

reduces to that of a si'gle branch rvith double the anlount of flo*, discharge. Thus,

tlrc lines marked r/d = 0 in Figures r.22 and 4.23 rvere arso obtained from Equations

(a.3) and (4.4). respectively. by doubling the values of Froude number.

It is clear from Figures r.22 awl4.23 trrat the li.es of Lld. - 0 a'd cc fo¡'r a'

en'elope for the present data if q'e aliorv for the expected experimental errors, Tire

magnitudes of the criticar heights for both onsets inc¡ease as r/d decreases. Thc

data for Lld - 8 are \¡er)' close to the hne Lld = oo, suggesting that ât Lld _ g,

the b¡anches are practicalry behar.ing as t¡r,o independent singre branches.

Enrpirical relations rvere de'eroped b¿sed on the present data for r.5 < L I d < g.
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These relations are given b1.

IIBGE

d

and lh s trl
d

where

and

0.57 ( Á F, uc")o 
n

0.87 (B Fr 
"" 

r)o 
t' 

,

(110)

(1.1 1)

A - r.0 + eîpf -o.ors (L¡" {rr".u)-ooof (d

B - r.0 * er¡tf-r.oa ç!y* @,""u)-'rl. (1

Equations (1.10) to (4.13) con'erge to rhe correct rimits at Lld:0 and co. As r-er,

tlrese equations predict the crata rvith root-nean-squaÌe errors of r.g % tn h96¿ and

ó,t I '/(\ rn nBLF.

4.2.3 l\{ass Flou, Rate and eualit}.

In order to explain the trends frol'the curre't resurts. trre presentatio, is made

first in terms of dimensional quantities. \,Ieasured ralues of n.t6, m,¡, m7¡ ancì r
fo¡ data set no. 2-6 are presented in Figures 4.21 to 4.27, respecti'el¡,. This rlata

set corresponds to the highest p, and A,p and the lowest R, a combination that

results in the highest gas and riquid flov'rates. In addition, this set corresponds to

the sr¡allest Lld: t'herenore, the effects due to dual discharge seen in Figures 4.24

Io 4.27 are the most pronounced in this stud1,. Results from group no. I for single

discharge at the same p", Ap and .R (set no. 1_4) are shorvn for comparison.

Figures 4.24 to 4,22 confirm the geometrical and flo.çv s],mmetr], applied at the

trvo branches in the present studl' b,. sho*,ing that arl results of m¿ss flou, rate

r2)
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and qualit)' are nearl] idertical for the two branches. Horve'er, there is significa't

deviation between the present duar-triscrrarge ¡esurts and those of group no. 1 for

a single discharge. For h > 0, Figure 4.24 shorvs that m6 is generalll, higher for

the dual-discha¡ge case at an1' gir.en å.. This inc¡ease in riz6 is accompanierl b¡.a

decreasc in riz¿ , as shorvn in Figure 4.2õ for h > 0. These opposite trends are in fact

consistent and can be exprained b1' obse^'ing trrat al the data (of singre and duar

dischalge) in Figures 1.24 T,o l.2T correspond to the samc ap and thus, an incr.ease

in m6 wouid require a decrease in riz¿ . For å, < 0 , these trends rer.erse, i.e., nr6

decreases and dz¿ increases for the duar-discharge case. The resurts of mTp and. x:

fo¡ data set no 2-6 shor¡'n in Figures 4.26 arÀ 4.2T folo*, eas ).from trre data in

Figures .1.2.1 and 4.2õ.

Tlre trends shown in Figures 4,2,1 to 4.27 1.or data. set no. 2-6 are typical of arl

data sets The magnitude of the dc'r,iation bets'een trre resurts of single a'd duar

discharge rve¡e found to decrease rvith an increasein Lld or -R, or a decrease in Âp.

Fo¡ data set nos 2-27 to 2-32 cor.esponding to Lld - g, insignificant differ.e'ces

betrveen single- and dual-discharge results were obtained for all ralues of p,. Äp

and -R tested in this study,

An attempt rvas made to prot the data in a normalized fashion in orde. to

abso¡b the de'iations seen in the dimensionar prots of Figures 4.24 to 4.27, This

was done using the normarized riquid re'er and the norrnarized mass flor¡, rate defined

in Equarions ({.1 ) and (4.21.
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Figures 4.28 and 4.29 shorv that thc data of qualit¡, and 
'rass 

flr¡rr rato, re-

specti'ely, f¡om set no. 2-6 colapse on the respectir.e si'gre-discharge resurts from

group no. 1at tlie same Po, ÂP and r?. This is yer¡,significant since the results for.

data set no 2-6 de'iated trre rnost from tire si'gre-discharge resurts for trre sar.ne

conditions (as seen in Figures 1.21 To l.2T).

The ability of the normalized parameters of Equations (4,1) and (,1.2) to absorb

the effects of othe¡ indepe'de't pârameters is shorvn in Figures 4.30 ancr {.31.

sixteen data sets corresponcring to p, - 316 kpa *ith aI tested combinations of

ÀP, R and Lf d are shorvn to be rargcrl' coirapsed in these plots, The same behar-ior.

rvas also found for the other half of the data (p, = ;17 kpa), Horveler, one small

effect remains due to the s)'ste,'' pressure p,. Figu,'e .1.32 shows a sligrrt increase in

r with P" at the same Åp, Ã and Lld. On the other hand, the effect of p, on _1,1

was found to be insignificant, as iliustrated in Figure 4,33.

similar tre'ds were reported in section ,r.1 for the case of single- branch clischarge

wherebl' 14 rvas found to be a fu'ction of ri onrl, (for ar p,, ,Âp and Æ tested) and

r was found to be dependent on .Ii and p, (for all Ap and.R tested).

In 
'ies' 

of the sim arity in trends between the present data and those in group

no 1 and the data colrapse shown in Figures 4.2g and 4.2g, it was decided to test

the validitl' of Equations (a 5) and (4.6) for the present data. This compariso'

¡esulted in exce'ent agreement, as srrown in Figures 4.34 and 4.35. Quantitatir.erl,,

the qualitl'x was predicted q,ith a root_mean_square error of g.õ % orrcr the range
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0 001 < n < l The dimensionless two-phase discharge rVI was p'edicted .rvitrr a

root-meân-square erro¡ of 74.2 % over the range 0.0r < M ( 1 and the accura., of

prediction improved significantly if very low values of ,l,f \Ã,ere not considered. For.

exar.nple. the root-mean-square error reduces to T % in the range 0.0õ < M < 1.

Since correlations (4.5) and (4.6) are empirical, thcir accuracl,can onlr,be assulecl

within the range of conditions covered in this invesiigation.

4,3 Dual Discharge from Branches on a Flat Side Wall,

the Centerlines Lying in a Vertical plane

The operating conditions for the 32 data sets gcnerated in this group are risted

in Table 4 4. The test matrix was purposery designed to be identical to tr'Lat of

group no. 2 in order to isolate the effect of orientation of the branches. A complete

tabulation of the data in this group is given in Appendix D.

4.3.7 Flow Phenomena

The flow phenomena are described in terms of the mass florv rate of eacrr

phase and the appearance of the inte¡face, these as a function of å*, where å. is the

distance of the flat part of the interface abo'e some datum rocated arbitrariil. *,eI

below the lower branch; this definition of h,* is srrow'in Figure a.36(a). The te'ns

"simple case" and "complex case" are used and mean those situations nrherc
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Table 4.3: Nominal operating conditions for group no. 3

(dual discharge-branch centerlines lying in a vertical plane)

Set No. Lld Po
(kPa)

AP
(kPa)

R,, .lt)
(t(g.m)

3-1
5-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
3-10

1.5 316 123
82
zl\

1000

t23 lo /u
3000

517 235
166
o'7

1000

235 t670
3000

3-11
? 1',)

3-13
3-14
3- I5
3-16
3-17
3-18
3-19
7_1ñ

2.0 316 123
82
40

t000

123 10/u
3000

51'l 235
766
97

1000

235 ló/0
3000

3-21
3-22
5-23
J-14
3-25
1-)6

3.0 316 123

82
40

1000

5r7 235
166
o'7

3-27
3-28
3-29
3-30
3-31
3-32

8.0 316 123

82
40

t000

5L7 235
166
97
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hbt r,^ > h*u"B,u and hht r..q I hhcr.a, respectir.cl¡,, rvhere subscript á refe's to

the upper branch and subscript B ¡efers to the lorver branch. The interface srrapc

u'ill be sketched approximatell' to scale for Lf d.: g (simple case) and Lld _ Z

(compÌex case) , both witli large Ap and small R

The Simple Case (åi,rr,, > hhc".B)

h. 2 hhce ,.t (see region 1 in Figure +.32(a))

Let us begin with an interface revel s,er.r abo'e trre upper branch. Botrr branches

rvill be flon'ing liquid only, the florv rates of u,hich $.i11 be essentialll, the same, i.e..

¡nt,.q = n'¡r.a as shos'n in Figure 4.37(a), anrì the interface will be flai as sho\\.n in

Figure'1.36(a). As å- is lo*ered and app'oaches h-Bcr.t, a "di'pre" begius to for.'r

in the interface (Figure 1 36(b)). This dinpre deprcssion becomes'ore pronou.ced

(Figure 4.36(c)) and cone-like until the bottom of the cone suddenll. extencls to

the upper branchr this is the BG-E at rhe upper branch BGE.,4 (Figure a.36(d))r

tlre corresponding ,h' is h'uo¿,^ attd. the flos, rates are nt¡,.a = n.t ¡,8 = ¡nr.pot..t.

In Figure '1 36, sketcires narked "side ere'ation" are taken arong a 
'er.ticar 

pra'e

through the centerlines of the t.rvo branches.

h-""u,o > h* 2 hbrr,o ßee region 2 in Figure a}T@))

In this range, the lower branch continues to florv onl¡. liquid at the rate m¡^8 =

nt¡,ncn,¡. At the upper branch m¿,¡ decreases anð. mc.lincreases as ,4.* decrcases.

The interface shape is shorvn through Figure 4.3ô(e) and (f) until at (g) liquid is
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no longer entrained at the uppeÌ branch, i.e. nt¡,^ : g and l¿- : åþr. , l,hilc the

corresponding gas flov' rate at the upper blanch is tn6.B¡¡.1.

àärr., > å. à äå"r,u (see region 3 in Figure + 3T(a))

.A.s å" is reduced belo*' å.þ¿¡,r, the upper branch flou,s only gas at thc ratc of

mc,t : rnt,pre,.o,. The lower b¡ancrr continues to flow onrl' riquid at the râte of

ntt,B = rn¡,ncn,4. \\'ith decreasing ñ-, the inrerface is depicted in Figure .1,36(h)

and (i) In (i) a dimple in the interface iras begun to form, becol¡es more pronounced

a'd cone-like a.d finally the tip of the cone exte'cls to the lou¡er branch. as depictecl

in Figure 1.36(j). This is the BGð ar the lower- branch: the h. is hþ"r.o axl

tlre r'arious florv rates are rn6,a = n1c,pt nA, ùt¡..q - 0, m.c,B = 0 (onset) and

)m̂L.B: m L.BGE.a \: mt,pcr..t).

hhru." > h- 2 hhrr," Gee rcgion 4 in Figure a 3Z(a))

In this range, the inter.face shape rvould be as depicted in Figure +.36(e), (f) and (g),

excepting, of course, at the lower branch. The BLE, B is at hþrr,e at *hich the

various florv rates âre mc,t = rnc,BtE,¡ ,n-tt,¿ :0, mc,a = ñc,Btt,B (= ,nc,a¡t.ì,

rir,¿,¡ = 0 (onset).

\ < hhr"," (see region 5 in Figure 4.87(a))

In this range, the interface shape wourd be as depicted in Figure 4.36(k): rvhcn

is sufficiently small the interface is flat. The florv rates in this region are tn¿; a

h"
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mc,B = rnC,at a,A : ïnG,BLE,B and in¡..a =nzt,B:0

Tlre Cornplex Case (h.Bru," < hhcr.a),

h. > hb., o (see region 1in Figurc 1.37(b))

The description is the same as for the simple case, including references to the sketches

(except for the distance betrveen trre branches anð, hþ.",.n being rarger i' the present

case).

å.þo",_, >,â' à àäcu., (see region 2 in Figure 137(b))

In this range, the los'er blanch continues to flor¡, o'l¡. liquid at the rate m¡,.a :

ntt,pcn.¡ I'hile at the uppel branch dz¿,¡ decreases (from a value of nt¡3ç¿,1) and

r'nc,¡ increascs as h,' decreases. Thc interface shape is srior¡,n in Figure 4.36(r), (m)

and (n) rvith a cone being for'red at trre ror¡'er varues of å- unt at (o) trre tiP of

tlre cone extends to the loq,el branch r¡,hen h- : hbo¿,8.

hbGE.B > h' > h'B¡ E..q (s.. region 3 in Figure 1.J7tb))

In this range, both branches are flou'irg a ts,o-prrase mixtu¡e. As h- is ro*eled,

the liquid flow ¡ate m¡,¡ and gas florr, rate m,6,-1 at the uppe¡ branch continue to

decrease and increase, respecti'el1'. sim arrl', for the rower btanch rn¡.e decreases

while m6,s increases Liquid is fed to the upper branch in trvo streams from the

sides of the branch. A "trough" of gas feeds gas to the ro¡ver branch. Trre interface

shapes are sketched in Figure 4.36(p) and (q). The srreams feeding liquid to the

ò.1



upper brânch become thinner as ,t.. is decreased until the flon' of Ìiquid into the

upper branch ceases (m¿,¡ = 0) ; this rs at þþro,o and the interface is sketched i¡

Figure 4.36(r): at t,his point mc,t = mc,arr,_r, the maximu m i7c,t.

hbt r,.q ) h- > hhLa,a (see region ,1 in Figure 4.32(b))

Here tlre upper branch is flowing gas only at tn6,l = inc,Bt e ,¡ while the lower is

florving a trvo-phase mixture. The inte¡face shapes are shown in Figure 4,36(s) to (v)

as l¿* is decreased. The liquid sucked up the rvall as in (r,) dirninishes to zero as i¿"

is decreased to hþr",": this is shoq,n in Figule 1.36(u,) at rvhich point ñt ,s :0 aÍd.

nt6p : mc,Btt,B(= mc.Bta,¡), the maxinum gas flo1\: rate in the lower bra'ch,

h' t h*ur"," (see region 5 in Figure 4.3i(b))

Here both branches are flowing gas only and

m t.e : 0 and m6.¡ = mc,g = m ntt..t =

essentially as shown in Figure 4.36(k).

tlre various flow rates ate n11..1 -
rnatr,a. The interface shapes are

4,3.2 Onsets of Gas and Liquid Entrainment

The critical heights at the BGE and BLE were measu¡ed for both bra'ches in

each of the 32 data sers. A sample of these results is shown in Figure 4.3g (gas

entrainment) and Figure 4.39 (tiquid entrainrlent). Data fo¡ Lld - t.-o and g are

sho*'n in both figuresr the trend for intermediate 
'arues 

of Lld is monotonic. T.rre
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predicted \¡alues of å¡c¿,, ftonr the empirical co¡relation of parrott et al. (19g1).

gi'e' b' Equation (2.30), are shorvn in Figure ,1.3g and the predicted r.arues of

hs¡B,e ftom the theoretical anall'sis of Armstrong et ar, (19g2), gir.e' later b¡,

Equation (5.2). are shorvn in Figure 4.3g. The results in Figures 4.3g and ,1.39

are presented in terms of Fr96¿ and. FrB¡.¿ deflned by Equations (2.1) and (2,5).

respecti\¡ely.

Figure 4.38 sho$,s that hB6¿,1 and hB6¿.8 arc nearl¡, identical for Lld : g,

which suggests 'r'er¡' Iittle interaction bet*¡een the b¡anches at this separating dis-

tance The interaction betu'een trre blancrres intensifles as .L/d decreases and as a

consequence, å¡6¡,,1 increases rvhile lu¡6¿.¡ decreases. This trend is consistent \l,ith

the obse¡ration tlÌat just before the BGE at the upper branch, botrr brancrres are

full1'submerged in liquid and trre lorver branch ri,ourd thus assist the upper b¡a'crr in

entrai'ing gas fron higher inte.face rocations, *,rr e on the other ha'd, just before

rhe BGE at the lorver brancrr, onrl'trre lorver brarch is fulrl, subrnerged i'liquid

and thus the upper branch competes rvitri (rather.than assists) trre lower brancrr for

gas fforv. The deviation betrveen å¡66,_a and å¡6¡,¡ increases continuousil, up to

the 
'alues 

shou'n in Figure 4,38 for Lld. - 1.5. The correlation of par.ott et ar.

(1991) is in excellent agreement ¡,ith the present data of hs6¿,1for I/d _ 1.5 ¿¡¿

8 (as well as fot Lfd - 2 and 3).

Figure 4.39 also sho*'s trrat the interaction bet',een the b¡ancrres is s'ra[ at z/d

= 8 ruith nearly identical r.alues of å¡¿¿,¿ and he¡¿,'. The de'iation betrveen these
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two critical heights increases continuoush' as r/d decreases. Horvever. thc trencl in

this case is for lÄ¡¿¡,¡ j to dec¡ease and. )h,B¡Bpl to incr.ease as Z/d decreases. This

trend is also consistent q,ith the obse¡r'ation that just befo¡e the BLE at the lor¡,el

branch, both branches are recei'ing pure gas flow an<i the upper branch *.,ould thus

assist the lower branch in entraining liquid from decper interface locations, rvhile or.r

tlre othe¡ hand, iust after the BLE at the upper bra'ch, onll-the upper branch is

receiving pure gas flow and thus the lorvel br.anch conìpetes q'ith the upper br.anch

for liquid flor¡' The theoretical predictions of Armstrong et al. (1g92) are in goocl

agreement with the present data of ïB¡B,B for Lfd = 1.ã and g (as rvell as for

Lld:2 ¿n¿3¡.

Empirical correlations u,ere de'eloped for the critical hcights at all four onsets

based on the present data. Thesc co¡relations, obtained by reast square fltting, arc

given b1' the following relations:

and

hnca,¡.

d

hact.n
d

lh"t t.¡l
d

lhBt n,Bl
d

0.5 7 (á1 F,"cr)o n

0.57 (FTBGE)A",

0.87 (Frut¿)A'

0.87 (,44 F,"rr)ot'

(1.11)

(1.1ö )

(1.16)

(4.1i)

/ L¡1 2

tt
\¿)
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A2

A3

A4

0.1 - 0.22r 
",0 | -0..,," (å) ' ' ,..,",,-o I .

o.3i -0.r3 ",rf-o.ro, (å)', r,",,,-0,]

r.o+erpl-t, (*)'" @,u,,)-',,f .

(41e)

(1.20)

(1 21)and

The above relations converge to the correct limits at the two extremes of z,/r1. For

Lld - æ, we get ,4i - As = 7, A2 :0.4 and á3 -= 0.31, and Equations (4.11) to

(4.17) conr.erge to the single-branch relations given b1, Equarions (+.3) and (a.a),

For Lld: 0, q'e get ..4r - A¿ = 2, and Equations (1.14) and (,1.12) reduce to the

single-branch relations rvith tttice the values of Froucle nunber; i.e., a single branch

u'ith trvice the florv rate.

The predicti'e relations gi'en b¡' Equations (a.1a) to (4.r7) are in excellent

ag'eemcnt with the present datâ. The root-mcan-square r,alues of the der-iation

betn'een the present data and (a.14) to (.r.17) are r.g %, 1.4 %, g g % znd 2.9 %,

respectir-ely.

4.3.3 Mass Flow Rate and euality

In order to explain the trends from the current resurts, the presentation is made fir.st

in te¡ms of dimensional quantities. \Ieasured ralues of m6, mr,, mrp and x fo¡ data

set lo. 3-6 are presented in Figures 4.40 to -1.43, respectivery. Fo¡ the duar discrrarge

case, the å. of the abscissa on trrese figures is å¡ for the upper brancrr and rz¿ for

the lower branch ( hl and hB are defined as the distances from the centerlines of
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Figure 4.41: Liquid mass florv rate for data set no. 3_6
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upper and lower branches, Ìespecti\¡el)'. to the flat part ofthe interface. as sho*,n i'

Figure 4 36(c). This data set corresponrìs to the highest p. and ap and rou'est -R, a

combination that results in the highest gas and tiquid flow rates, In addition. this set

corresponds to the smallest tr/dl therefore, the effects due to dual discharge seen in

Figures 4.40 to 4.'13 are the most pronounced in this study. Resurts from group no.

1 for single discharge at the same p,, Åp and .R are shorvn for comparison. Figure

4.40 shows an increase in air florv rate at the upper branch and a decrease at the

lorve¡ branch relatir.e to the single-branch case. Figure 4.41 shows that rir ¿ follo*s

an opposite trend to ihat of rir6, These opposite t¡ends are in fact consistent ancì

can be explained b¡' obser'ing that ar the daia in Figures 4.,10 and 4..41 correspond

to the same aP and thus, an increase in m6 at one branch wourd require a decrease

in m¡. at the same branch. The results in Figures 4.42 ancl 4.43 follow easih.fro'.r

those in Figures 4.40 and 4.41. It is crear from Figures 4.40 to 4.43 that trre resurts

for dual discharge cannot be predicted fron those of singre discharge and thus thc

need fo¡ the present data is justified.

The trends shorvn in Figures 4.,r0 to 4.43 for data set no. 3-6 are typicar of a

data sets. The magnitude ofthe der.iatio. between the ¡esurts at the upper and los,er.

b¡anches were found to decrease with an increas e in Lf dor .R, or a decrease in ap.

For data set nos. J-2T to J-J2 corresponding to Lld - g, insignificant diferences

between upper, lorver and singie branch resurts ¡.vere obtained for air ralues of p,,

AP and .R tested in this srudr'.
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An attempt was made to plot the data in a normalized fasrrion as in the casc

g'here the trvo branch centerlines lie in a horizontal plane so that the influences of

some independent lariables ma1' be absorbed. This was done using the prer.ious

definitions (4.1) and (4.2) for the no¡malized liquid ler.el and the normalized 
'rass

flos'rate for the results of each branch (".g,, ll, _ (ht-hnt n.¡)l(haca,.^_h,at n..t)).

The discharge quality at tire upper b¡anch for set nos. 3-6 to 3-10 is shorvn in Figure

4 4'1 and the nornalized ts,o-phase florv ¡ate fi.om the lor,er branch for set nos. 3-1

to 3-5 is sho*n in Figure 4,.1õ. These ¡esults shos, that the influences of ,lp ancl _R

can be absorbed (within the tested ra'ge) b' plottirg Í lfersus H and rtl'ersus r/.

Howe'er, the collapsed data in both figures de'iate from the single-branch resuhs.

It nrust be pointed out that for an1' r'arue of Lld. the resurts fo¡ ¡ and -1,1 at

both branches should approacL the single-branch results at suficientll. los. r.alues

of AP and/or high r,alues of R. As poiltcd out earlier in Section -1.3.1, rhc ru.o

b¡anches n'iil beha'e essentiall' as t*¡o independent si'gle branches if thc onset of

liquid entrainment at the upper branch corresponds to a higher interface re'er tha'

that for the BGE at the lou'e¡ branch. Horve'er, for the results in Figures 4.44 ancr

4.1í' (Lld = 1.5), this u,ould require a'er1, l6¡y Ap of approximatell. 0.1 kpa at

P. - í'I7 kPa and, .R - 1000 (kg.m)-t/z. All the results in data set nos. 3_1 to

3-26 correspond to sufficienil¡.high values of Á,p for which the interface level at the

BLE at the upper branch is lorver than the interface le'el at the BGE aï the los.er

branch rhus, these data sets correspon(r to the condition wrrere trrere is 
'rutuar
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Figure 4..1.1: \.alues of r¡ for data set nos. 3-6 to 3-10
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Figure 4-45: Values of ,,'L,13 for daia set nos. 3-1 to 3_5
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interaction between the upper and lorçer branches. The t¡ends in Figures .1.'14 and

4 45 showing the collapse of data for 
'arious 

Âp and r? are tl.pical of all data in set

nos. 3-1 to 3-26.

.An effect that could not be absorbed b], ¡¡"r" normalized plots is thai of I/d.

Figures '1.46 and 4.17 shorv normalized plots of discharge quality' anrl mass flo¡r'

rate, respectively, for data set no. 3-1 corresponding t,o Lld _ 1.5. \¡ery significant

differences can be seen between the results for the upper branch and those for the

loq'er branch. The upper-branch results cor\¡erge to those of a single brancÌL at high

,Y and the lower-branch results con'erge to those of a single branch at los, ã. The

difference betrveen upper and lower brancir results rvas founrl to decrease as L f cl was

increased n'hile mairtaining the same P,, ,\P ald Ã. Figures ,1.,1g and 4.4g shou,

that tlre results for both branches in data set no. 3-30 (L I d - g) collapse on top of

tlre single-branch data, This behavior is t1'pical of all data in set nos. 3-2T to J-J2.

All these data correspond to the condition lvhere the BLE ar the upper bra'ch

occurs at a considerably higher interface ler.el than that for th,e BGE at tire lor\rer

branch and the two branches function as independent single branches.
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4.3.4 Correlation of Present Data

An attempt rvas made to develop empirical relations for the prediction of r and i.1

at boih b¡anches resulting in the follori'ing relations:

tt:o.2 rrrløH, l1::a'r¡'tt r3

r. _- \ ,_E:)l+0.8(1-Ëi) tB2E)HA. tr.22t

I -- /I-C' -ä"rr . ^.r3¡s:0.2 erplt Hn ('i1"" )l + 0.8 (r - H2s) " tC2E1H". {r.23)

À,[B - H'B "rnl;.a+ u," (n - "t")"'],

(+,2+ )

(1.2i)

rvhe¡e,

Bt = tr6T-e6T erpl-mt{*)'1,

Bz = r*oe2 expi_r r" (*)],

& = 668 ",tl-ow(!)'l

ct = rt.6l - r o3 erp 
l-r 

r,, (å)']

c. = r-olterpl-mr{å)"1

c¡ = 1.318 *ó.TB erpl-rrr(:)j

(4.26)

(1.27)

(4.28)

(1.2e)

(1.30)

(1 31)
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ând

tr- (4.32)

At ihe limit Lld - æ, the above relations conl¡erge to B1 = Ct :11.67. Bz: Cz

= 1, B¡ = 0 and C3: 1.318 and consequenrly. Equations (a.22) to (4.2ó) conr.erge

to the single-branch relations for ¡ and l.f reporied earrier in section ,1,1. \\rithin

tlre range r'i' < Lld ( 8, the abo'e empiricar moder is in good agreernent rvith the

present data! as exemplifled in Figures 4.50 and 4.51, euantitatively, the discharge

qualitl'at the upper b¡anch is predicted n,ith a root_mean-square error of 16.7 % or.er

the range 0 001 ( r¡ ( 1, the discrrarge quarit¡'at the ro$'er branch is predictc<l rvith

a root-meâ"n-square error of Ig.I % ovcr the ralge 0.001 ( .r3 ( 1. the non¡alizcd

t*'o-phase discharge at the upper branch is predicted rvith a root-r¡ean-squarc error

of 23 3 % o'er the range 0.01 S rtt.¿ ! 1 and trre normarizecr trvo-phase dischargc at

the lower branch is predicted *'ith a root-mean-square error of 11.3 % o'er trrc range

0.01 < l,1B < 1. Alt errors tverc found to decrease cotsiderabil, when the segment

of data corresponding to the smallest r¿lues of r and lvf was not considereci_

-0.0122+ o.+z (r +
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4.4 Single, Dual and TÞiple Discharge from Branches on a

Semicircular Side Wall

The motiration for this part of the experimentar investigation was discussed

earlier in Chapter 3 and the results presentecl here apply to the specific geomctr).

shorvn in Figure 3.2. The test matrix performed in this pårt (data group no. ,1)

consists of 22 data sets, as given in Table 4.7.

Data set nos. 4-1 to ,l-3 correspond to a single discharge from a side branch.

comparisors betrveen these three sets and trre corresponding data from group'o. 1

can demonstrate the effeci of n,alr cur'ature. For cìual discrrarge, trre effcct of u,air

cur'ature ca' be exprored trrrough comparisons betq,een set nos. 4-10 to 4-12 ard

the corresponding data from group 
'o, 3. Data set nos. 4-T ro r-g for a si'gre

discharge frorl the bottom branch correspond to a pret,iously tested geornetrl- (e.g.,

s'roglie and Rei'rann, 1gg6; sch.ock et ar., 1gg6; \bnomoto and rasaka, 1g91) u,ith

the difference being no superi'rposed main flo¡, in the present stud1.. Horre'er.. a

the p¡esent data of dual and tripre discharge, as rvel as singre discharge fron b¡anch

B, correspond to nerv (and prer.iousll. ultested) branch geometries.

No attempt was made at correrating the data in this section. wider. ra'ges of

geometries a'd operating conditions need to be co'ered before ¡eriabre correratio's

can be developed. Horvever, the present data are very r,aluable as thel,can serlc the

follou'ing purposes: (a) in'estigating trre effect of war cur\,ature, (b) demonstrati'g
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Table 4.4: Nominal operating conditions for group no. 4

Set.
No.

Activated

line(s)
Po

(kPa)
^P(kPa)

R
-lt2

(kg.m)

4-1

4-t

A only 316 123

40
1000

5t7 235

4-4
4-5

4-6

B only 316 123

40

517 235

4-7

4-8

4-9

C only 316 123

40

517 235

4-to

4-r1
4-12,

AandB 3r6 123

4A

51'1 235

4-13

4-14

4-15

AandC 316 123

40

517 235

4-r6

4-t'7

4-18

CandB 3r6 123

40

517 235

4-19

4-20
4-21

A,BandC 316 t23
82
40

517 123
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the effects of additional discharge(s) on the florv from a particular branch, a'd

(c) providi'g a data base for 
'alidation 

of existing thermal- hydraulics codes, A

complete tabulation of all data in this section can be found in Appendix E.

4.4.I Flow Phenomena

In the present section, the flow phenomena q'ill bc described for the triple discharge

case The interface shape will bc sketched approximatell' to scale for data set ro.

4-19 as a function of å- (å. in this case is measurecl uprvald from the botto'r of

the semicircula¡ resr sr.cliorr. as 5llo\\t in Figur. l.õ2(b). The othe¡ rhree dara sers

of triple discharge (set nos. 4-20 to 1-22) har.e si'-Lilar shetches for the interfacc

shape and similar order in lvhich the onsets {'ere encountered as in set no. 4-1g.

The sketches marked "side ele'ation" in Figure 4.ö2 depict thc interface outline

an obser'er s'ould see fror¡ the side of the test section and perpendiculaì. ro the

centerlines of the branches ( except for the flat interface surface fa¡ awal, from the

plane of the centerline torvard or arl,a)' from the observer).

å. 2 åi,rr,o (see region 1 in Figure 4.ó3)

Let us begin with an interface le'el well abo'e b¡anch ,4. The three branches rviil be

flowing liquid only , the flow rates will be essentially the same, i.e. m¡,.a = ntt,B _

trt ¡,¿ as shown in Figure 4.53, and the inte¡face rvill be flat as sholvn in Figure

a.52(a). As ft,. is lorvered and approaches hhez,.a. 
^ 

"dimple', begins to form in the

inte¡face (Figure a.52(b)). This depression becomes more pronounced and cone-rike
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until the tip of the cone suddenll, extends to branch .4l this is the BGE at l¡ranch

á (Figure a.52(c)); the corresponding å. is ltþ"r.n and the florv rates are riz¿ ¡ =
int,B : mt,C = rnt,aCe..q.

åi,ru., > å' ) åb".." (see region 2 iu Figure Lj3)

In this range the two b¡anches B and C continue to flow liquid at the rate nr¿,¿ =

ñt¡,ç : m¡,86¿,¡. At branch A, mt,¡ decreases (frorl a varue munc¿.,t) and riz6.1

increases as å* decre¿ses. The interface shape is shown in Figure 1,52(d). As ii' is

lorve¡ed and approaches hþ"e,u tN,o cones begin to fo¡m above b¡anch B (Figur.e

+ 52(e)) and become more proììounced unt their tips suddenly extend to bra'crr B

(Figure a.52(f)); rhis is the BGE at b¡anch B.

ååcr,, > h. 2 ftb"r," (see region 3 in Figure 4.õ3)

In this range branch C continues to florv onl¡. liquid at the rate rn1,ç : ti.t¡,86¿..1

= mr,nc¿,s rvhile branches A a.nd c are flowing a trvo-phase mixture. As å. is

lowered, the liquid flow rate m¡,¡ and gas florv rzte ln6.¡ at branch á co'ti.ue to

decrease and increase, respectir.ell,. Similarly for branch B, mr,B dec¡eases while

riz6,¡ increases. A "trough" of gas feeds gas to branch B, around which at the war,

the wate¡ flows up at each side to branch,4. As /¿. is roq,'ered further and approacrres

hbe t,., a cone begins to form abo'e b¡¿nch c f¡om the bottom of tire tr.ough. as

shown in Figure 4.52(9). This cone becomes more pronounced as å* decreases until

its tip suddenll, exrends to b¡anch C. This is the BGE atbranch C (Figure 1.52(h)).
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h.i,"r.. > ä- ì åärr,, ( sce region 4 in Figure.l,53)

In this range. the three brancrres are flowing a trvo-phase mixture. A trougìr fecds

gas to bra'ch B while a cone fron the bottom of the trough feeds gas to c. At ihe

s'all a dry spot begins to forn betreen branches A and, B lvith riquid bei'g fed to

the branch ,4 in two streams from the sides : the two streams become thinner as

å- decreases until the flo*'of liquid into b¡anch á ceases (^,r,o = 0). This is the

åþrr,, (Figure a ;2(i)); at this point mc,.¿ = ¡ne ,Bte,¡, the maximu m nt¡; ,1.

hbt".^ > h.2 hþ¡¿,6 ( see region 5 in Figure 4.58)

Here, branch ,{ is florving gas onll' al m.6 = rnc,are.¡ q-hile branches B and C ar.e

florving a trvo-phase mixture . A trough feeds gas to b¡anch B while a cone f¡orn the

bottorn of the trough feeds gas to b¡anch C (Figure +.õ2(g)). As å.. is decreased,

a drl'spot fo¡m between B and c at the walr. Liquid is fed to brancrr B througrr

t\'" o st¡eams (Figure 4.52(k)) and tirese become thinner unt the florv of riquid into

branches B ceases (m",a = 0)l this is the BLE at branch B. \\¡ithin the prescnt

conditions, rhe BLE at brancrr B a'd trre BLE at branch c occurred at trre sane

liquid level (hbrc,c = h*B¡6,e, m,r,c - 0). This occu¡s at å* = 0.

å* < åä¿u,c (see region 6 in Figure 4.õ3)

Here, the three b¡anches are flotving gas only and the various flow rates are m,1.,1 :
nt¡,p = in¡,g = 0 and ino,,c: mc,a - mc,c: ¡nc,Bra,¡ = rno,arc.B = nt.c.srt.c.

108



Ii should be pointed out tha.t the orde¡ in s,hich the onsets in triple discharge

a¡e encountered as the interface is lou,ered depends on the .r.alues of Àp and .R.

At srnall r'alues of ÄP and/or rarge ralues of ,e, branch A could act independentlr.

of tlre othe¡ trvo branches B and, C (r.e., h-u"r," < h.urr.^), or the three l¡ranches

could act independently of each othe¡ (i.e., hþor, 1l¿ht ø,t and hþ"r," < hbrn.ù.

Ho$'e'er, such conditions q¡ere never obser'ed a,t the present r,alues of p", Äp and

D

4.4,2 Single Discharge

The effect of u'all cur'ature on t\{,o-prrase discharge from a si'gre side brancrr is

erplored in Figure 4.54 b¡' co'rpari'g data set no. 4-3 (semicircurar rvarÌ) u.itrr

data set no. 1-,1 (flat wall). Bot,h sets correspond to the highest p, and ,\p, ald

the los'est -R, a combi'ation that gi\¡es tire higrrest gas and liquid florv rates, Tire

de'iation betrveen the trvo sets is fairr¡'smalr, as shou,n i'Figure 4.5,1. cornpariso's

betu¡een set nos. 4-1 and 4-2, and the corresponding data from group no. 1 producerl

even srnalle¡ de'iations due to cu^ature, There is no need to compare set nos. .1-1

to 4-3 agai'st existing correlations fron trre riterature, since comparisons .*,erc nade

in section 4 1'2 against the data of singre side discliarge from a flat wari, a'd the

rvall curvatu¡e is shorvn to have little efect for branch A.

'4 comparison betrveen trre present data of a si'gre discharge from branch c and

existing correlations is sho*n in Figure 4.55 (for the BGE) and Figure ,1.õ6 rfor.
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the discharge qualitl')- These resurts shorv that significant de'iation ca' be fou'd

among the existing correlations. The plesent data of discharge qualitl, agree best

witir the correlation of smoglie and Reimann (19g6). In the present experime'ts. it

Í'as not possible to confirm whether the flow mode at BGE was vortex or vortex

free. Horvever, it is easy to stâ,te that the superimposed 
'erocity 

in the ta.k rvas

fusigniûcant. Figure 4.55 shorvs that the present data of å.¡6¿ are in best agreeme't

with Smoglie ancl R.eirnann (1986) for'ortex-free flo', *ith no superimposed r.elocitl,.

A comparison betrveen the data of a si'gre discrrarge f¡ol¡ branches A, B and c
is shorvn in Figure 4.57. Fo¡ the same 

'alue 
of h (location of trre inte¡face reratir.e to

the branch centerline), the data suggest significart de'iations among trre flos, rates

and qualities mcasured at the tluce b¡ancrres, Trre rarue of hBç¿ increases as \\:o go

around the branches frou A to B to c. As rve , dr6 at the sa're h increases f'orl á

7o B I'o c The opposite is true for the criticar height for riquid e'train'rent and n?¿

. Fo¡ branch C, tbe BLE has no phvsical meaning (hur" = 0) and for branch B,

the onset of liquid entrainmcnt coincided uith "dÌ)-out,' conditions at the bottou of

the semici¡cula¡ cross-section. The terrn ',dr1.oot,' ¡efers to the condition rvhen the

flat part of the rvater su¡face is that the same le'el as the bottom of the se'rici'cular

test section.

The results in Figure 4.57 indicate that it is easiel for the gas to reacrr branches

B and c than it is to reacrr branch .4. This trend has some bearir.Lg on trre forio*,i'g

results rvhere discharge from mo¡e thal one branch is actiyated simultaneouslr..
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4.4.3 Dual and Tïiple Discharge

Figure 4.58 shows a comparison between data ofdual discharge fróm branches á a'cl

B (semicircular wall) and data of dual discharge frorn group no. 3 (flat vertical wall).

The vertical separating distance between branches A anrl, B is 2.Tg d,: the¡efore, the

comparisons are made using data of Lld:2 and 3 from group no, 3; the 
'taiit

objective of this comparison is to explore the effect of wall curvature.

The effect of pipe curr,ature at the upper branch appears to be small. Figur.e

4.58 shows that values on m7p and z at the upper branch in data set no. 4-12 are

bounded by data set no. 3-16 (Lld:2) and data set no. 3-24 (Lld:3) Howeve¡,

at the lower branch, more signiflcant effects of rvall curvature can be seen. Thc

BGE Á set no. 4-12 occurs at higher interface le'els than in set nos. 3-16 and

3-24 Following the onset of gas entrainment, the lorver branch in the semicircula¡

section continues to receive higher quality and lower m7p than the lorver b¡anch in

the flat-wall case all the war. until the BLE.

Tlre criiical height fo' rhe BLE at the lorver b¡anch is significantll, different

between set no. 4-12 and set no. 3-16 (or 3-24). Ho*,ever, it must be poi'ted o't

that the onset of iiquid entrainment for branch B in set no. 4-12 coincided *ith

dry-out conditions at the bottom of the pipe. Therefore, ii is fair to conclude that

the ¡esults at ôr near this limit may be affected by the pipe-to-branch diameter

ratio.
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Figures 4.59 to 4.61 s'ere prepared in order to cast some light on the possibie

influences on the different flow parameters as Í,e go from a single to a dual to

a triple florv discharge. For example, Figure 4.5g compares single dischargc fro'r

branch,4 lvith discharge from,4 rvirile b¡anch B is acti'e, discharge from.4 rrhile

c is acti'e, and discharge from ,4 while B and c are acti'e. It is clcar frorn this

ûgure that flow from B has a strong effect on ihe flow f¡om ,4, rvhile the flo¡v fron.L

c has a small effect on the flow fror¡ ,4. The ¡esults indicate also that. when branch

B is already acti'ated, rvhether or not branch c is acti'e does not har.e significant

effects on the florv from branch ,.4. Acti'ating branch B resurted in more gas and

less liquid at branch ,4. This trend is sirnilar to that in group no. 3.

Another interesting examination of t¡ends is srrorvn in Figure 4.60. In trris figu'e,

a comparison in made between si'gle discharge frol¡ b¡anch B and discharge from

B while á is acti'e, discharge frorn B n'h e c is actir-e and dischargc f¡o'r B

while ,4 and c are acti'e. Trre four data sets produce significantll' differe't r.esurts.

Activating ,4 pulls the gas awa)¡ from B while activating C brings more gas into

B The opposite is t¡ue for the liquid. Again, trrese trends are sim ar to those

obse¡r'ed in group no. 3 for the flat 
'e.ticar 

wa . The creviations seen i. Figure 4.60

among siDgle, dual and triple discharge are a clea¡ demonstration of the need for

the present data,

Finalll'. Figure 4 61 rust¡ates the effects of additional discharges on trre flori.

from branch C. It is clear that the addition of discharges from á, or B, or ,4 and
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B does not change the florv parameters at C by appr.eciable amounts,
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CHAPTER 5

THEORETICAL ANALYSIS OF THE ONSET

OF TIQUID ENTRAINMENT DURING

DISCHARGE FROM TWO BRANCHES ON

AN INCLINED, FLAT SIDE WALL

5.1 fntroductoryRemarks

Two important phenomena rve'e identified in crrapter 4 that ca' lra*e a strorg

influence on the discharging floq, through branchesi these are the BGE and BLE

phenonena. Fo¡ the case of singre discrrarge, a few trreoreticar formurae $,ere report-

ed recently to predict these tu'o phenomena as welr as the discharging flow rate and

quality (see literature revie.n ).

In situations where murtipre discha'ge takes prace simultaneousrl, from se'erar

branches, there is onl'one moder in the literature developed by Ar'rstrong et ar.

(1992), The model predicts the BLE during dual discharge from two small b¡anches

located on a'ertical warr of a rarge rese^'oir. I'trreir si'rplified theo¡eticar anarl.sis.

Armstrong et al. neglected the effects of iscosit]- and su¡face tension. assumed
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poteniial flow throughout the fieid and treated each branclì as a point si'ii. \\'ith

these sirnpliflcations, the following relations rvere obtained:

lr'i-' ¡.ã Ilr'i _ F,á l_"n
Lt'trv*Atf;¡1L,,lL)'+(,/¿r)31 =32 (i1'

and hntrlL:slL+llWlt lF r¡ I (s I L\3 -' Fri I \s I L + r)3 ]' (õ 2)

where lr¡¿¡ is the critical height at the BLE at the rorver branch (treatecr as a

positive quantitl' throughout this chapter'), s is the corresponding distance bets,een

the tip of the deflected interface and the branch centerline (as shou,n in Figure 5.1)

and Fl* is given b¡.'

Jr-t)
Ii-+ _

t1/gPJpLs (5 3)

During dual discharge. for anl r,alues of Fri and Ãrj, the corresponding ha¡rlL

and s f L 
'alues 

can be obtained fi'orn Equatio's (ó.1) and (5.2). Ar the li'ir Fri = Q

and Fri:0, Equations (õ.1) and (õ.2) predict å: s = 0, Eviclenrl¡,-, these are not

tlre appropriate limits since the phl'sics of the problem suggest h¡¿¡ _ s _ dl2 at

Fri - py; - 0. Therefore, the accuracl, of Equarions (õ.1) and (õ.2) is doubtful

at los' r,alues of Fri and Fri. Also, Equations (5.1) and (5.2) predict fr,p¿¡ \\¡hen

the side rvall is a'ertical plane ( i.e., d - 0), For apprications corresponding to

0 < 0 < 90', no anaÌysis has been proposed yet.

The points of co'cern raised abo'e pro'ided the motivation to continuc tlìe

anal¡'sis of BLE phenomenon. The main objectives are to determine the boundar'
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bel'ond which Ðquations (5.1) and (5.2) can pror.ide good accuracy and to dete¡mine

the effect of resen'oir rvall inclination on the BLE at the lower branch. In doing so, a

more complete three dimensional model has been developed followilg ihe Ar.mstrong

et al. (1992) approach while elir¡inatiug the point-sink assumption and adding the

effect of rese¡r'oir wall inclination. The present analt'sis applies to any t$'o il¡rniscible

fluids rvith the terrrr "BIð" refelrilg to the âppearance of the hear.ier fluid in the

predominantll' lighter fluid through the los'er branch.

5.2 Analysis

The configuration under consideration in the present anall.sis is sholvn in Figure

5-1. Stratifled la¡'s.r'.t immiscible fluids rvi¡h densities p and p *,Ap are contaj.ne<ì

in a large rese¡r'oir with two side branches of square cross section (dxd) separated

b¡' a distance L center- to-centcr.. The dominant forces are the inertia and grar.it¡.

forces, rvhile the effects of viscosit]'and surface tension are assumed to be negligible.

The florv in the lighter fluid is assumed to be steadv incompressible potential flo$,,

and equilibrium of the interface is controlled b1' a balance betq,een inertia and

grar.it¡' forces. In the present anal¡.'sis, as in the Armstrong et al.(1gg2) approach,

equilibrium of the interface and the velocity field in the lighter fluid are initiallv

dete¡.rined. Equalit¡' of the velocitl' and its gradient at linking point E, sho*,n in

Figure 5.1 a¡e later irnposed as conditions for the BtrE at the iorver branch.
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5.2.L Equilit¡rium of the Interface

Equilibriurl of tl.Le interface is controlled b1, a balance between inertia and grar.it1.

forces. Therefore, bv applj'ing the Bernoulli equation on a streamline coinciclent

with the interface from both sides of the lighter and hear.ier fluids, lve get

I'2 _\¿

zp (51)

rvhel'e v is the local 
'elocitl' 

along the interface and I is the local deflection measur.ed

from the flat interface. Point E, srroq'n in Figure õ.1, is the linking point betu,ee'

the i'terface and the rese^'oir rvali, This point corresponds to r = /¿ - s, therefore

I-3 l¿
i =;stn - 't (ö õ)

5.2.2 Velocity Field in the Lighter Fluid

In de'eloping the 
'elocity 

field i' the lighter. fluid, the presence of the stationar'

hea'ier fluid is ignored. The flow field in trre medium extends or.er 0 l x ( 
"c,

-cc ( )' ( co and x' 1 Z 1co, as sho*,n in Figure 5.1. Flou, Í,ithin the medium

is caused by discharges rvith uniform 
'erocities. 

r.1¿, from the rowe¡ branch (situated

at X :0, Y : +dl2 and Z = tdl2) and V¿, frorn the upper branch (situatccl at

x - 0' Y - -L * dl2 and. z : +dl2). consequentry there is a th¡ee-dine'sional

problem rvith l,'., Vo and \/, representing the t elocit], components in the X_, y_ and

Z-di¡ection. respectir.ely. Based on the assumptions stated earlier, the florv freld

within the medium can be derir.ed frol¡ the potential florv theo¡y.
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Appl¡'ing the continuit¡' equation. n e get

ôt; ar-,, av_

AX * Ay + U):0. rcúJ

Introducing a scala¡ potential function p, such that

v,=P, v,:P and v-=9o" - õ^ o, dZ ló.;)

we get the s,rll kno$,n Laplace equation

Ô2o ô2o ô2o
_ _']-_ _.1

AX2 AY2 'AZ2 - u r.r.ö)

Equation (5.8) is subject to ihe following list of boundar¡, conditions:

arx=0 þ -- -rr,. -d.r--J -d , -,cÌAX 2 =':, T"zt,
-dd-d,Ì

-1,. -l __<.\-./ r^-:r: -t- -<7<-,/ ¿ Z - -2
_ 0 other values of y and Z 6.9\

-ôoal,L:0 ----- = 0
ðZ (5.10 )

at X ----+ cn or Y -----+ ¡4 67 t ----+ æt ó is finite. (J.11)

Based on the method of separation of'a.iabres, a sorution for Equation (õ.g) satis-

fying boundary condirions (5.10) and (5.11) can be written as

Trnr*
ö = ; Jo J, [,4(a, B)cos (at,) + B(a, B)sin (a],)l r

I r--:--------- \cosll¿) exp (-y'o: -+ J2 X) do dJ. 15,12r
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u,here á(a,,9) and B(a,,1) are arbitran, functions . In order to determine ,4(o, f )

añ B(a, B), we substitute the remaining boundary conditions from Equation (5.g)

into Equation (õ.12) as follorvs:

The derir.ative of p rvith respect to X at X = 0 can be rvritten as

ôò 1 r'o r--dt = ; Jr' lr- ,[o'+ r¡-eto'J)cosro) )

+ B(a, ú) sin (aY)l cos(pZ) da dB. (5.13 )

Adopting the definition

I-- | ^

Jn \f a¿ + .J!1.1(ã, J)cos(a}') + B(a, p) sin (a),)] rlo : f (l/,a, B) (5.14)

and substituting from Equation (5.1a) i'to Equation (5.13) using the Fourier cosinc

transformation, rve get

A^
f rY.o. J1: | -{i"osr tZ¡ dZ.J_- d,\ (5.1õ)

In order to dete¡nine .f (Y,a,13), r,e substitute Equation (5.9) into Equation (5.1ó)

and do the necessar)'integration. Thus

/1)'.o. J) - '!"r", to¡,

= 2v-!' 
,Á,.1d ,

,J -"' '," z'

-0

Norv, A(a, ú) and B(a,,ú) can be determined bt, applying Fourier sine and cosine

transforms to Equation (5.14) as follorvs:

1¡¡
.J(a.3¡1f o2 -r J, - : | /r)'. o. 3tcoslo).) d)

7i J -x
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¿ìrìd B(". t¡y[;+ r : : l:/().,i. -i)sin(n]')r11: (5,1i)

srrìrstituti'g Ecl,ratio, (5.16) i'to Eqrratiou (5.1i) a'cl doi'g thr, re(.ossar.\. iu1.cg.a-

tious. tl cali l'r'itc thc al Litr.¿rrr. frrrtctiorrs,l(rr. l) au<l B(rr. j) as

1J4,iu1 f 1,t,,( T l + 113..,,,1 { ¡ "i,,1 t' 1,,,"r,, z I I

- ll,i- t,l ,,,t l

- 

¡llll .-lst f n¿lrrtrf - \.J (;.1S)

\.r'. sulrstitrrti'¡¡ Eqrrirti.u (i.18) irto Eqrrzrtion (5.12). l'c gct thc follo*irrg filal

fornnrl¿rtiorr of llic potcrrtizrl fìructiou ü itliirr the fluicl

/t /^ r I n't ttt
lu Ju -.),, Jrç7-, .r [I;r "''r''] 

rr'"sr ';Zr>jrtr 
j.rtlr',f r+

,t,l .l,l I t r--- \1,1" to>{ /Zl:irrr-:-Jsirr{ - )r'us(¡,rr +r'rrl .x1'(-t/,,,* Ë .\),¿, i rti.lgt

The c¡rantity that we at'e prinalily interestecl ill is the velocit¡, conìpoleltt V àlotìg

tlre wall ( at -\ - Z : 0 ) This cal be ol¡tailecl by substitutirg Equation (b.1g)

rrìto xquatlon (,5. i ), rus:

I,l'-'=o : I,* l,* F# l*',,"ror-t,lntf;t.inrft
+ vazsin(f;) s,,'1f,;,ioqo1z, + v¡¡l aa aB (5.20)

using tables of integ.al transforms by Bateman (19b4) and performing the necessary

integrations, we can obtain the integrar of Equation (b.20) in the folrorving crosed

form:

r29



r"lx=z-o = u,,-t'^ll lll -nrl-' "r, (! ! 1 rzt .r-'\2 L\d / --' ¡z z z,- (; *,/ 
)t\- \-r -11 I 3 /q\' ,l-,ll_ (';_or,) ,r,\z i.í,_\î_ , /J

l,'.f'?rll l/)' r - -r -' - (t I 3 t2\' 2L ,r-.\n -2,'=- l(;-7-o;i ,t' (i ;;'-li*i-') )
/\ t "_1'' ^(t 1 3 t2\ 2L r-2\l- l.7-d-o-,) ,n(;;.; -(?-ï-r) )l i2r,

where 2F1(a, ó, c: ¿,) is the complex hypergeoruetric function of'ariable u with the

parameters a, b. and c. The function is the solution of the hypergeometric equation

(Press et al,, 1992). given b¡'

d'l"f'\ 
-^t., r.\ 1- ,ô \z|r)u ( I - u ) 

"t' 
: o b (zFt ) -[.- \.o-rb +t)ut - riol .

ott' ôu,

Equation (5.22) has three si'gula'points at r¿, = 0, 1, and cc rvhich cor.responcl

to l' : co, imaginarl- value, and +(cll2) or (-L f (f 12) (the edges of thc ru.o

branches), r'especti'ely rvhich fortunatel¡', do not pose an¡. pr.oblem i'the subseque't

anal¡'sis.

using the 
'elocit¡' profile gi'en b}' Equation (5.21), rve can deternine thc riiretic

energ¡, Itlf2 at linkingpoint.Ð, located ar X _ Z:0andl, =.g * s/cosl.

Therefore.

Vul*=t=o =
r;rt,(+) i/.9 ^ _\-r---;1 i{;+uol zFtL\u /

ls ^-\-r -lt 13
[, -, "/ zrt \¡. ;. ;:' \_
v¿zl'(I)ltS r r-r---; ì- i{; t - + i1.5 Iz'' Lta d / .,

tS 1 r-l /t l
(; *; - o;l ,F, (; ;

(+ ;,i - (ï-'')-')
- (i -') ')]

',(å i;-(ï-ï*,) ')

3 /25 2L \ -2\l
i, - (, * ¿ -t) )l 1ö.23r
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5.3 The Critical Height at tlne BLE

\Ve norv har.e trvo expressions for V¿2f2, obtai'able fro'r Equations (õ.5) and

(õ.23), applicable at point E rvhich links the interface with the wall of the rese¡r,oir.

Figure 5.2 shows a graphical representation of these trvo expressions fo¡ flxed r.arues

of V¿, ,V¿, , s ,L, d ,0, p and,\p. Under these conditions Equation (5.23) pror.ides

a specific relation betu'een vll2 and s represented b1,thc cur'e i'Figur.e 5.2, s,rrire

Equatio' (5 5) produces a series of para er straigrrt ii'es depending on trre r,alues

of ,ä. For large 
'alues 

of å, the st.aight line and the curve do not intersect, *,hile

two points of intersection are possible with small values of å. Tirere is one value of

å that produces a single intersection r¡'itrr the straight rine gi'en by Equation (õ.5)

fo.ling a tangent to the cu¡r'e gi'en b1' Equation (õ.23). The rrl.potrresis i' riris

analysis (si¡rilar to Armstrong et al., 1gg2l Soliman and Sims, 1gg2) is that tìris

'alue of ñ corresponding to the criticar rreight for the BLE can be determined b¡.

equati:rg vll2 gn,er by Equations (5.5) and (õ.23) and their flrst deri1,atil,e \l:ith

respect to s. Therefore, rhe BLE is cha¡acterized b' the folo*i'g tu.o equatious:

l¿
I o (herr-s):

å{g+[(f -o') '

-(;-or) ' ,.,(+ i
.+K:'++oõ) '

*t) ')

2L r -r\+7 +r) 
)

^lt 1 3 /2s
z¡r tõ, ã, ;; - (;\u
3 t25 r-2\l
-._t_ tl tt

I r tl llz \u / /)
-/t 1 3 t2so' tt, õ' ;: - t;2 \- \ u
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S

Figure 5.2: Behavior of $ r.ersus s
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13 /25 2L_ _ _l-r2'2' \a a\¿ a

. -l /.

- o sl "r. ( !
l .,|,,, \¿ -')-')])' 621)

cos(o) -;{æf l#t* +2F2s;2 
afr *ffr,n(s's,)-'

z1^s,.s,¡-' (*# * r,#) -'#tt'+2Frstz #lr^
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\ 2n'? / [\.93

l\ Fz\ (Ft^-z
\s, - s./ \7'''

/f2/L\\2f ,rt(#) L#t= +2F4s;2 # - o (i. #)F3.e s3s,r-2

2(.e3s,)-I (r^#-' "#) -'# t ' 
.t2F3st2 #lrt) , rr 'rr

^9 
: s/ cos 9,

ç
òr : .-: +U.o.

d

ç.9r-l-0.¡.
d

-sL5i=;+ã+0.5'

1ttlJr)

and

-Ap
sp

Fo\ ( Fz -_" ^_, ôFt i c_, _ .q_ r ôFr \ '- 5;J (;s;'- si as - 75' 
- + ¡' ¿s./ *

^_,õFn Ft ^_, ^_,an\l _. ,.- so ' as - it¡' + st' ô; ))w,1;,



qr
s^=i*ã_or,

#:å)(ï*')-'
ÔF,, t2¡t2S '-1
ã5 = (;) l; -,)

ÔFt t 2\ tZS 2L \-3as:lc/(7-7*tJ
and

ôFn t2\/25 2L .\-, _ lJJ-c /25 2L r-2\
zu =(r/(;*;_r/,n[;.¡ ;,_(ï_;_r) )

Introducing Froude numbe¡ gi'en b¡'Equation (2.õ) and knowing that for a square

branch ri¿ - pd2\/¿, we ge|

F1:2F1(å 
å;-(ï.')-')

F::2F1 (; å;-(ï-') 
')

(t t t r25 2L ,r-r\¡3=3¡r (zzz,-(;*u-1) )

(t t t /2s 2L ,r-'\h,-^h,l- - - - l-rf4=2rt \ttt-17*,t-r) )

,'' (l | ;,- (i - ,)-')\u

,', (Ï,i,i - e-,)-')

,o (; ;;-(ï*T-,)-')

s d Lplp
(í,.26)



Using Equation (5.26), u,e can s,rite Equations (5.21) and (5,25) as:

þi - ;=å{r#È l(*-o') 
' ,,,(;; i -ff.,) )/'s '-' ,F, ll, i q - lä -,)-'ll- (;-ot/ --'\2'2 2 \d ') ))

, Frzllr*l f/s I ^-¡-'^lt t J t2s 2L ,,-:\- g,:l\7*7"',,1 ,,, lt.tr,-{.;*ã*'l )
tS r \-, - (t I 3 ¡25 2L .l-r\ll- (r*,t-05) 'r' l; ; ; -(;nî-') ))| {i2;l

ancl

32 cos(0\ = lC, Frl + C2 Fr1 Fr2 + Cs Fril,

where C1, C2, and, C3 are gir.el b¡' the follov,ing equations:

( I : \l=i l-z¡trt" -2Fzsl'1, æj +;F,F,rs,sz)-2

- 2(.ç,.ç2)' [. (,'#) -" (r #)] -zrls¡3-2FS¡2 (r #)]
c" = , ¡r'z'],s\' [(ñ -ñ1- \2r2)l\53 SoJ

. (+ - 3) f¿r;'- r,-.\òì òt/ I

and

c¡ : fl{')' {-rr?r,,-2Fns-,1r9!\ *n(2-r\..,. .,-l" \zr, ll'-n --:-4 \"As/ ''\7"7/r3rr(s.r5r)-'

- 2 s¡s¡,' [r (,#).r, (,#)] -2F: sir+2r3.sr2(, #)]
Equations (5.27) and (5.28) provide the necessarl. relations for determining hB¡.p frl
and sfd corresponding to an,. gi'e' ,".alues of Fr', Frz, Lldand d. Fo¡ gi'en ralues

(5.28 )

lr,tr'- tr' (, #)- F,s,,. rr (, *)]
(r#) - e.er,* r;'(, #)])



of Fr1, Fr2. Lld anr) d. an iteration procedure is necessary fol determining s/r1

from Equation (õ.28). *'hich is then substituted in Equation (5.27) for er.aluarinq

hnteld.

During the iteration procedure, the h1'pergeometric function 2\(a, b, c; u:)

at ltrl < 7f2 can be calculated from the follo$'ing hl,pergeometric series *hich in

general converges rapidlf in t.his range (the series con\¡erge onll-rvithin lu,] < t )

nh tt'- _ o(o + Ilbtb + It uz _zrt(o. b. c: u):t*; ,f c(c*l) 2!

a(o +Il" to t J - I)btbLI)..'tb + J - I, r.¡,
c(c + 1).. .(c + "¡ - 1) Jl '

(õ 2s)

Otherrvise 0u) > Il2). the hypergeometric function was eraluated b¡. integrating

Equation (õ.22) i'the complex plane. A detailed discussion with computer subrou-

tines fo¡ the integration procedure can be found in the Numerical Recipes by press

et al. (1992).

5.4 Results and Discussion

The objecti'es of this section a¡e to compare the results of the prese't urodel at

d - 0 *ith those of Armstrong et al. (igg2) in order to determine quantiti.'ert. trre

r'alues of Fr1 , Fr2, and Lf d beyond which Equations (5.1) and (S.Z) are applicable.

and to stud¡' the effect of 0 on hB¡¿.
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Figure ó.3 shows the 
'elocit)' 

profile along the ¡esc.r'oir s.all bencath the lo*e'

branch for Lld - 2. 0 - 0, Frt: õ and diffe¡ent r.alues of Fr2. The profiles gir.e¡

by the present model approach infinity at the edge of the branch and the¡, converge

to the point sink profile awal'from the branch. Frorl Figure ó.3, it is ciear that the

two models give practically identical results beyond yld > 2.5. other cases shor¡,,

tlre sane trend. Figure 5.4 shows the prediction of hBl¿ f d at Lld :2, d = 0 ard

different vaiues of Fr1 and Fr2.

The present predictiol of he¡¿ fd approaches the appropriate limit of 0.5 as ¡rl

and Fr2 approach zero and the respecti'e prediction from Armstrong et ar, (19g2)

is approached at high Fr1 and/or Fr2. \\r-hen F¡u = 0. the deviation l¡etlr,eel the

present predictìons of hB¡Bfd and those of ArmstÌong ct al. is 70I% at Fr1 - .1,

26.5% at Frr : 0.5, 73.ó% at Fr1 - 1.0. and, t.ó% a.r Fr1 = 30.0. This der.iation

between the two models aT, F12 :0 decreases rvith increasing Ir2 at the same Z/d

and Fr1, as shorvn in Figure ,5.4. on the otrrer hand, as shorvn i' Figures 5.5 and ö.6

, the der.iaiion between the trvo models in terms of (hB¡6 - hBÆ,o)lhsrn,o, $,irêre

hs7¡,6 is the value obtained from Equation (õ,1), rvas founcr to decrease as r/d

was decreased rr'hile maintaining the same Fr1, and Fr2. Experiuentalll,. 61.s, 1lr.

rangeof0<Lld(co,0(Fr2(100,0.01 ( Fr¡ ( 100, and d _ 0, the deYiation

bets'een the trvo models is probabrl' large enough to be detected only within the

range of Fr1 ( 30, especialll. at large values of Lf d. andfor small values of Frr.

The beha'io¡ of sfhB¡¿ for trre cases presented in Figure b.4 is rust'ated i'
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Figure õ.3: \'elocit¡' distribuiion along the reservoir wall

at -Fr'1 : ó0 and Lld -2.0
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Figure 5.4: \'a¡iation of ïBLEfd at Lld _ 2 0
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Figure õ.7. The present predictions of sf hB¡p approach thc approptiate limit of

slh : 19 as .Fr1 and Fr.2 approach zero. At large values of Fr1 and Fr2, the

present model converges to ihe model gi'en by Armstrong et ar. (1g92) . Simiiar

trencls rve¡e obser'ed in other cases. It should be pointed out, that the shape of

branch cross-sectio' rvas found to produce insignificant effects on th€ results. This

can be obser'ed in Figure 5.8 sdrere the present results of single disclLarge from a

square branch are.cornpa.ed r¡'ith those ¡esults from a circular bra'ch der-eloped

by soliman and sirns (1gg2). The trvo 
'rodels 

gir,e nearlf identical results or.er the

u'hole range of Frl .

Figures 5.9 and 5.10 shov-the predidio' ol hs¡çf d v,ith d at Lld : 2.g ur¿

different 
'alues 

of rrl ancl Fr2. \\'ith increasing 0 , h B ¡,p f rr ð.ecreases and app'oacrres

the plrr.sical appropriate limit, of hBt.F ld: 0 at d : g0".

5.5 Comparison with Experimental Data

ln order to support the present theo¡etical model at low Fr1 and Fr2 r,alues.

the experiment of dual discharge in crrapter 3 was extended for test-section pressure

ranging f¡om 20õ to 516 frpa. A ra'ge of discharge flow rates corr.espo'cri'g to

0.0ó < Fr1 ( 60 at frxed values of Fr2 = I at Lld = 1.b and Fr.2 = 5.g u1

Lld : 3'g were covered (see Table 5.1). As rver, experimental data a'aiÌabre in

the literature which v'ere de'eroped at relati'er]. high r,arues of F¡oude nu'rbers

1.10
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Table 5.1: Experimental data for BLE at the lower branch

Ud = 1.5 ând Fr2 = 1.0

P"

lkPal

204

To

I oc 
]

22.9
23.2

23.5
23.9
24.2
24.3
24.5
24.8
24.8
25.4
25.4
25.4

F",

0.07
0.t7
0.31
0.50
t.20

4.58
7.2t

t3.45
,,7 ,o
25.79
30.58
4L.71

h BLE /rl

5L7

Ud = g.O and F1 = 9.5

0.63
0.64
0.69
0.74
0.82
LO2
1.10
1.34
7.75
2.24
2.2t
2.38
2.66

%

IkPa]

204

To

t oc 
l

2t.7
2t.9
27.9
90,
22.2

22.5
22.6
22.7
22.7
22.7
22.7
22.8
22.8
22.8

F",

0.04
0.07
0.t4
0.37
0.63
1.59
2.76
5.58
8.38

13.40
19.81
25.72
27.79
30.49
4t.52

hBLE /d

517

0.62
0.61
0.64
0.7L
o.77
0.82
0.92
t.23
1.36
r.72
r.97
2.t9
2.22

2.63



lvere used in tire comparison. Figures 5.11 to õ.14 shorv the conparisott betu'een tlLe

present anall'sis al 0 = 0 and tÌre experimental data. The trend in the experinental

data follorvs the present theoretical predictions rvhile a significant deviation be veen

the experimental data and the model of Armstrong et al. (1992) can be detected

at lorv Fr1 and Fr2, as shorvn in Figures 5,i3 and õ.14. For d > 0, as fal as rve

¡¡61¡,, the onlv exper'r¡ental data available to conpare with are those present data

in set nos. 4-4 to 4-6 for single discharge (blanch B) and set nos. 4-10 to 4-12

for dual discharge (branches A and B). Lrnfortunatel)', ¡he BLE in the these data

sets coincided $'ith the dr]-ou, .ondt,tons ât the bottom of the pipe as shorvn in

Figures ö.1õ and ó.16. Further experinents are recommended to ralidate the model

aTá>0.

1,1,t
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Figure 5.12: Comparison between the present predictions and

the experimental data at Lld - 1.5 and Frt = 8.23
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Figure 5.13: Comparison betq'een the present predictions

and the experimental data" at Lld _ 3 in Table 5.1
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Figure 5.14: Compalison between the present predictions

and the experinental data at Lf d, _ 1_5 in Table 5.1
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CHAPTER 6

CONCLUSIONS

Experimental data arc reported on the onscts of gas and riquid entrainment.

mass florv rate and qualit)' during discharge from a large stratified region thr.o,gÌr

small sicie branches (d = 6.3¡ mm). Four groups of data tvere generated; each group

corresponds to a particular bra'ch configuration. Group no.1 contains the cìata of

a single side l¡ranch. group no. 2 cor'esponds to t11¡o side branches separated b¡. a

distance ¿ center-to-center with trre centerrines in the same horizontar prane. g'oup

no. 3 corresponds to tï'o side branches separated b1' a distance ¿ center-to-center

with cente'iines in the sanre r.ertical plane with the cente¡lines perpendicular to the

wall .A'11 branches in group nos. 1-3 were mouuted on a flat 
'e¡tical 

rva[ Grou;: no.

4 corresponds to three side brancrres installed on a senicircula¡ rvall. Dimensio'rs of

the wall-branches assembly ir group 
'o, 4 r'ere serected to be in direct proportio'

to the cAl'lDU header-feede¡ syste'r, The test matrix in this group rvas designed

to include datâ of single discharge, dual discrrarge and tripre discharge. Trre c¿ses of

dual and triple discharge in group nos. 2-4 were in'estigated under trre conditio's

of equal hydraulic resistance .R for the branches and equal p¡essure drop Äp across

the branches.
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one hundred data sets were collected in group nos, 1-,r covering the r.a'ges

of 316 < P. < 517 kPa, 40 < 
^p 

< 235 kpa, 1000 < ,R I 3000 (frq.m)-rl2,

and different branch configurations. The independent variables were variecl in a

s¡'stematic fashion in order to facilitate the study of the influence of each va¡iable

separatel]', The follos'ing conclusions were drarvn from group nos. 1_3:

r Tlre results of rnTp and r for dual discharge (group nos. 2 and 3) can de'iate

significantly from the corresponding values for single discharge. This der.iation

inc¡eases with an increase in Âp and/or a decrease it R or Lf d,.

¡ Influences of ÄP and ,Q are sho*'n to be largeli' absorbed (rvitrrin trre pr.esent

test range) tvhen norr¡alized parameters are used in presenting the data. Hot,_

eter, Lf d in group no.3 rcmains às a parameter in these normalized plots.

within the present test rarge, der.iations bet*,een duar discharge and singre

disclrarge are nored fot Lld = 1.5, 2 ancl 3, rvh c for Lld. - g, the resurts for

dual discharge collapse on those of single discharge.

¡ Ðmpirical relations were developed for the prediction of the onsets of gas and

liquid entrain'rent, the two-phase mâss flow rate and quarity using nor.rnarized

parameters. comparisons between these rerations and the experi're'tal data

base ¡esulted in very good agreement. Horver,er, these correlating equations

are empirical and ihus, their accurac¡, can only be assured rvithin the range

of conditions covered in ihis investigation.
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The experimental investigation of group no.4 relealed some irnportânt results. Fl.orn

these results the follorving conclusions are drar n:

r A comparison between the data of a single discharge and dual <ìischarge (group

no.3 ) from a flat rvall and the corresponding data from a ser¡icircular s.all

sho*'ed tirat the pipe curl.ature has an insignificant effect on the l.alues of

rizT¡ and r for single discharge; fo¡ dual discharge, it has a small effect on the

results at the upper branch and a significant effect on the results at thc lo¡,er

branch. It should be pointed out that the BLE at the lorver branch of thc

semicircular rvall coincided s'ith dr]-out conditions at the bottonr of the pipe.

The¡efore, it is fair to conclude that the results at or near this limit (Brð)

ma¡.be affccted b1' pipe-to-branch dialleter latio,

The floçv out of branch .4 (see Figure 3.2) rvas found to be dependent on the

flow out at B and/or C. The florv from B has â strong effect on the flov,fi.or¡

,4. lvhile the flow fro'r c has a s'rall effect on the florr from ;{. The prcsent

resuits indicate also, that, rvhen b¡anch B is alread¡'activated, ad<ling branclr

C does not have signifrcant effects on the flow from á.

Additional discharge from ,4 and/or c to the floq, from B produce significa'th.

different results. Additional discharge from A pulls the gas awal'frorn B, u.hile

additional discharge from c brings more gas into B. The opposite is true for

the liquid (similal trends to rhose obsen'ed in group no.3).
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¡ The florv out of branch c rvas found to bc essentialf independent of wrrether or

not there rvas flo*' out of brancrres .4 and B s,ithin the tested range. Trrerefore,

it is unlikcli' that the two missing branches from the ci¡cula¡ section rvould

affect the ¡esults of branch c in a circular section. As wer, tire two nissi'g

b¡anches rvould ha'e been too far from branches A and B to cause significant

effects there. As a result, the <lata from the prcsent test section in group

no.4 should be representati'e of those for a fulr-header geometr]. in GANDU

teaclors.

No atte'rpt *as made at correlating the data i' group no.4 . \r¡ider ranges of ge-

ometries and operating conditions need to be colered before reliable correlations ca'

be developed. Howeve¡, the prcsent data ale ver1, raluable âs tlìeJ. coulcl serve the

follorving purposes: (a) in'estigating the effect of rvar cur'ature, (b) demo'strating

the effects of additionar discharge(s) on trre florv frorn a particurar bra'ch, a'd (c)

providing a data base fo¡ ralidation of existing thermal_hydraulics codes.

The phenomenon of the onset of riquid entrai'ment was in'estigated theoreti-

calll'for the condition of simurtaneous discrrarge from a stratified two-prrase regior

through flnite size branches mounted or an incrined flat wa[. A previous anarl,sis b¡.

'armstrong et al (1g92), in u'hicrr the branches s'e¡e simurated by point sinks on a

'ertical 
rvall, h¿s been extended to account for the finite size of the branches and the

wall inclination. According to the present alait,sis, the c¡itical heíght correspo¡d_

ing to the onset of liquid ent¡ainment at the rower branch is found to be denendent
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upon the two discharge rates, tlÌe distance separatrng the centerline of the branches

and reseryoi¡ rvall inclination. ){umerical results for I'ertical walls shorv that the

present model approaches the correct limit for the onset of liquid entÌainmert at

Iow values of Froude number at tìte upper and lo*.er branches and it converges to

the predictions of Armstrong et â1. at high Froude numbers. The present analvsis

applies to ant' tlro immiscible fluids s'ith the term " liquid entrainment" rcferrilg

to the appearance of the hear.ier fluid through the lower branch. Some experimental

veriflcation of the present theoretical trend is also provided.
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APPENDIX A

fnstrument Calibration

4.1 Pressure Gauges

Four Bourdon gauges were used in the experiment to gir.e thc pressure

in the test section, the two separation tanks and the air outlet header (see Fig.re

3 3). Each pressure gâuge rvas carib.ated trr.oughout the entire ra.ge (5- 100 psig)

using a dead-rveight tester. Pressures rvere imposed b' adding weights in i'c'enents
equi'alent to ó or 10 psig and the gauge.eadings rvere ¡ecorded along lriitrr the actuai

pressures. After reaching the maxinum pressurel the weights we¡e ¡emo'ed in the

sane increments and the gauge readings q,ere also recorded. The at,eragc of the

gauge readings rvas then correrated lvith the actuar pressure. Figures A.1 and A.2

sholv the calibration results of two gauges. The otrrer tï¡o gauges procluced si'rilar
results.

4.2 PressureTþansducers

Two pressure transducers, Rosenount model 1151 Dp, rvere used in
the experiment to measure the riquid le'el in trre test section and the pressure

difference between the two separators, Each pressure t¡ansducer was caribrated

against a nic¡omanometer, as sho'n in Figure A.3. The digitar 
'olt'reter used in

I17
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the calibration was subsequentll. used in the norrnal running of the experimcnts: for.

both calibration and experiments the sensitir.itl, was approximatell, 35 ¡i11 per m'r
of rvater¡ the discrimination on the digital voltneter rvas *1 ¡;li. calibration results

of tlÌe test-section transducer are shorvn in Figure ,A,.4. Trie other transducer rrad

sinilar results.

4.3 Water Flowmeters

All water florvmeters we¡e caribrated using a ueigh-and-time mctrrocl.

Each florvmeter was calibrated betrveen l0 and 100 percent of full scale inclusir.e.

in ascelding and descending inc¡euents of 10 percent. At each scale reading. an

âmount of water rvas colìected or.er a period of tine (g to 15 minutes) q-h c trrc

float remained steady throughout the period, The a'erage actuar flos, Ìates ï:ere

thcn correlated rvith the flou'meter scale readings. Figures A.5 and A.6 shos, tìre

calibration results of two florv'reters. The other flolvrleters gave sim ar results.

L.4 Air Flowmeters

In order to caribrate the air' flowrneters o\¡er trreir entire rangel a conr-

bination of trvo 
'o,et 

test meters ancl t*,o 
'enturi rneters were used. The ts¡o *,et

test meters (maximum capacitl'0.6 and 15 stândard m3 f hr) werc manufactur.ed b'
Elster, and tlìe two 

'enturi mete's (trrroat diameter equar to 0.375 and 0.65 in,)
were manufactured bv Fox \äh.e De'erop'rent corp. rvith caribration traceabÌe to
National Institute of standa¡ds and rechnorogl.. comparison betrveen the preseni

calibration and those pro'ided b1, the ma'ufactu¡er shos'ed ver1, good agr.eement.
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De'iations were a maximuln of about 16 % at the lorvest florv rates, b,t s.e'e usu-

all¡' within *3 %. The.efore. the present calibraiions were used in the reductiol

of all data. Figures 4,7 and 4.8 shoq,the calibration results of tu,o air florvmcters,

The othe¡ florvmeters had similar results.
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APPENDIX B

Experimental Data for Single Discharge



Table 8.1: Experimental data for single discharge

Set No.7-I
Po = 316 kPa
AP: 123 kPa
R = 1028 (kq.m\-t 12

Set
D^

^P=D_

No. 7 - 2

316 kPa
82 hPa
1029 (ks.nr)-r l2

mL

[ks /rnin]

IU.JJ

14.8 6
11 09

12.97

7L75
70.49

L26
8.07
6.46

4.7 5

J,.l o

1.60

0.20
-0.99
-, t:.'7

-¿./o
-4.81
-5.89
-6.91

-8.17
-9.50

-L0.62
- 12.05
- 13.28

-r4.29
-15.41

-L6.7 4

20.2

20.3

20.4

20.r
10 0

19.7

19.5

18.8

18.4

18. 1

18.0

17.8

17 .7

-L / .ll
17.6

77.5

17.5

17.8

18.2

18.3

18.3

18.4

18.5

18.5

18.4

0,00E+00
8.168-03
i.538-02
2.50E.-02
3.998-02
5.24Ð-02
7.L1.F,-02

8.79E-02
1.19E-01
1.52Ð-01
1.788-01
1.88Ð-01
2.43E-01
2.818,01
3.21Ð-01
J, õJtr-ti 1

3.878-01
4.24Ð-07
4.588-01
5.078-01
5.60Ð-01
6.06E-01
6.72F,-07
7 .328-07
8.01E-01
8.78E-01
9.88E-01

2.058+0i
1.82Ð+01
1.56E+01
1.40E+01
1.20E+01
1.058+01
9.218+00
8.278+00
7 .778+00
6.35E+00
5.76Ð+00
5.05Ð+00
4.47F+00
4.15E+00
3.51Ð+00
3.078+00
2.78E+00
2.438+00
2.148+00
1.798+00
1.368+00
1.098+00
7.48E-01
4.318-01
3.058-01
1.288-01

0.008+00

L4.93

13.46

72.30

1r.26
10.07

9.08

7.58

o.Jt)

4.95

2.22

0.82
-0.68
-2.0r

-L ÁO

-5.75

-7.72
-8.38

-9.88
-11.18
-72.54

-r3.42

-75.02
-75.97

19.3

20.1

20.2

20.3

20.2

20.1.

20.0
10 0

19.7

19.5

19.5

i8.9
18,8

78.7

18.5

78.2

18.1

18.0

17.9

I7.9
17.8

17.8

77 .9

18.0

18.0

18.0

0.008+00
8.918-03
1.938-02
2.77Ð-02
4.098-02
5.34E-02
7.798-02
9.008-02
1.158-01
1.46E-01
1.758-01
1.988-01
2.338-01
2.618-01
2.938-01
3.278-01
3.618-01
4,06Ð-01
4.69E-01

5.118-01
5.68Ð-01
6.308-01
6.778-0r
7.45E-07
7.97Ð-07
8.78E-01

1.678+01
1.438+01
1.218+01
1.07E+01
9.138+00
7.91E+00
7.098+00
6.35E+00
5.56E+00
5.098+00
4.70Ð+00
4.198+00
3.638+00
3.22E+00
2.848+00
2.438+00
2.068+00
1.68E+00
1.318+00
9.278-07
6.66E-01
4.13E-01
3.058-01
1.758-01
9.628-02
0.00E+00



Table B.1: Experimental data for single discharge (cont.)

Set
Po:
LP=
t)

No. 1-3
316 kPa
40 kPa
984 (ks.m)-1/2

Set No. I-4
Po : 577 kPa
LP : 235 kPa
R = 1010 (ks.m)-tlz

h

Í*l
T"

lcl
TNG

lks /rninl
in¡

[ks /min]
h

l-l
To

fcl
mc

lks /n'Linl

rnL

lks /minl

12.94

11.51

10.28

9.09

7.90

tr. /1

3.94
¿.tð
t,,1Õ

0.09

-1.07
-2.65
-4.01

-5.38
-6,78

-7.90
-8.71
-9.97

11.09

TJ.JO

15.04

18,5

19.5

20.r
20.4
20.5

20.6

20.7

20.9

20.8

20.5

20.6

20.7
2r.0
27.r

2r.4
2r.7
21.7
2r.6
lt.o
2r.5
2r.7

0.00E+00
9.07E-03
1.538-02
2.64Ð-02
3.568-02
5.048-02
6.818-02
9.258-02
1.138-01
1.37E-01
1.65E-01
1.90E-01
2,13E-01
2.44Ð-07
2.67E'-lr
3.07E-01
3.368-01
J. t t.t1-ti1

4.24F'-0I
4.768-01
5.298-01
5.78Ð-01
6.728-0r

I

11.22E+01
I

| 9.87E+00

I 8.318+00

| 6.e38+00

I 6.15E+00

15,21E+00
4.748+00
4,358+00
3.718+00
3.44E+00
3.018+00
2.698+00
2.288+00
1.858+00
1.55E+00
1,238+00
9.638-01
7.518-01
5.718-01
4.42Ð-07
2.54E'-0I
1.12Ð-01
1.008-04

18.80

17.39

16.09

1"4.72

13.3 8

11.90

10.61

6.29
4.40
2.96

2.02

0.79
-0.89
-2.7r

-6.18
-7 .65
-9.09

10.53

11.93

14.28

15.L2

16.48

17.18

19.82

19.7
tl 0

99 0

24.0
24.7

24.r

ta a

22.7
22.2

27.8

¿t,ó
19.8

19,4
10I

L9.2

19.1

19.0

19.0

18.9
18.9

18.7 i

18.8 I

1e.2 I

1e.3 I

I

I

| 0.00Ð+00

I 1.288-02
12.39E-02

I +.r+n-oz

| 7.36E-02

| 1.01E-01
1.3 0E-01
1.67E-01
2.07Ð-0r
2.408-01
2.93E-01
3.29E-01
3.788-01
4.248-01
4.96E-01
5.788-01
6.598-01
7.29E-01
8.00E-01
8.85Ð-01
9.64E-01 

]

1.068+00 
|

1.16E+00 
|

1.278+00 
|

1.368+00 
I

1.48E+00 
|

1.57E+00 I

r.z6E+00 
|

i

2.88Ð+01
2.62F+0).
2.308+01
2.05Ð+01
1.81Ð+01
1.62E+01
1.438+01
1.228+01
1.108+01
9.488+00
8,388+00
7.918+00
7.338+00
6.748+00
5.768+00
4.98E+00
4.398+00
3.518+00
3.148+00
2.49Ð+00
1.97E+00
1.448+00
1.12E+00
8.378-01
5.718-01
3.27Ð-01.

1.76E-01
0.00E+00



Table B.1: Experimental data for single dischar.ge (cont.)

òe¿ lvo, 1-5
Po : 577 kPa
AP: 166 kPa
R : t006 (ks.m)-1/2

Set No. 1, - 6

Po : 577 kPa

^P 
= 97 kPø

R : 1005 (ks.m)-t lz

15.9 4
11 00

I¿,+ó
77.I7
IO,I2
8.57
7AO

b.4J
5.2r
I ñ')

2.44
1.2L

-0.50

-1.84
-3.41

-5.02
-6.28

-8.00
-9.26

- 10.49
-11.61

-lJ.ht)

-15.96
-16.80
- 18.31

22.8

t, o

22.7

20.7
20.4
20.3

20.2

20.r
20.t
20.0
19.9

19.8

79.7
19.3

19.2

19.0

19.0
19.0

18.9

18.8

18.7
79.2

79.2

19.3
1(ì a

19.2

19.2

0.008+00
1.358-02
1.958-02
4.988-02
7.01Ð-02
9.428-02
1.14Ð-01
1.458-01
1.758-01
2.02Ð-07
2.24Ð-0I
2.61E-01

3.07Ð-01
3.51E-01
4.178-07
4.82Ð-01
5.45E-01
6.068-01
6.64Ð-01
7.55E-01
8.13E-01
8.78E-01
9.498-01
1.058+00
1.118+00
1.17E+00
L.27Ð+00
1.368+00
1.448+00
1.608+00

2.438+01
2.77Ð+0r
1.97E+01
1.73E+01
1.548+01
1.388+01
1.188+01
1.078+01
9.688+00
8.89E+00
8.118+00
7 .52F+00
6.748+00
5.95E+00
5.25E+00
4.90Ð+00
4.19E+00
3.768+00
2.998+00
2.57Ð+00
2.148+00
1.70E+00
1.438+00
1.02Ð+00
8.018-01
5.538-01
4.31E-01
2.84Ð-01
1.39E-01

0.008+00

15.61

14.5 6

1J. l]4
12.48

1-1.32

10.23

9.18
aot
o./u
5.15

J.U/

0.76
-0.7 4

-3.41

- o,4J
-7 .79

-9.r2
-10.28

-72.2I
- 13.58

-L4.57
-15.40
-t7.26

20.8

21.0

27.4

2L.8

2r.9
27.8

21.6

2r.4
21.2

2r.0
20.6

20.3

19.8

19.7

19.3

18.9
1a <

18.4

18.3

18.2

18.1

18.5

18.5

18.4

t/..1
18.4

18.4

0.00Ð+00
1.31E-02
r.678-02
3.44Ð-02
5.44D-02
7.79E.02
9.21Ð-02
1.158-01
1.43Ð-01
1.82Ð-01
2,08Ð-01
2.50Ð-01
2.93Ð-07
3.40E-01
4.098-01
4.54E-01

5.018-01
5.858-01
6.378-01
7.008-01
7.64E-01
8.37E-01
8.918-01
9.788-01
1.048+00
1.168+00
1.32E+00

1.868+01
1.69Ð+01
1.538+01
1.35E+01
1.20E+01
1.05D+01
9.48Ð+00
8.318+00
7.528+00
6.548+00
5.768+00
5.378+00
4.78Ð+00
4.318+00
3.848+00
3.55E+00
2.93Ð+00
2.458+00
2.068+00
1.608+00
1.25E+00
8.91E-01
7.308-01
4. /b1!-U1
2.84E-01
1.63E-01

0.008+00



Table 8.1: Experimental data for single discharge (cont.)

Set
D_¿u -
^P=D_

No. 1. -7
316 kPa
130 kPa
L017 (ks.m)-t/2

Set No.7-B
Po : 378 kPa
LP : t23 kPa
R : 990 (ks.m)-t/z

h

[^-] l'cl
mG

lks /rninl
nt¡

[ks lmin]
h

L*^l
rF

fcl
mG

lks/minl
mL

lks/minl

I 16.46

14.99

1J.ló

72.44

11. 11

L88
8.48

5.61

4.32

2.8 8

1.59

0.22

-r.07
-2.50

-4.92
-6.25
7 70

-9.08

-10.52
-11.85

- 14.19

- 15.13
-15.98 l

-16.e6 I

I 22.6 I 0.008+00
I zz.s I s.orB-or

I zz.r I r.son oz
22.r I 3.228-02
22.r | 4.BoE-02
22.r | 6.28Ð-02
21.5 I 8.38E-02
2r.2 I r.o6E-01
2r.o I 1.378-01
20.7 I 1.61E-0r
20.b I 1.s88-01
20.1 I 2.i68-ol
19.8 | 2.50E-01
19.7 I 2.87E-01
19.5 I 3.328-01
re.s I 3.6bE-01
Ìe.2 | 4.03E-01
19.1 I 4.548-01
19.0 I 5.11E-0r
r8.9 I b.548-01
18.e I 6.068-01
18.9 I 6.62E-01
tg.t I z.ssB-or ]

rg.r I s.oeo-ol I

is.z I s.ozp-or I

zo.z I s.rsp-or I

20.6 I 1,018+00 I

12.13E+01
I 1.868+01

11.58E+01
11.378+01

I r.ren+or
1.018+0r
8.818+00
7.728+00
6.938+00
6.23E+00
5.728+00
5.098+00
4.66E+00
4.1eE+00 I

3.74E+00 I

:.268+00 |

2.868+00 
|

2.348+00 
|

1.93E+00 I

1.5eE+00 I

1.17Ð+oo I

7.e08-01 ll

5.088-0r ll

3.13E-01 ll

1.e58 01 
Il

8.058-02 ll

0.00E+00 ll

il

I 16.5 3

I rs.ze
lr¿.oo
I tz.as

11.58

10.32

9.06

7.87
6.60
5.r7
J,/O
t.,tlJ
1.00

-0.44
-2.40

-3.59
-5.02
-o,ÐJ

-7.96
-9.50

-IU.bb
-72.02

- 14.09
- 15.07

-15.76
-r7 .4r

20,8

20.6

20.9

21-.2

2r.7
21.9

22.2

¿ ¿,õ

22.7
tr9
22.7

¿ z,o

22.0

27.9

27.6

2L.5

2r.2
27.0
20.7
20.5

20.4

20.3

20.0
79.4

I9.3 l

1e.3 i

0.008+00
8.318-03
r.57E'-02
3.26F,-02
4.868-02
6.448-02
8.328-02
1.068-01
1.28E-0i
1.618-01
i.968-01
2.22Ð-07

2.9 8 E- 01
3.678-01
4.06E-01
4.618-01
5.168-01
5.75E-01
6.34E-01
6.858-01
7.648-07
8.428-01
8.86E-01
9.66E-01 i

I

1.028+00 I
I

1.14E+00 I

2.138+01
1.898+01
1.65E+01
1.46E+01
1.268+01
1.108+01
9.68E+00
8.70E+00
7.728+00
6.748+00
6.358+00
5.728+00
4.988+00
4.51Ð+00
3.978+00
3.538+00
3.018+00
2.498+00
2.018+00
1.55Ð+00
1.238+00
8.558-01
5.53E-01
4.38E-01
2.31Ð-01
1.368-01

0.00Ð+00



Table 8.1: Experimental da.ta for single discharge (coni.)

Set No, I-9
Po: 448 lt,Pa
LP = 128 kPa
R : 1006 (ks.m)-r/z

Set No.7-70
Po = 5I7 ltPa
LP : 128 kPa
R = 1006 (kg.rn\-t lz

L6.57

15.48

14.6 0

13.30

10.95

L80
8.46

7 .10

5.87

1./J
0.33

-0.71
-2.1r
-J.Jõ
-4.6r
-6.19
-7 .59
-8.95
oon

- 11.30
-72.84

- 14.9 8

-r5.77
-16.27
-77 .78

21.4

27.2

20.7
20.4

20.4
20.2

20.2

20.4

20.5

21.0

2r.0
2r.0
2L.2

27.4

19.1
10 t

i9.4
19.8

20.0

20.7

20.2

20.2

20.2

20.r
19.9
10 0

19.8

79.7

19.6

0.00Ð+00
9.37Ð-03
1.538-02
3.858-02
5.748-02
6.878-02
8.96Ð-02
1.15Ð-0i
1.438-01
1.75E-01
2.01Ð-01
2.24E'-01
2.678-01
3.108-01
3.538-01
4.058-01
4.4 5 E-01
4.968-01
5.608-01
6.27E-01

6.93E-01
7.398-01
8.138-01
9.058-01
1.008+00
1.06E+00
1.138+00
1.188+00
1.30Ð+00

2.138+01
1.96E+01
1.74Ð+01
1.518+01
1.408+01
L.22E+0I
1.07Ð+01
9.448+00
8.42E+00
7.528+00
6.828+00
6.318+00
5.568+00
5.17Ð+00
4.70E+00
4.198+00
3.748+00
3.32E+00
2.78E+00
2.328+00
1.918+00
1.608+00
1.188+00
7.588-01
4.668-01
3.35E-0i
2.038-01
1.128-01

0.00Ð+00

16.69

15.29

14.06

12.83

77,32

9.88

8.37
7,00

ö.btJ

4.29

7.46
-0.01

-7.42

-4.75
-5.62

-7.02
-8.28

-9.72
-11.07
.12.30

-13.70

- 16.40
-17.69

r9.2
10 a

19.4

L9.7
ro o

20.s
20.4

20.5

20.3

20.5

20.0
19,8

19.7

19.7

19.5

79.4

19.4

19.3
10 t

19.2

21.2

2L.7

2r.1.

2r.2
27.I
27.0

0.00E+00
1.34E-02
2.56F,-02
4.84Ð-02
7.25E'-02
1.048-01
1.33E-01
1.708-01
1.968-01
2.22F'01
2.7 1E'-01
3,138-01
3.658-01
4.27Ð-07
4.878-01
5.378-01
5.918-01
6.588-0i
7.168-0i
7.97E'-0I
8.83Ð-01
9.588-01
1.058+00
1.17E+00
1.288+00
1.418+00

2.138+0r
1.93E+01
1.69E+01
1.498+01
1.29E+01
1.108+01
9.488+00
8.31E+00
7.568+00
7.098+00
5.998+00
5.56E+00
5.13E+00
4.66Ð+00
4.158+00
3.678+00
3.14E+00
2.598+00
2,168+00
1.72Ð+00
1.288+00
9.928-01
6.52E-0i
3.388-01
1.398-01

0.008+00



Table 8.1: Experimental data for single discharge (cont.)

Set
t)_

LP=
R=

i/o. 1- 11

316 lçPa
I23 lçPa
7657 (ks.m)-1/2

Set No. I-12
Po = 316 kPa
LP = 723 kPa
R : 295r (ks.m) tlz

h

l^"ù
To

PC]

mç
[ks lrnin]

N.LL

lkg /rninl
h

lrnntl
T.
lcl

mG

lks/minl
rn¡

lks /n'Linl

13.1.4

11.50

10.17

8.80

/.óJ

5.89

4,59
3.i9
1.83

0.46
-n 07

-J,/J

-5.03
-6,.22 |

I

-7 .69 I

I

-e.15 
I

-10.48 
|

-11.25 I
I

I

-13.28 
|

-14.85 I

2L.8

22.2

22.2
22.6

22.8

23.0

23.0

22.7
22.6

21.6

20.7
20.r
20.0

19.9

19.6
1(l1

18.6
l

18.5 I

ro, I

18.2 I

I

0,008+00
9.37E-03
2.77E'-02
3.728-02
4.94E'-02
6.77F'-02
8.90Ð-02
1.088-01
1.30E-01
1.57Ð-01
1.82Ð-01
2.05E-01
2.308-01
2.64E-01
2.93Ð-01

3.368-01
3.878-01
4.458-01
4.82E-01 

|

5.40E-01 l

5.85E-01 I

l

6.538-01 
|

I

1.278+01
1.03Ð+01
8.318+00
7.058+00
5.95Ð+00
5.17E+00
4.558+00
4.048+00
3.59E+00
3.138+00
2.668+00
2.24F+00
1.85Ð+00
1.55E+00
1.248+00
9.55E-01
6.24Ð-07
4.88Ð-01

3.718-01
2.15Ð-01
1.04E-01
0.008+00

10.38

9.05
I.U,l
€).21

4.8 8

7.97

0.61
-0.87

-2.16
-J.ÐO

-5.00
-6.40
-t.tD
-9.23

-i0.46
1t ((

20.5
1(l'7

19.8

2r.5
21.5

21.8

22.I

¿ó.¿

¿J.!

23.0

',> 
o

,9e
22.1.

0.008+00
5.40Ð-03
'I toF nt
2.46E'-02

3.568-02
4.888-02
6.428-02
7.958-02
1.008-01
1.17E-01
1.378-01
1.618-01
1.87Ð-01
2.10E-01
2.51Ð-01
2.98Ð-01
3.708-01

7.138+00
5.768+00
4.708+00
4.00E+00
3.38Ð+00
2.81E+00
2.298+00
1.918+00
1.518+00
1-.228+00

9.638-01
7 .L2E-0r
5.52E-01
3.878-01
2.238-07
1.16E-01
4.608-04



Table B.1r Ðxperimental data for single discharge (cont.)

Set No.7 - 73

Po = 577 kPa

^P 
= 235 kPq

R = 7605 (ks.m)-t 12

Set No.7 - 14

Po : 5I7 ItPa
AP= 235 kPa
n : 3006 (ks.m)-t/z

I ¡. Jtl
14.06

12.72

11.32
o oo

8.38

7.01

5.64

4,30
2.90
r.46
0.06

-1.27

-4.7r
-5.48
-6.99
-8.35
_o 70

-7t.26

-L3.79

- 15.9 2

20.2

19.4

18.9

18.6

18.2

18.0

77.8

19,3

r9.2
19.1

19. 1

r9.2
r9.2
79.2
1"9.2

19.0

19.0

18.9

18.9

18.9

18.8

18.8

18.9

18.9

0.008+00
7.228-02
2.798-02
4.9 4E-02
7 .71Ð-02
9.83E-02
1.268-01
.t.55t1,-u1

i.808-01
2.058-01
2.398-01
2.778-01.

3.118-01
3.59E-01
4.09Ð-01
4.638-01
5,258-01
5.88Ð-01
6.618-01
7.488-01
8.458-01
9.148-01
9.868-01
1.06Ð+00

1,81Ð+01
1.588+01
1.34E+01
1.148+01
9.68Ð+00
8.31E+00
7.338+00
6.50E+00
5.88E+00
5.298+00
4.70E+00
4.15E+00
3.55E+00
3.118+00
2.618+00
2.22F+00
1.808+00
1.448+00
1.098+00
7.48E-01
4.4r8-07
2.848-01
1.248-01

0.00Ð+00

L1.82

10.45

9.15

7,85

6.38

4.87
3.46
tñ,
0.65

-0.72

-J. U('

-4.9 0

-o.¿ l
-7.88
-9.29

-10.37
- 11.46
-13.56

19.6

79.4

19.4

r9.4
19.5

19,8
10 0

20.2

20.5

2r.7
21.7
27.8

22.0

22.0
22.0
22.1

22.0

27.9

21.8

0.00Ð+00
1.06E-02
2.098-02
ô.I Ol\-\JZ

5.78Ð-02
7.77Ð-02
9.79Ð-02
1.208-01
r.42F-0r
1.69E-01
1.988-01
2.158-01
2.47F-07
2.818-01
3.368-01
3.968-01
4,548-01
5.14E-01
6.27E'}r

9.68E+00
7.918+00
6.54E+00
5.56Ð+00
4.908+00
4.19E+00
3.598+00
3.088+00
2.58E+00
2.10E+00
1.758+00
1.388+00
1.108+00
8.488-01
5.608-01
4.088-01
2.80Ð-01
i.63E-01
2.40F'-04



APPENDIX C

Experimental Data for DuaI Discharge

(Centerlines of Branches in the Same Horizontal

Plane)



Table C.1: Experimental data. fo¡ dual discharge
(Centerlines of branches in the same horizontal plane)

Set No.2-7
Í /)Llu - f.i,
Po : 316 kPa
LP: I23 lcPa
R = 1004 (ks.m)-l/z

h

l^*l
T.
fcl

Risht Bra¡ch Left Branch
n7G

[ks /mi]zl
n7L

lks /rninl
n7G

[ks/min]
rnL

[ks/min]

79.24

to,/ð
14.58

12.5L

10.45

8,32
u,¿z

4.L9
2.05

-0.05

-2.t9
-4.26
-6.39

-8.49
10.59

t¿.1ó
74.79

17.59

21.1)7

¿¿,o

zó.J
20.0

20.6

2L.0
¿ t,,)
2L4
2L.6
22.L

22.6
22.8
23,0
23.0
22.9
22.8

0.00Ð+00
7.55E-03
2.40Ð-02
4.30E-02
6.338-02
L51Ð-02
1.138-01
1.42Ð-0r
1.818-01
2.108-01
2.50E-01
2.93E-01
3.378-01
3.92Ð-01
4.528-01
4.99E-01
5.79Ð-01
6.638-01
7.838-01
1.018+00

2.068+01
1.80Ð+0i
1.47E+01
1.188+01
9.72E+00
8.278+00
7.178+00
6.358+00
5.568+00
4.828+00
4.358+00
3.678+00
3.13Ð+00
2.578+00
2.07Ð+00
1.57E+00
1.138+00
7.i98-01
3.54Ð-01
0.008+00

0.008+00
7.55E-03
2.55F,-02
4.29Ð-02
6,228-02
8.41E-02
1.12Ð-01
1.44Ð-01
1.818-01
2.24Ð-07
2.668-01
3.07E-01
3.56E-01
3.97E-01
4.72E'-07
5.29Ð-01
6.11Ð-01
7.018-01
8.508-01
1.058+00

2.13E+01
1.83Ð+01
1,458+01
1.20E+01
9.838+00
8.34E+00
7 .248+00
6.30E+00
5.52E+00
4.98Ð+00
4.35E+00
3.748+00
3. i5E+00
2.638+00
2.148+00
1.648+00
1.138+00
7.008-01
2.818-01
0.00Ð+00

t¡¿



Table C.1: Ðxperimental data for dual discharge (cont..)
(Centerlines of branches in the same horizontal plane)

Set No.2-2
L/d, = .r.b

Po : 316 IsPa
LP: 82 ltPe
R = 1004 (ks.m)-r /z

h

l^^l
T"

PC]

Right Branch Left Branch
mG

[ks /màn]

mL

lks/minl
mG

[ks/min]
mL

lkslminl

19.63

74.97
12.87

r0.77
8.67
6.53
4.50
l.Jo

-0.09

-Á to
-6.39
-8.49
10.56

72.69

14.79

16.82

19.97

I

120.8
) 22.r
I zz.s
I zzs

22.7
22.6

22.5

22.9

lJ.ð
23.6

23.6

l.l. ð

0.008+00
8.168-03
2.7 4Ð-02
4.46Ð-02
6.668-02
8.948-02
1.138-01
1.458-01
1.83Ð-01
2.22F,-01,

2.758-07
3.078-01
3.53Ð-01
4.24Ð-0r
4.698-01
5.298-01
6.03E-01
7 .14Ð-0r
9.14E-01

1.70E+01
1.468+01
1.15E+01
9,408+00
7.84E+00
6.66E+00
5.68E+00
5.13Ð+00
4.438+00
3.86E+00
3.288+00
2.81E+00
2.258+00
1.78E+00
1.338+00
g.27I.-07

l

5.538-01 
|

3.01E-01 I

0.008+00 I

I

0.008+00
6,638-03
2.508-02
4.09E-02
6,118-02
8.518-02
1.12Ð-01
r.42F,-07
1.82E-01
2.368-01
2.64F,-01,

3.218-01
3.74E'-01
4.098-01
4.84Ð-01
5.458-01
6.238-01
7.54Ð-01
9.328-01

1.71E+01
1.498+01
1.158+01
9.32Ð+00
7.75E+00
6.58E+00
5.68Ð+00
5.02E+00
4.43E+00
3.87Ð+00
3.268+00
2.818+00
2.248+00
1.81Ð+00
1.32E+00
9.048-01
4.988-01
2.21F-07
0.008+00



Table C.1: Experimental data for dual discharge (cont.)
(Cen¡erlines of branches in rhe same horizontal plane)

Set No.2-3
L/d: 1,5

Po = 316 kPa
LP: 40 kPa
R : 983 (ks.m)-t/2

h
frnnz] lc)

Risht Branch Left Branch
lTLG

[k s /ntin]
nlL

lks lmirl
NIG

lks /n'Linl
NIL

[ks/.min)

16.86

12,58

L0.43

õ.JD

6.29
3.84
1.70

-0.40
, É,,1

-4.61
-Õ.l4
-8.84

10.94

13.04

15.11

L7 .83

21-.€'

22.9

22.9
10 0

20.7

20.7
27.4
2L.9

¿,),,)

23.0
22.7

0.008+00
8. i6E-03
2.168-02
3.85E-02
5.548-02
7.79Ð-02
1.12E-01
1.428-01
1.818-01
2.098-01
2.48Ð-01
2.938-01
3.36Ð-01
3.908-01
4.678-01
5,318-01
6.77E'-01

1.21Ð+01
9.878+00
7.91E+00
6.39Ð+00
5.29Ð+00
4.558+00
3.838+00
3.27E+00
2.82E+00
2.33E+00
1.898+00
1.50Ð+00
1.118+00
7.168-01
4.80E-01
2.038-01

0.00Ð+00

0.008+00
7.408-03
2.02Ð-02
3.628-02
5.328-02
7.56E'-02
1.108-01
1.40E-01
1.83Ð-01
2.22E'-07
2.588-01
3.06Ð-01
3.518-01
4.058-01
4.85E-01
5.578-01
6.97Ð-01

1.238+01
9.87Ð+00
7.878+00
6.388+00
5.33E+00
4.55Ð+00
3.82E+00
3.258+00
2.848+00
2.35E+00
1.908+00
1.518+00
1.108+00
7.14F-07
4.538-01
1,818-01

0.008+00



Table C.1: Experimenbal data fo¡ dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2 - 4
f l)L/u 

- -L rr

Po : 316 kPa
AP = 723 kPa
R = 1618 (ks .m) t/2

h
lmnr.l

T"

t ul

Risht Branch Lefi Branch
N.LG

lks lrninl
mL

lks /rninl
mG

lks /rninl
mL

lks /rninl

L7 .28

15.01

72.90

10.80

8.67
6.60
3.80

-0.44
- 2.õ I
-4.60
-6.70

- 8.84
-10.94
-13.07

22.5
23.0

¿ò,J

zr,ð
21.8

22.2

21".r

2I.7
2r.2

27.4

0.00E+00
8.01E-03
1.958-02
3.718-02
5.808-02
8.138-02
1.138-01
1.378-01
1.678-01
2.01Ð-01
2.24Ð-07
z,oot -tJ1

3.108-01
3.68Ð-01
4.49Ð-01
5.28E-01
6.25 E-01

1.328+01
1.06E+01
8.31Ð+00
6.748+00
5.728+00
4.86E+00
3.90E+00
3.208+00
2.608+00
2.108+00
1.708+00
1.32Ð+00
9.55Ð-01
6.24Ð-0i
4,08Ð-01
1.79Ð-01

0.008+00

0.008+00
5.878-03
1.918-02
3.678-02
5.768-02
7.63E-02
1.12E-01
1.41E-01
1.698-01
2.06Ð-01
2.33E-01
2.738-0r
3.218-01
3.80E-01
4.57Ð-0r
5.458-01
6.338-01

1.288+01
1.04E+01
8.26E+00
6.778+00
5.68E+00
4.86Ð+00
3.87E+00
3.19Ð+00
2.66E+00
2.77F+00
1.738+00
1.35E+00
9.87E-01
6.298-01
3.938-01
1.62Ð-01
0.00E+00

I/tì



Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of b¡anches in the sa.me horizontal plane)

Set No.2-5
L/d = 8.0
Po : 316 kPa
AP: I23 kPa
R : 2926 (ks.m)-rlz

h

l**l
T.
rcl

Right Brarch Left Branch
n7G

[ks/min]
mL

[ks /rnin]
ING

lks/minl
nzL

lks lnzinl

13.11

10.98

8.91

0.47
-1.63

-5.87
-7 07

-r0.77
-14.05

22.2

¿J. ó

24.0

24.4

25.0
25.0

25.7

25.0
tto

0.008+00
6.33E-03
1,588-02
3.16E-02
4.74F'-02

6.75Ð-02
9.278-02
1.12Ð-01
1.41E-01
1.738-01
2.018-01
2.64F-07
3,678-01

7.2IÐ+00
5.568+00
4.35E+00
3.46E+00
2.76E+00
2.20E+00
1.738+00
1.358+00
9.99E-01
6.948-01
4.848-01
1.998-01

0.008+00

0.00E+00
5.718-03
L.44E-02
3.028-02
4.6rÐ-02
6.54Ð-02
8.59E-02
r.10Ð-01
1.398-01
1.698-01
2.10E-01
2.75E'-0r
3.788-01

7.168+00
5.56E+00
4.24F+00
3.46E+00
2.77E+00
2.20E+00
1.758+00
1.368+00
1.008+00
7.07F,-07
4.84Ð-01
1.938-01
0.008+00

177



Table C.1: Experimental
(Centerlines of b¡anches

data for dual discharge (cont,)
in the same horizontal plane)

Set No.2 - 6

L/d -_ 1,5

Po : 5I7 kPa
AP: 235 kPa
n = 993 (ks.m)-t/2

h

[mn't]

T"

I'cl

Risht Branch Left Branch
mG

lk g lnz'inl
mL

[kslmin]
mG

[ks/min]
rnL

lks/minl

20.49

18.38

76.27
14,15

10.23

8.0 5

5.94

3.80

-0.41

-+.ðb
-7.05

-9. i5

- 13.40
- 15.46

-17 .64
-24.27

17.9

18.5

r9.2
10 a

19.8

20.0
20.2

20.2

20.2

20.4
20.4
20.5

20.5

20.6
20.8

20.9

27.I
27.7

2r.1
20.7
20.7
20.8

l
I

I 0.008+00

| 141E-02
I3.63E-02
lo.ssB-oz

9.95E-02
1.308-01
1.598-01
2.018-01
2.36Ð-01
2.83E-0i
3.488-01
4.15E-01
4.84E-01
5.468-01
6.16E-01
7.318-01
8.02E-01
8.87Ð-01
9.938-01
i.09Ð+00
1.238+00
1.778+00

2.918+01
2.608+01
2.22F+0t
1,91Ð+01
1.638+01
7.428+01
1-.27Ð+07

1.09E+01
9.488+00
8.388+00
7.52E+00
6.74E+00
5.958+00
5.21Ð+00
4.70E+00
3.878+00
3.11E+00
2.43Ð+00
1.878+00
1.36E+00
9.458-01
0.008+00

0.008+00
1.34E-02

3.318-02
6,28Ð-02
9.50E-02
1.268-01
1.53Ð-01
1.97E-01
2.468-0I
2.918-01
3.488-01
4.09 E-01
4.848-01
5,428-01
6.06E-0i
7.28Ð-0r
8.148-01
9.25E-01
1.048+00
1.15Ð+00
1.31E+00
1.80E+00

2.94E+01
2.658+01
2,238+01
1.91E+01
1.64E+01
1.4i8+01
1.26Ð+01
1.08Ð+0i
9.368+00
8.26E+00
7 .448+00
6.62Ð+00
5.808+00
5.09E+00
4.55E+00
3.758+00
3.108+00
2.478+00
1.908+00
1.348+00
7.968-01
0.008+00
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Table C.1: Experimental
(Centerlines of branches

data for dual discharge (cont.)
in the same horizontal plane)

Set No.2-7
f /)L/ u - -1. rJ

D^ 
- 

<1n Lt)^rtJ 
-

AP = 166 kPa
R : 990 (ks.m)-tlz

h

[^*]
n.

lcl

Risht Branch Left Branch
mc

[ks/min]
mL

[ks lnzin]
TNG

[ks/min]
mL

lks/minl

22.94
20.80
18.69

16.58

I4.54
72.40

10.26
at9
6.r2
3.97
1.90

-0.20
-¿.óJ
-4.45

-o.bb
-ö.oJ
70.73

72.97

15.01

17.08

23.29

1(l (
10 a

20.r
20.3

20.5

20.7
20.7
20.7
20.7
20.8

20.7
20.8

20.9

20.9

20.9
,no
20.8

20.8

20.8

20.7
20.6

0.008+00
1.568-02
3.73Ð-02
6.958-02
i.03E-01
1,31E-01
1.68E-01
1.99Ð-01
2.448-0r
2.938-01
3.518-01
4.238-0L
4.85Ð-01
5.498-01
6.32E-01
7.068-01
7.98E-01
8.858-01
9.91E-01
1.13Ð+00
1.638+00

2.46E+01
2.188+01
1.86E+01
1.58E+01
1.35Ð+01
1.18E+01
9.95E+00
8.70E+00
7.728+00
6.74E+00
5.998+00
5.418+00
4.78Ð+00
4.158+00
3.46E+00
2.91E+00
2.30E+00
1.728+00
7.228+00
8.018-01
0.008+00

0.00E+00
L.26E-02
3.568-02
6.558-02
9.448-02
1.23E-01
1.63E-01
2.07F'-01-

2.47Ð-0r
3.00E-01
3.55E-01
4.26Ð-01
4.858-01
5.49Ð-01
6.378-01
7.208-01
8.128-01
9.158-01
1.048+00
1.198+00
1.67E+00

2.47Ð+07
2.21.8+0I
1.848+01
1.57Ð+01
1.35Ð+01
1.168+01
9.79Ð+00
8.62Ð+00
7.568+00
6.81Ð+00
6.03E+00
5.418+00
4.708+00
4.16E+00
3.46Ð+00
2.868+00
2.32E'+00
1.738+00
1.168+00
6.718-01
0.008+00

779



Table C.1: Experimental data for dua.l discharge (cont.)
(Centerlines of b¡anches in the same horizontal plane)

Set No.2 - B

Lld = 1.5

Po = 5I7 kPa
AP = 97 ltPø
R : 996 (kq.m\-t/z

h

[**]
T.
lcl

RiEht Branch Left Branch
?TLG

lks/minl
rnL

lks/minl
mG

lhs lminl
rnL

lks /n'Lit Ll

20.37
18.20

16.09

13.98

11.84

L77
/.0b

ù. +o

1.31

-0.76
, a'7

-7.05
-9.19

13.40

15.50

19.6

19.9

20.2

20.6

20.9

20.8

20.8

20.9
tno
21.0

20.9

20.9

27.0

21.1

27.2

21.2

2r.2

0.00E+00
1.568-02
4.15Ð-02
6.758-02
s.77F,-02
1.288-01
1.678-01
2.06E-01
2.40Ð-01
3.078-01
3.58Ð-01
4.r2E'-0r
5.52E-01
6.22Ð-0I
6.998-01
8.07Ð-01
9.058-01
1.368+00

1.86Ð+01
1.62E+01
1.40E+01
1.14E+01
9.60E+00
8.318+00
7.13E+00
6.278+00
5.56Ð+00
4.948+00
4.558+00
3.838+00
2.65E+00
2.088+00
1.57Ð+00
1.14Ð+00
7.128-07

0.00E+00

0.00E+00
1.318-02
3.89E-02
6.168-02
L2IE-02
1.20Ð-01
1.61Ð-0i
2.018-01
2.53E-01
2.96E-01

3.64E-01
4.23F,-07
5.458-01
6.408-01
7.258-07
8.218-01
9.268-01
1.39Ð+00

1.88Ð+01
1.648+01
1.398+01
1.15E+01
9.488+00
8.148+00
6.978+00
6.19Ð+00
5.418+00
4.948+00
4.43E+00
3.72Ð+00
2.65E+00
2.088+00
1.588+00
1.118+00
6.368-01
0.008+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of b¡anches in the same horizontal plane)

Set No.2-9
r /) _Ll u - _L.r

Po : 5\7 ]"Pa
AP: 235 kPa
R = 1600 (ks.m)-t/z

h

[^*] lcl

Right Branch Left B¡anch
mG

[ks/min]
mL

[ks lmin]
rnG

[ks /ïnin]
rnL

lks /minl

19.95

77 .87

r5.77
r3.62
11.54

L41
/.JJ

0.98
-1.13
Q tt

-5.29

-7.44
-9.5i
10.91

13.05

15. 12
10 ¿o

2L9
22.6
22.7

,1 7

22.6
ttt
22.4

22.7

21.0

27.0
t1 t
2L.4
21.8
22.0
22.r
22. J.

0.008+00
1.458-02
3.318-02
5.78Ð-02
8.38Ð-02
1.17E-01
1.528-01
1.858-01
2.198-01
2.618-01
3.04E-01
3.538-01
4.08Ð-01
4.728-0r
5.42E'-07

5.918-01
6.698-01
8.07Ð-01
9.258-01

1.83Ð+01
1.558+01
1.308+01
1.07E+01
9.018+00
7.60E+00
6.428+00
5.56E+00
4.82E+00
4.27F+00
3.558+00
2.968+00
2.41Ð+00
1.918+00
i.468+00
1.21Ð+00
8.378-01
4.94E-01
0.00E+00

0.00E+00
1.09E-02
2.87E'-02

5.47Ð-02
8.29E'-02
1.148-01
1.508-01
1.858-01
2.29F'-0r
2.738-0r
3.16E-01
J, bbtl-t,1
4.238-0r
4.848-01
5.458-01
6.03E-01
6.968-01
8,44E-01
9.43E-01

1.808+01
1.538+01
i.288+01
1.058+01
8.93E+00
7.608+00
6.428+00
5.568+00
4.86Ð+00
4.24E+00
3.658+00
2.99Ð+00
2.438+00
1.948+00
1.498+00
1.21E+00
8.328-01
4.458-01
0.008+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the sa,me horizontal plane)

Set No.2-70
L/d = 1.5
Po : 5I7 ItPa
AP : 235 k,Pa
R : 2Bs2 (ks.m)-r/z

h

[*]
To

rcl

Righi Branch Left Branch
mG

lks /mi.nl
n7L

lks/minl
mG

lks/miti
nzL

[ks /min]

15.16

13.05

10.95

8.8 7

6.7 7

4.62

0.46
- 1.68
-3.82
-5.89
-8.00

L0.27

22.5

24,9

^'-^zõ.o

25.6

27.7

21.3

2r.4
21.5

27.6

2r.6
. r.o 

I

21-.5 I

21.5 I

I

J

0.00Ð+00
1.188-02
2.72Ð-02
4.74E'-02
7 .r5E-02
9.718-02
1.288-01
1,57Ð-01
1.91E-01
2.22E-0r
2.66E-01
3.138-01
3.81E-01
4.968-01
6.148-01

1.03E+01
8.038+00
6.35E+00
5.17E+00
4.398+00
3.58E+00
2.89E+00
2.37Ð+00
1.878+00
1.458+00
1.11E+00
7 .478-0r
5.188-01
1.91Ð-01

0.00E+00

0.00E+00
1.068-02
2.398-02
4.398-02
6.83Ð-02
9.43E-02
1.258-01
1.56Ð-01
1.928-01
2.33E-01
2.75Ð-01
3.23Ð-01
3.95E-0i
5.148-01
6.228-07

1.01E+01
8.14E+00
6.27E+00
5.06E+00
4.248+00
3.52E+00
2.908+00
2.368+00
1.868+00
1.45E+00
1.108+00
7.43E'-01,

4.928-01
i.89E-01

0.008+00
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Table C.1; Experimental data for dual discharge (cont.)
(Cenierlines of branches in the same horizontal plane)

Set No.2 - 17
r./,t : t 

^Po : 316 kPa
L.P: 723 kPa
R : 998 (kq.m\-t /z

h

l^*l
T"

PCI

Right Branch Left B¡anch
tnG

[hs /min]
rnL

lks /nLinl
mG

lks /n¿irLl

rnL

lk s /nzirLl

20.87
18.60

16.50

14.40

12.30

10.20

8.10

6.00
3.90
1.80

-0.31
_t L1

-b.b1
-8.70
10.80

72.90

15.00

16.39

20.13

26.5

¿o.J

26.5

26.5

¿o.Ð

25.9

26.7

26.2

26.0
26.0
25.9

25.8

25.6

25.6

25.4

25.0
Dî 0

oa a

0.00E+00
9.52Ð-03
2.38E'-02
4.158-02
5.948-02
8,28E-02
1.16E-01
1.48 E-01
1.87Ð-01
2.19E-01
2.548-07
3.01Ð-01
3.51E-01
4.008-01
4.67Ð-07
5.288-01
6.008-01
b. /bt1-l,l
7.32Ð-0r
9.71E-01

I

I 2.13E+0r

11.798+01
I 1.468+01
I

| 1.208+01
9.728+00
8.31Ð+00
7.138+00
6.31E+00
5.56E+00
4.788+00
4.19E+00
3.51E+00
2.81Ð+00
2.348+00
1.838+00
1.548+00
9.198-01
5.36Ð-01
4.178-01
0.008+00

0.00Ð+00
8.918-03
2.7rÐ-02
3.808-02
5.77E'-02
8.098-02
1.098-01
1.418-01
i.818-01
2.228-07
2.618-01
3.03E-01
3.538-01
4.06Ð-01
4.73Ð-01
5.298-01
6.09Ð-01
7.04E'-01,

7.698-01
9.78E-0i

2.098+01
1.788+01
1.458+01
1.198+01
9.608+00
8.14Ð+00
6.978+00
6.158+00
5.41Ð+00
4.63E+00
4.088+00
3.448+00
2.818+00
2.308+00
1.818+00
1.518+00
9.69Ð-01
5.128-01
3.858-01

0.00Ð+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-12
f l)L/u - z.u
Po = 316 kPa
AP : 82 lçPa
R : 1003 (ks.m)-r/z

h

[^]
T"

lcl

Right Branch Left Branch
TTLG

lkslmi.nl
mL

lks /minl
tnG

lks/minl
mL

lks/mi.nl

19.06

16.89

14.9 6

1-2.82

70.72

8.66

6.52
4.42
¿.,50

0.22
-1.88
-3.98
-6.08

-8.18
10.28

L2.38

75.44

i 9.15

25.6
25.6

zÐ. t

25.4
25.5
25.6

26.7

25.6

25.4

25.0
21.2

0.008+00
9.678-03
2.15Ð-02
3.878-02
5.868-02
8.37E-02
1.178-01
1.528-01
1.86Ð-01
2.15Ð-01
2.538-01
2.968-01
3.48Ð-01
4.05E-01
4.72E'-0I
5.408-01
6.858-01
9.398-01

1.73E+01
1.448+01
1.18Ð+01
9.52E+00
7.918+00
6.70Ð+00
5.84E+00
5.13E+00
4.39Ð+00
3.80E+00
3.14Ð+00
2.58E+00
2.09E+00
1.61E+00
1.178+00
7.658-01
J,0 / lr-u 1

0.008+00

0.008+00
9.378-03
1.97E-02
3.588-02
5.50E-02
7.94E'-02
1.09E-01
1.438-01
1.788-01
2.20F'-07
2.568-01
3.038-01
3.51E-01
4.11Ð-01
4.828-01
5.518-01
7 .I4E-07
9.41E-01

1.68E+01
1.45Ð+01
1.18Ð+01
9.408+00
7.79E+00
6.54E+00
5.648+00
4.94Ð+00
4.20E+00
3.65Ð+00
3.10Ð+00
2.55E+00
2.058+00
1.608+00
1.16E+00
7.43Ð-07
3.43E-01
0.008+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-13
L/d = 2.0
Po : 316 ItPa
AP = 40 kPa
R : 995 (kq rn)-r lz

h

[^*]
T.
fcl

Right Branch Left B¡anch
mG

[kg lrnitt]
TNL

lkslminl
mG

lks lnzinl
mL

[ks lmin]

16.09

11.99
o at
7 .76

5.76
J,4 ð

7.42

-0.65

-4.84
-6.91
-9.04

11.14

74.I5
16.7 4

22.5

23.8

24.0
24.7

22.2

22.6

22.6
22.7
22.7
tt e

0.008+00
2.128-02
3.758-02
5.998-02
8.53E-02
1.17Ð-01
1.47E-01
1.78E-01
2.198-01
2.538-01
3.00E-01
3.52E-01
4.188-01
5.23E-01
6.948-01

1-.22E+01.

7.60Ð+00
6.11E+00
5.178+00
4.39Ð+00
3.768+00
3.14E+00
2.62Ð+00
2.208+00
1.74E+00
1.31E+00
9.098-01
5.578-01
2.238-07
0.008+00

0.00E+00
2.008-02
3.62F,-02
5.73E'-02
7.93Ð-02
1.108-01
1.408-01
1.74Ð-01
2.22Ð-07
2.618-01
3.078-01
3.658-01
4.308-01
5.488-01
6.948-01

1.20Ð+01
7.568+00
5.99Ð+00
5.028+00
4.24E+00
3.628+00
3.01E+00
2.53E+00
2.15E+00
1.688+00
1.308+00
9.18E-01
5.79E-01
2.018-01
0.00E+00
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Table C.1: Ðxperimental data for dual discharge (cont.)
(Centerlines of branches in the same horizonial plane)

Set No. 2 - 74
r,/,1 : , ñ

Po : 316 kPa
AP -- 723 lçPa
R : 1.552 (ko.r"I-t1z

h

l*^l
T"

t'cl

Rieht Branch Left Branch
n1G

[ks /mirL]
n1L

lks/minl
rrLG

lks /nLirll
mL

[kslmi.n]

16.68

14.51

12.62

10.56

8.4I
o.4 tl

4.óO

2.26

0.16
- 1.98
-4.05
-6.29

-8.35

10.45

12.55

14.68

17.06

26.2
26.4

40.0
23.r

23.6
23.8

24.7

24.4
24.8
25.2

25.4

25.2

0.008+00
9.22Ð-03
2.07Ð-02
3.95E-02
6.16E-02
8.308-02
1.10E-01
1.398-01
1.658-01
1.968-01
2.22Ð-0r
2.67E-0r
3.198-0t
3.818-01
4.638-01
5.458-01
6.7 4E-07

1.38E+01
1.078+01
8.508+00
7.13E+00
5.80E+00
4.988+00
4.23E+00
3.518+00
2.81E+00
2.26F+00
1.77E+00
1.34Ð+00
9,73Ð-01
6.318-01
4.21.Ð-0I
1.71Ð-01

0.008+00

0.008+00
9.22Ð-03
2.078-02
3.95Ð-02
6.168-02
8.308-02
1.108-01
1.398-01
1.658-01
1.96Ð-01
2.22F'-01,

2.678-07
3.19E-01
3.818-01
4.638-01
5.45E-01
6.738-01

1.33E+01
1.06E+01
8.548+00
6.978+00
5.688+00
4.908+00
4.168+00
3.388+00
2.758+00
2.24F+00
1.758+00
1.35Ð+00
9.698-01
6.29Ð-01
4.27Ð-01,

1.548-01
0.008+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-15
r./ã - t (r

Po : 316 kPa

^P 
= I23 hPa

R = 2878 (ke.nz) | /z

tl
[*-]

Ta

PC]

Risht Branch Left B¡anch
mG

lks lminl
n1L

lkslminl
N'LG

lks lminl
rnL

fks/min]

12.63

1U.,f J

8.50
6.43
4.26
2.L9
0.06

-2.08

-6.28

-8.35
- 10.48
tQ 17

27.6
,ne

¿,t.o
ta a

23.6

23.9
23.9

23.8

22.8

0.008+00
7.09E-03
1.60E-02
3.r4Ð-02
4.82Ð-02
6.758-02
9.048-02
1.168-01
1.478-01
1.86E-01
2.22Ð-07
2.78Ð-01
J, bð]1- ti 1

7.33Ð+00
5.52Ð+00
4.358+00
3.38E+00
2.688+00
2.08E+00
1.58E+00
1.20E+00
8,73E-01
5.468-01
3.50E-01
1.438-01

0.008+00

0.00Ð+00
6.94E-03
r.64Ð-02
3.13Ð-02
4.74Ð-02
6.77E'-02
9,048-02
1.17E-01
1.45E-01
1.82E-01
2.31E-01
2,91E-01
3.808-01

7.288+00
5.41E+00
4.248+00
3.34Ð+00
2.67E+00
2.098+00
1.608+00
1.198+00
8.618-01
5.478-01
3.308-01
1.548-01

0.008+00



Table C.1: Experimental data for dual discha.rge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-76
l./,1 - 9 fl

Po = 5I7 kPa
LP : 235 kPa
R = 982 (ks.m)-t/z

h

l^-l
T"

I t-l

Righi Branch Left Branch
mG

lks /rninl
rnL

fks/min]
mG

lkslminl
rnL

lks /minl

23.8 3

2r.69
19.58

15.33

13.26

77.17
9.02

6.92
4.81

0.63
- 1.51

-3.62

-5.76
- t.òD

-9.90
72.04

14.18

16.2I

,ta
¿ó. tt

91 0

24.0

24.7

2,2.0

zz.Ð

22,6
23.0

¿ó.Ð

23.6

¿ó.D
rtl a

23.6

l,t.o
23.6

¿¿. J

0.008+00
2.02Ð-02
4.15Ð-02
7.058-02
9.928-02
1.33E-01

1.67E-01
2.05E-01
2.50E-01

3.038-01
3.568-01
4.24E'-0r
4.90E-01
5.558-01
6.56Ð-01
7.388-01
8.30E-01
9.328-01
1.05E+00
1.188+00
1.848+00

2.98E+01
2.568+01
2.168+01
1.81E+01
1.578+01
1.34E+01
1.14Ð+01
9.878+00
8.66E+00
7.608+00
6.748+00
5.958+00
5.21E+00
4.558+00
3.938+00
3.268+00
2.55Ð+00
2.09E+00
1.55Ð+00
1.058+00
0.008+00

0.00E+00
1..7rÐ-02
3.81E-02
6.568-02
L418-02
1.288-01
1.61E-01
2.088-01
2.50E-01
3.038-01
3.58E-01
4.zIE,-0r
4.88E-01
5.548-01
6.48E-01
7.408-01
8.26E-01
9.44E-01
1.08E+00
1.238+00
1.838+00

2.948+07
2.57Ð+01
2.178+01
1.808+01
1.56Ð+01
1.338+01
1.148+01
9.76Ð+00
8.548+00
7.48Ð+00
6.588+00
5.808+00
5.068+00
4.43Ð+00
3.798+00
3.158+00
2.578+00
2.018+00
1.488+00
9.588-01
0.008+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizonial plane)

Set No.2-1,7
L/d" = 2.0
Po : 5I7 kPa

^P 
= 166 kPa

R = 981 (kq.m)-r lz

h

l**l
T"

rcl

Risht Branch Left Branch
mG

lks/minl
mL

lkslminl
mG

lks lmi.nl
mL

lkslminl

22.r0
19.96

17.8 6

15.86

r3.72
11.6 8

9.50

Ð. J{

¿,2õ

L.72

-0.99
-3.09
- ò. 1t)

-7.30
- 9.41

11.51

13.61

75.72

17.81

¿¿,to

24.r

z+. o

24.8

24.8
25.1

22.2

22.3

22.8

23.1

22.5

0.00E+00
r.97F,-02
4.75E'-02
6.71Ð-02
9.67E'-02
1.29Ð-01
1.678-01
2.03E-01
2.50Ð-01
3.06Ð-01
3,61E-01
4.248-01.
4.85E-01

5.608-01
6.61Ð-01
7.43E'-07
8.468-01
L598-01
1.09E+00
1.238+00
1.688+00

2.508+01
2.13E+01
1.77E+01
1.538+01
1,30E+01
1.098+0i
9.408+00
8.318+00
7.13E+00
6.358+00
5,568+00
4.908+00
4,3iÐ+00
3.61E+00
3.03Ð+00
2.43E+00
1.908+00
1.35E+00
9.128-01
5.328-01

0.008+00

0.008+00
1.70F'-02
3.75F-02
6.28E-02
7.26Ð-02
L.24E-0r
1.62E-01
2.00Ð-01
2.518-01
3.07Ð-01
3.648-01
4.248-07
4.92E-01

5.60Ð-01
6.588-01
7.40Ð-0r
8.60Ð-01
9.648-01
1.13E+00
1.30E+00
1.678+00

2.48Ð+07
2.15E+01
1.79Ð+01
1.53Ð+01
1.298+01
1.09E+01
9.328+00
8.118+00
7.05Ð+00
6.198+00
5.45Ð+00
4.74Ð+00
4.208+00
3.508+00
2.94Ð+00
2.378+00
1.84E+00
1.308+00
8.328-01
4.24F-0r
0.00Ð+00
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Table C.1: Experimenial data for dual discharge (cont.)
lCenterlines of branches in the same horizonraJ plane)

Set No.2 - 18

Lld: 2.0
Po : 5I7 lcPa
AP: 97 lçPa
.R : 990 (hs.m)-t/z

h

[*-]
rt¡

LU]

Right Branch Left Branch
mG

lks/minl
rnL

fk s /rnirL]
mG

[ks lïnin]
mL

[ks /rnin]

19.62

17.48

75.37
1a oe

1L.r2
9.05
6.91
4.81

2.67
0.6 0

-1.62

-5.86
-8.00

-10.11 j

- 12.18 |
I

-74.32 I

-17.08 I

-2r.74 I

I

23.9
24.0
24.I

22.6
22.6

22.6

23.r

2f,4l
n.5l
n.4 I

J

23.0 
|

22.s 
I

0.00E+00
1.908-02
4.20Ð-02
6.758-02
9.588-02
1.31E-01
1.75Ð-01
2.08E-01
2.548-01
3.098-01
3.688-01
4.36E-01
5.02E-01
5.758-01
6.68Ð-01
7.65E-01
8.80E-01
1.07E+00
1.428+00

I
I

11.908+01
l1.6oE+01
I

I 1.33E+01

11.108+01
9.058+00
7.72Ð+00
6.748+00
5.958+00
5.178+00
4,558+00
3.958+00
3.288+00
2.698+00
2.168+00
1.638+00
1.17E+00
7.488-01
3.678-01
0.008+00

0.00E+00
1..708-02
3.97E'-02
6,38E-02
L048-02
i.25E-01
1.65E-01
2.15Ð-01
2.56Ð-01

3.078-01
3,688-01
4.38Ð-01
5.048-01
5.75Ð-01
6.798-01
7.69E-01
8.908-01
1.128+00
1.418+00

1.868+01
1.618+01
1.338+01
1.098+01
8.938+00
7.638+00
6.588+00
5.80Ð+00
4.98E+00
4,358+00
3.808+00
3.218+00
2.63E+00
2.10Ð+00
1.59E+00
1.13E+00
7.008-01
2.538-01
0.008+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-19
L/d.: 2.0

Po = 517 kPa
L.P: 235 l"Pq
R : 1b28 (ks .m)-112

h

l^*l
To

PCI

Right Branch Left B¡anch
mG

lkslminl
mL

fks lmin]
mG

lks/minl
mL

[ks lmin]

19.51

1¡..)¡

-LJ.Ib
11.05

8.88
6.77
+.bb

0.43
- 1.68
-J./v
-5,90

-8.01
10.08

12.18

14.37

L6.4r
19.04

23.6
Ða o

23.9

24.0
24.0

24.0
24.0

20.4

2r.0

t1 (l

22.5

22,9

23.2

2T.I

0.008+00
1.508-02
3.58E-02
6.188-02
9.02Ð-02
1.288-01
1.65Ð-01
2.058-01
2.368-01
2.78Ð-01
3,2iÐ-01
3.758-0i
4.398-01
5.11Ð-01
6.138-01
6.988-01
8.11Ð-01
9.49E-01
1.148+00

1.938+01
1.588+01
1.30E+01
1.078+01
9.058+00
7.52Ð+00
6.428+00
5.608+00
4.78Ð+00
4.048+00
3.34E+00
2.79E+00
2.63E+00
1.748+00
1.468+00
9.098-01
5.328-01
3.018-01

0.00Ð+00

0.008+00
L.4IE-02
3.308-02
5.908-02
8.7 18-02
L24E-0r
1.61E-01
2.018-01
2.478-07
2.88Ð-01
3,36E-01
3.928-01
4.548-01
5.178-01
6.058-01
7.2IE-0r
8.42E-01
9.998-01
1.148+00

1.878+01
i.578+01
1.298+01
1.058+01
8.938+00
7.368+00
6.388+00
5.418+00
4.678+00
4.008+00
3.388+00
2.79Ð+00
2.63E+00
1.75Ð+00
1.498+00
9.048-01
5.198-01
2.2tÐ-07
0.008+00



Table C.1: Experimental
(Cenierlines of branches

data for dual discharge (cont.)
in the same horizontal plane)

Set No.2-20
L/d.: 2.0
Po: 5I7 ltPa
LP -- 235 l"Pa
Ã : 2863 (ks.m)-tl2

h

[^]
T.
fcl

Right Branch Left Branch
lnG

fks /mitz]
n7L

lhs lrLinl
mG

lks lrninl
mL

lks/mi.nl

74.7L

i2.50
70.25

8.14

6.04
3.90
1.84

-0.23

-2.38
-Á aa

-6.59
-8.70

r0.77
12.87

14.75

z,t.o
23.6

2r.5
22.1.

22.7
23.0

23.!

0.00Ð+00
1.04E-02
2.71F,-02
4.76Ð-02
7.158-02
9.92Ð-02
1.328-01
1.658-01
2.02Ð-07
2.398-01
2.88Ð-01
3.498-01
4.248-07
5.178-01
6.408-01

1.02E+01
7.918+00
5.95E+00
4.828+00
4.008+00
3.308+00
2.658+00
2.118+00
1.64Ð+00
1.248+00
8.73E-01
5.538-01
3.468-01
1.32Ð-01

0.008+00

0.008+00
1.098-02
2.74Ð-02
4.918-02
7.25Ð-02
9.888-02
1.34E-01
1.688-01
2.058-01
2.508-01
2.98E-01
3.588-01
4.39E-01
5.438-01
6.48Ð-01

1.01E+01
8.07E+00
6.038+00
4.908+00
4.00E+00
3.298+00
2.678+00
2.11Ð+00
1.668+00
1.238+00
8.68Ð-01
5.47Ð-07
3.268-0i
1.15E-01

0.008+00
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Table C.1: Ðxperimental data fo¡ dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-27
Lld.: 3.0
Po = 316 kPa
AP : I23 k.Pa
R = 968 (kq.nz) r/2

h

l^*l
T"

fcl

Risht Branch Left Branch
n7G

lks/minl
nlL

[ks /rnin]
n7G

[ks lrnin]
mL

fks/min]

19,58

17 ,I7
15.07

12.93

10.86

ð. /b
b. bb

4.62
2,4Ð

0.35
-2.10
-4.20
-6.26

-8.40

10.46

L ¿, Ð,J

14,66

19.31

22.0

20.4

20.9

27.4

¿,7.,1

23.8
¿ó. ó

zó.o
zõ,õ

0.00E+00
i.068-02
2.97Ð-02
5.09Ð-02
7.15E'-02
1,078-01
1.438-01
1.788-01
2.108-01
2.51Ð-01

3.078-01
3.588-01
4.18Ð-01
4.76E-01

5.458-01
6.22Ð-07
7.348-01
1.04Ð+00

2,18E+01
1.828+01
1.518+01
1.23E+01
1.038+01
8.66E+00
7.84E+00
6.318+00
5.378+00
4.70Ð+00
3,84E+00
3.168+00
2.538+00
1.948+00
1.428+00
9.418-01
5.658-01
0.008+00

0.00E+00
9.52E-03
2.9IF'-02
4,808-02
6.83Ð-02
1.008-01
1.368-01
r.748-07
t 99Ì1 n1

2.63Ð-01

3.16E-01
3.68E-01
4.36E-01
4,96E-01
5.68Ð-01
6.538-01
7.778-0I
1.068+00

2.178+01
1.81E+01
1.498+01
1.21Ð+01
9.958+00
8.428+00
7.52F+00
6,15E+00
5.218+00
4.51E+00
3.76Ð+00
3.108+00
2.538+00
1.96Ð+00
1.438+00
9.11E-01
5.018-01
0.00Ð+00
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Table C.1: Ðxperimenta.l data for dual discharge (coni.)
(Centerlines of branches in the same horizontal plane)

Set No.2-22
L/d = 3.0
Po : 316 kPa
AP = 82 kPa
R = 980 (ks.m)-|lz

h

[nzm]

To

lcl

Rieht Branch Left Branch
mG

lkslminl
mL

lks/minl
mG

lks lmittl
mL

lks lminl

17 .51

15.41

.t,) , J 1

11.20

9.10
7.04

4.97

0.7 4

- 1.40

-5.63

-9.76

11.86

13.96

18.26

24.9

25.2

24.6

24.4
24.4

23.2

23.2

z,t.o
21.8

0,00E+00
9.828-03
2.97E-02
4.94Ð-02
7.79F'-02
1.078-01
1.398-01
L7 4E -07
2,098-01
2.518-01
2.97Ð-07
3.558-01
4.118-01
4.84Ð-01

5.488-0i
6.34E-01
9.41Ð-01

1.76E+01
1.50E+01
1,21E+0i
9.808+00
8.078+00
6.74E+00
5.688+00
4.86E+00
4.588+00
3.538+00
2.858+00
2.338+00
1.79E+00
7.27Ð+00
8.15E-01
4.548-01
0.008+00

0.00E+00
9.378-03

4.588-02
7.28Ð-02
1.008-01
1.348-01
1.74Ð-0r
2.228-07
2.64E'-07
3.098-01
3.71E-01
4.358-01
5.02E-01
5.758-01
6.69E-0i
9.598-01

1.738+01
1.49Ð+01
1.208+01
9.688+00
7.758+00
6.588+00
5.528+00
4.708+00
4.51E+00
3.448+00
2.848+00
2.32E+00
1.79E+00
i.288+00
7.968-01
4.198-01
0.00Ð+00
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Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-23
r /)Llu - d.u
Po = 316 hPa
LP: 40 ltPa
R = 960 (ks.nù-1lz

h
lmtnl

T.
PC]

Right Branch Left Branch
mG

[k s /nz'in]
mL

[k s /nzi,tt]
nlc

lks /nLinl
rnL

[kg /nLin]

15.06

12.96

10.58

8.41

6.38
4.24
2.r0
0,04

-2.06

-4.20
-6.30
-8.40

10.46
1t oa

76.27

¿ó.o

24.7

23.9

22.8
99 0

,ra

¿ô, J

0.008+00
8.918-03
3.008-02
5.238-02
7.68E'-02
1.07E-01
1.43E-01
1.83E-01
2.15E-01
2.58E-01
3.078-01
3.648-01
4.23Ð-0r
5.238-0i
6.978-01

1.25Ð+0i
i.018+01
7.878+00
6.23Ð+00
5.17E+00
4.39E+00
3.71E+00
3.07E+00
2.518+00
1.988+00
1.508+00
1.048+00
6.068-01
3.058-01
0.00E+00

0.008+00
8,618-03
2.688-02
5.048-02
7.56Ð-02
1.068-01
1.41Ð-01
1.83E-01
2.27F,-lr
2.748-01,

3.098-01
3.81Ð-01
4.438-01
5.51Ð-01
6.99E-01

1.258+01
1.01E+01
7.758+00
6.118+00
5.06E+00
4.288+00
3.648+00
3.08E+00
2.48E+00
2.00E+00
1.518+00
1.068+00
6.008-01
2.77F-07
0.008+00



Table C.1; Experimental
(Centerlines of branches

data for dual discharge (cont.)
in the same horizontal plane)

Set No.2-24
Lld: 3.0
Po : 5I7 kPa

^P 
= 235 kPa

.R = 975 (ks.nt)-1/2

h
l^*l

T"

lcl

Risht Branch Left B¡anch
TNG

[ks lÌnin]
mL

lks/minl
mG

[ks /min]
rnL

lks/minl

20.47

18.30

-L b. 1b

14.05

11.9 8

9.88
7.77

5.68

ó.ð /

r.46
-0.64

-4.85
-O,Vt)

-9.09

11.17
13.30

15.41

17 ,16

23.5

23.8

¿J. í

21.7
22.7

22.4

22.5

22.2 I

t9, I"" " I

;;; I

i

0.008+00
2.04E'-02
5.068-02
8.598-02
L22Ð-01,
1.578-01
1.97E-01
2.4IÐ-0r
2.908-01
3,51Ð-01
4.23Ð-01
4.878-0r
5.798-01
6.528-01
7.37E-01
8.438-01
9.438-01
1.058+00
1.198+00
i.348+00
1.808+00

2.99E+01
2.568+01
2.2IÐ+01
1.868+01
1.598+01
1.348+01
1.168+01
1.01E+01
9.01Ð+00
7.878+00
6.828+00
5.958+00
5.178+00
4.358+00
3.598+00
2.89Ð+00
2.218+00
1.648+00
1.098+00
7.308-01
0.00E+00

0.00E+00
2.01E,-02
4.72F-02
8.07E-02
1.14E-01
1.508-01
1.92E-01
2.478-07
2.98Ð-01

3.628-01
4.24Ð-07
4.88E-01
5.798-0i
6.528-01
7.508-01
8.46Ð-01
9.878-01
1.09E+00
1.248+00
1.43E+00
1.81E+00

2.97E+01
2.59Ð+01
2.20Ð+01
1.81E+01
1.55Ð+01
1.338+01
1.15Ð+01
9.918+00
8.818+00
7.678+00
6.62Ð+00
5,808+00
5.028+00
4.248+00
3.508+00
2.838+00
2.208+00
1.618+00
1.038+00
5.768-01
0.00E+00
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Table C.1: Ðxperimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal pìane)

Set No.2 -25
L/d = 3.0
Po = 5I7 ltPa
AP: 166 kPa
R : 974 (ks.m)-112

h

[mnt]
To

PC]

Risht Branch Left Bra¡ch
mG

lks/minl
mL

lks /minl
TNG

lks /rrrinl
mL

lks /minl

20.7r
18,64

16.53

14.39

I0.23
8. 13

6.02

3.88

1.78
-0.33

-4.54
-b.b4
-8.71

10.81
19 00

15.06

t_L,oo

20.L

20.4

20.6

20.7
20.7

,t'l

22.2

22.2

22.1

22.r
22,0

22.0

22.0

¿,).)

0.00E+00
1.938-02
5.288-02
8.59E-02
i.22E-01
1.608-01
1.968-01
2.518-01
3.07Ð-01
3.658-0i
4.27F-01.
4.998-01
5.878-01
6.678-01
7.51E-01
8.528-01
9.60Ð-01
1.108+00
1.25Ð+00
1.66Ð+00

2.52E+01
2.168+01
1.81Ð+01
1.528+01
1.30E+01
1.10E+01
9.56E+00
8.318+00
7.21E+00
6.428+00
5.498+00
4.748+00
4.04Ð+00
3.308+00
2.57E+00
1.99Ð+00
1.388+00
9.738-01
4.97E-01
0.00E+00

0.00E+00
2.078-02
5.01Ð-02
8.03E-02
1.14E-01
1.528-01
2.20E-01
2.54E-01
3.07Ð-01
3.65E-01
4.368-01
5.028-01
5.928-01
6.75Ð-01
7.56E-01
8.83E-01
1.00E+00
1.15E+00
1.33E+00
1.688+00

2.49Ð+01
2.15E+01
1.788+01
1.51E+01
1.29Ð+01
1.09E+01
9.368+00
8.148+00
7.01E+00
6.198+00
5.418+00
4.63Ð+00
3.93Ð+00
3.30E+00
2.598+00
1.98E+00
1.36E+00
8.688-01
4.27F'-01,

0.00E+00
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Table C.1: Experimental data fo¡ dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-26
r /J _Llu - o u
Po -- 5I7 k.Pa
AP: 97 kPa
R : 984 (ks.r.¿)-t /2

h

[^*]
T.
fcl

Right Branch Left Branch
mG

[ks /min]
NIL

[kslmin]
mG

[ks/min]
mL

lks /m'inl

18.60

16.35

14.25

12.14

i0.03
7.93

5.8 2

1.61
- 0.50
-2.74
-4.8 5

-7.02

-9.09
10.69

-L ó.I J
75.23

19.8 3

20.7
20.9
21.2

2L.4

27.5

2r.6
2r.6
2r.6
21.6

2L5
27.4

2I.4

0.008+00
1.818-02
4.79F,-02
8,098-02
1.188-01
1.568-01
2.06E-01
2.438-01
2.968-01
3.51E-01
4.218-01
4.988-01
5.958-01
6.728-07
7.52F'-07
8.648-01
1.008+00
L.42Ð+]rj

1.90E+01
1.64E+01
1.388+01
i.14E+01
9,488+00
8.19Ð+00
7.05E+00
6,03E+00
5.17Ð+00
4.55Ð+00
3,78E+00
3.14E+00
2.538+00
1.918+00
1.35E+00

I

8.73E-01 
|

5.188-01 |
I

0.008+00 
i

I

0.008+00
1.80Ð-02
4.48Ð-02
7.568-02
1, i1Ð-01
1.528-01
1.968-01
2.488-01
3.01E-01
3.628-01
4.368-01
5.13E-01
6.06Ð-01

6.928-01
7.73Ð-0r
8.958-01
1,048+00
1.428+00

1.898+01
1.66Ð+01
1.378+01
1.138+01
9.32E+00
8.03Ð+00
6.89E+00
5.84E+00
5.02E+00
4.478+00
3.718+00
3.108+00
2.498+00
1.90Ð+00
1.378+00
8.868-01
4.53E-01
0.00E+00



Table C.1: Experimental data for dual discharge
(Centerlines of branches in the same horizontal pla:re)

Set No.2-27
Lld = 8.0
Po = 316 ltPa
AP: I23 hPa
R = 997 (ks.m)-t/2

h

l**l
T"

l'cl

Risht B¡a¡ch Left Branch
rnG

[ks lmitz]
n7L

lkslminl
rnG

[ks lmitL)
mL

lks /minl

16.81

L4,7r
12.5L

10.30

8.16

6.77
4.07
r.97

-0.13

-õ.4t
-8.60
10.67

72.76

i4.85
16.77

zc.o
25.8
25.8
t< o

25.8

¿+, Ð

24.6

24.7
24.9

25.0

25.0
24.9

24.8

22.6

22.5

0.00Ð+t
1.29Ð-0
3.558-0
5.568-0
9.21E-0
1.23E-0
1.688-0
2.36E-0
2.61Ð-0:
3.23E-0:
3.878-0.
4.608-0:
5.40E-0.
6.40E-01

7.4rD-01
8.83Ð-01

1.058+0

2.t 2E+07
i.73Ð+01
1.348+01
1.06E+01
8.468+00
7.138+00
5.958+00
5.178+00
4.47Ð+00
3.678+00
2.988+00
2.328+00
1.61Ð+00
1.098+00
5.53E-01
2.44F,-01.

0,00E+00

0.00E+00
1.13E-02
3.168-02
5.868-02
8.718-02
1.188-01
1.658-01
2.438-01
2.64Ð-01
3.23E-01
3.898-01
4.54Ð-07
5.29E-01
6.29E-01
7.358-01
8.92Ð-01
1.068+00

2.098+01
i.77Ð+01
1.378+01
1.07Ð+01
8.62Ð+00
7.168+00
5.87Ð+00
5.028+00
4.328+00
3.69Ð+00
2.98Ð+00
2.318+00
1.64E+00
1.078+00
5.838-01
2.4IF-0I
0.008+oo
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Table C.1: Experimental data for dual discharge (coni.)
(Centerlines of branches in the same horizontal pìane)

Set No.2-28
Lld.: 8,0
Po = 316 kPa
AP: 82 kPa
R = 995 (kg.n't)-t 12

h
[mnz]

T"

fc)

RiEht Branch Left Branch
mG

[ks /min]
mL

lks/mznl
mG

lks /minl
mL

lks/min)

15.49

I1.22
L72
7.0I
4.88

0.7r
- 1.38

-3.49

-5.59
-7.69
-9.79
12.06

14,1t)

t5.97

23.9

24.7

24.6
tL ?

24.6
22.6

23.0
t2t

0.008+00
I.37E'-02
3.36E-02
5.52E'-02
8.59Ð-02
7.23Ð-01.

1.65E-01
2.0 5 Ð- 01
2.538-01
3.078-01
3.81E-01
4.54E-01
5.298-01
6.208-01
7.698-01
9.238-01

1.738+0i
1.38Ð+01
1.068+01
8.278+00
6.748+00
5.648+00
4.82E+00
4.158+00
3.468+00
2.778+00
2.14Ð+00
1.56E+00
1.02Ð+00
4.908-01
2.03Ð-01

0.00E+00

0.008+00
1.108-02
2.97F,-02
5.298-02
8.138-02
1.198-01
1.618-01
2.108-01
2.63Ð-01

3.118-01
3.81E-01
4.528-0r
5.258-01
6.198-01
7.708-0i
9.298-01

1.718+01
1.428+01
1.07E+01
8,388+00
6.668+00
5.56E+00
4.74Ð+00
4.08E+00
3.468+00
2.798+00
2.138+00
1.568+00
1.01E+00
5.12Ð-01
1.978-01

0.00Ð+00
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Table C,1: Experimental data. for dual discharge (cont.)
(Centerlines of branches in the same horizontal plane)

Set No.2-29
r,/t : R n

Po = 316 ltPa

^P 
= 40 kPa

R = 986 (ks.nt)-|/2

h

I^*l
T.
l'cl

Risht Branch Left Branch
7nG

[ks /nin]
mL

lks /minl
tnG

fks lrnin]
rnL

lks /nzinl

o 1<

6.98

4.92
9 at

0.71
- 1.39
-3.49
-5.59
-7.69
o70

-11.84
-1-4.57

22.8

23.6

23.9.

23.8

23.6

23.6

21.6
2L.6

0.00E+00
2.77Ð-02
5.34E-02
8.328-02
1.178-0i
1.588-01
2.00E-0i
2.47Ð-01.
3.048-01
3.628-01
4.38E-01
5.16Ð-01
6.698-01

L,22E+01.
6.89Ð+00
5.528+00
4.7 4E+00
3.928+00
3.24E+00
2.548+00
2.048+00
1.578+00
1.058+00
5.85E-01
2.96Ð-01
0.008+00

0.00E+00
2.52E'-02

5.04E-02
7.9IE-02
1.13E-01
1.55E-01
1.98Ð-01
2.5i8-01
3.078-01
3.678-01
4.45E-01
5.268-01
6.77Ð-07

1.21E+01
6.978+00
5.52E+00
4.63Ð+00
3.818+00
3.22Ð+00
2.55Ð+00
2,07E+00
1.60Ð+00
1.078+00
6.188-01
3.108-01
0.00E+00



Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in rhe same horizonral pJane)

Set No.2-30
Lld: 8.0
Po : 5I7 kPa
AP: 235 kPa
R = 985 (ks.m)-t lz

h
[**]

To

rcl

Right Branch Left Branch
7nG

lks lminl
?NL

fks/min]
mG

lkslminl
rnL

lks /rninl

19.50

15.00

12.8 9

10.79

8.68

6.57
4.48
2.38

0.27
-1.84
-3.94
-6.05
-8.15

10.26

12.36

14.46

16.56

19.5 4

24.7
25.7

25.4

25.4

zõ.¿

22.0

22.2

22.4

22.6
22.6

23.O I

22.s I

22.8 
|

23.0 |
I

22.9 I

I
I

0.00E+00
1.87F,-02
5.92E-02
9.84E-02
1.398-01
1.868-01
2.31E-01
2.978-01.

3.428-01
4.54F,-07
5.45E-01
6.468-01
7.46Ð-0r
8,62E-01
1.018+00
1.148+00
1.32E+00
1.52Ð+00
1.798+00

2.978+01
2.568+01
2.068+01
i.69Ð+01
1.43E+01
1.21Ð+01
1.01E+01
8,708+00
7.48Ð+00
6.358+00
5.41E+00
4.5iÐ+00
3.66E+00
2.818+00
2.068+00
1.358+00
7,518-01
3.46Ð-01

0.00E+00

0.00Ð+00
1.8 7E-0 2

5.92F,-02
9.848-02
1.39E-01
1.868-01
2.31E-01
2.97F,-0I
3.42Ð-01.

4.548-01
5.458-01
6.468-01
7.46E'-01,

8.62Ð-01
1.018+00
1.14E+00
1.328+00
1.528+00
1.79E+00

2.93E+01
2.59E+01
2.098+01
1.68E+0i
1.41E+01
1.20E+01
9.998+00
8.54Ð+00
7.368+00
6.27Ð+00
5.258+00
4.398+00
3.58Ð+00
2.808+00
2.098+00
1.388+00
7.61Ð-01
3.43Ð-0i
0.008+00
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Table C.1: Ðxperimental data for dual discharge (cont.)
(Centerlines of branches in the same horizontal piane)

Set No.2 - 37

Lld.: 8.0
Po = 5I7 kPa
AP = 166 kPa
R : 992 (ks.m)-t lz

h

l**l
T"

t'cl

Risht Branch Left Branch
7nG

lks/minl
mL

[ks /min]
mG

[ks /min]
mL

fks/min]

77.79

15.89

13.78

L7.72

9.96
7.82

5,7 4

3.60

r.49
-0.62
-2.69
-4.8 3

-6.97
-9.07

rL.L4

15.34

r8.84

,t7

27.4

22.0
nrÀ
)t7

23.6
23.6

23.6

tr o

2r.9

0.00Ð+00
1.95E-02

5.78E'-02
9.27Ð-02
1.28E-01
1.76E-01
2.22Ð-01
2.818-01
3.568-01
4.35E-01

5.168-01
6.308-01
7 .288-07
8.388-01
L668-01
1.138+00
1.328+00
1.618+00

2.48E+01
2.09E+01
1.738+01
1.408+01
1.21E+01
9.998+00
8.38Ð+00
7.258+00
6.278+00
5.338+00
4.58Ð+00
3,76Ð+00
2.898+00
2.10Ð+00
1.468+00
8.768-01
4.88Ð-01
0.008+00

0.008+00
L77E-02
4.74Ð-02
8,308-02
1.198-01
1.68E-01

2.24Ð-0r
2.918-01
3.618-01
4.388-0i
5.168-01
6.24Ð-07
7.07E-01
8.148-01
9.488-01
1.138+00
1.348+00
1.628+00

2.448+01
2.14E+07
1.738+01
1.41Ð+01
1,218+01
9.918+00
8.34Ð+00
7.168+00
6.198+00
5.338+00
4.558+00
3.678+00
2.858+00
2.t28+00
1.488+00
9.04E-01
4.79Ð-01
0.00Ð+00



Table C.1: Experimental data for dual discharge (cont.)
(Centerlines of b¡anches in the same horizontal plane)

Set No.2 - 32
L/d = 8.0
Po = 5I7 kPa
LP : 97 KPA
R : 996 (ks.m)-112

h
I^^l

T"

rcl

Riøht Branch Left Branch
TTLG

lks /mirLl
n1L

[ks /mirz]
nzG

fks /min]
mL

lks/minl

15.99

14.13

12.03

9.95
7.85

3.60
1.46

-0.61
-2.75
-4.82
-6.93

-9.07
1.7.77

73.24

L iJ. .1.)

17.11

23.9

23.9

2 3.9
23.9

22.5

22.6
22,7
,re
22.9

23.0
23.0

22.9
22.7
22.2
27.L

0.00E+00
L,71Ð-02
5.34E'-02
8.68E-02
1.26E-01
1.758-0i
2.208-0r
2.808-01
3.81Ð-01
4.26E-01
4.87Ð-07
6.19Ð-01
7.318-01
8.43E-01
1.01Ð+00
1.188+00
1.37E+00

1.898+01
i.62E+01
1.30E+01
1.04Ð+01
8.42E+00
7.138+00
5.95E+00
5.17Ð+00
4.398+00
3.638+00
2.96E+00
2.30Ð+00
1.60E+00
9.818-01
5.158-01
2.03E-01

0.008+00

0.00E+00
i.538-02
4.668-02
8.158-02
1.19Ð-01
1.698-01
2.23Ð-01.
2.86E-01
3.848-0i
4.42Ð-0r
4.998-0i
6.22Ð-0r
7.26F,-0r
8.308-01
1.00Ð+00
1.19E+00
1.398+00

i.868+01
1.648+01
1.318+01
1.05E+01
8.508+00
7.058+00
5.91E+00
5.068+00
4.24Ð+00
3.678+00
2.94Ð+00
2.28E+00
1.638+00
1.00E+00
5.40E-01
2.02 E- 01

0.00E+00



APPENDIX D

Experimental Data for Dual Discharge

(Centerlines of Branches in the Same Vertical

Plane)



Set No.3 - 7
T /)Ll u - .L r)

Po : 316 kPa
LP = 723 kPa
R : 1028 (hq.rrL\-t lz

Upper Branch Lower Branch

ha

[-*]
T.

PC)

n7G

[ks /min]
ntt

[ks /min]
ha

l-l YCI

ntc
[ks lnLin]

117 L

[ks /min]

18.79

16.83

14.73

L Z,O,t

10.46

8.33

6.30
4.13

2.07
0.85

-3.18

- l.1t)
-10.95

25.0

tî a

tto
22.6

2 3.0

19.7

2,t.,7

22.8

24.4

0.008+00
7 rIÐ-02
4.7 4Ð-02
8.79E-02
1.418-01
1.99E-01
2.7 r8-0r
3.658-01
4.818-01
5.668-01
7.008-01
7.37E-01
8.268-01
8.868-01
L94E-01

2.04E+01
1,638+01
1.26E+01
9.488+00
7.i3Ð+00
5.568+00
4,198+00
2.88E+00
1.648+00
9.998-01
5.01E-01
3.46E-01
1.918-01
9.22F'02
0.008+00

a 09

7.95

6.03

3.94

2.05

0.09

-4.12
-c, ,,
-8.33

-10.43
- 13.19

- 17.08
- 17.95

2L.6

¿,1.,1

22.8

22.6

24.4

24.0

23.8

22.8

22.5

21.6

0.008+00
3.388-03
6.488-03
2.428-02
4.278-02
6.858-02
1.12E-01
1.83Ð-01
2.678-01.
3.548-01
4.55E-01
6.148-01
7.498-01
9.21E-01
1.008+00

2.058+01
1.90E+0I
1.60Ð+01
1.338+01
1.098+01
8.938+00
6.938+00
5.02E+00
3,89Ð+00
2.90E+00
1.948+00
9.518-01
4.45F,-01.

1.128-01
0.00Ð+00

Table D.1: Experimental data for dual discharge
(Centerlines of branches in the same vertical plane)
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Table D.1: Ðxperimental data for dual discharge (coni.)
(Centerlines of branches in the same vertical plane)

Set No.3-2
f /) _Ll u - _L.o

Po : 316 kPa
L,P: 82 kPa
R : 1046 (ks.m)-t/z

Upper Branch Lower Branch

h¡
[^*]

To

YCI

lnG

lks/minl
7nL

[ks/min]
he

lnznzl

To

fcl
,lc

[ks/min]
mL

lks /nzinl

77.06

L5.17
13. 14

11.3I
o 9A

7.75

b. Ui)

2.95

0.82
-0.72
-2.12

-4.27
-6.35

- 11. 11

10 t
18.9

18.9

18.8

20.7
20.9

20.7
20.7
20.6

20.6
20.r
20.0
20.0
19.6

0,008+00
1.188-02
4.308-02
7.078-02
1.208-01
7.748-07
2.398-01
3.248-01
4.468-01
5.23E-0i
6.06Ð-01
6.698-01
7.378-07
8.75E-01

1.63Ð+01
1.31Ð+01
9.878+00
8.19E+00
5.888+00
4.70E+00
3.468+00
2.26E+00
1.27E+00
6.27E'-01
4.71F'-01,

3.058-01
1.558-01

0.008+00

o 1t

7.09
¿ oo

2.86

1..29

-0.78
_, eo

-4.99
-7 .05

-9.19
77.29

13.39

15.49

16.47

17.10

20.6

20.1

20.0

20.0
10 (ì

79.7

20.0

20.0
20.0

19.9

19.8

19.8

19,7

19.6

19.0

0.008+00
4.63E-03
r.22E-02
2,97Ð-02
4.558-02
7 .15Ð-02
1.258-01
1.958-01
2.788-07
3.658-01
4.838-01
5.93E-01
7.33E-01
8.458-01
9.008-01

1.64E+01
1.49E+01
1.218+01
9.998+00
8.22Ð+00
6.778+00
4.94Ð+00
3.788+00
2.758+00
1.94E+00
1.268+00
6.228-07
2.4IE'-0r
5.82F,-02
0.008+00



Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set. No.3-3
L/d = 1.5
Po = 316 lcPa
LP: 40 kPa
R : 1017 (ks.m)-rl2

Upper Branch Lower Branch

ht
[-] PCI

mG

fks /n'LirL]

mL

[ks /min]
hB

ltnntl PC]

mG

[ks/min]
n7L

lk s lnzinl

74.54

12.44
10.34

8.24
6.10

4.00
1.90

-0.20
- ¿,,) õ

-3.69

-5.79

-7 7t
-11.18

20.8
t1 o

22.r
22.0

27.7

20.9

20.5

20.2

19.9
10 ,7

19.5

L9.4

0.00Ð+00
1.608-02
3.858-02
7.36F-02
1.23E-01
1.848-01
2.508-01
3.498-01
4.43E-01
4.848-01
5.48Ð-01
6.09E-01
6.70E-01

1.18E+01
8.858+00
6.398+00
5.05E+00
3.96E+00
3,408+00
1.9i8+00
1.10E+00
4.718-01
3.428-01
1.?58-01
6.888-02
0.008+00

7 .57

3.42
L.49

-0.64
-2.77
-4.84
-6.95
on9

L7.r2
13.22

L4.62

¿0.3

r9.9
L9.7
to <

r9.5

.9.5

.9.5
Ôo

oo
oa

9.7
QI

0.008+00
6.178-03
1.83E-02
3.32Ð-02
5.968-02
1.11E-01
1.788-01
2.508-01
3.298-01
4.08E-01

5.138-01
6.068-01
7.03Ð-01

1.18Ð+01
9.688+00
7.798+00
6.198+00
4.7 4E+00
3.398+00
2.45E+00
1.868+00
1.21E+00
7 .258-07
3.308-01
8.148-02
0.008+00



Table D.1: Experimental data. for dual discharge (cont.)
(Centerlines of branches in the same veriica.l plane)

Set No. 3 - 4

Lld.: 1.5

Po : 316 l¡Pa
LP = I23 kPa
R = 1588 (ks 'm)-t 12

Upper Branch Lower Branch

h¡
l^*l

.t1

lcl
mG

lhs /rni.nl

mL

lks lm'inl
hB

lmntl
T"

fcl
mc

lkslminl
mL

lks lmirLl

13.31

11.14

9.11

7.01

4.84

0.68

- J.1tl
-5.26

-7.36
- 10.93

20.8
20.8
20.7

20.6

20,5

20.4

20.2

20.2

r9.7
19.5

19.3
10 a

19.1

0.008+00
1.168-02
3.75E-02
7.13E-02
1.118-01
1.63Ð-01
2.208-0r
3.07E-01
4.36E-01
4.84Ð-01
5.458-01
6.06E-01
6.50E-01

1.348+01
1,008+01
7.218+00
5.568+00
4.238+00
2.97E+00
1.938+00
1.138+00
5.01Ð-01
3,428-01
1.71Ð-01

7.278-02
0.00Ð+00

8.70

6.04
3.95

1.85

-0.25

-4.10
-6.r7
-8.31
10.41

12.54

t4.47
15.10

20.7
10 <

19.3

19.3

79.2

19.1

19.1

19.1

19.1

19.0

19.0

18.9

18.7

0.00E+00
8.618-03
7.74Ð-02
3.488-02
6.388-02
1.098-01
1.528-01
2.168-01
2.788-01
3.628-01
4.788-01
6.068-01
6.59E-01

1.30E+01
1.06Ð+01
8.548+00
6.778+00
5.098+00
3.85Ð+00
2.818+00
1.948+00
1.228+00
6.898-01
3.85Ð-01
8.52Ð-02
0.00E+00



TabLe D.1: Ðxperimental d¿.ta for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

,9eú No.3-5
Í /) _L/u - r,i,
Po : 316 kPa
LP : T23 KPA
R = 3007 (ks.m)-1/2

Upper Branch Lower Branch

h1

[^*)
To

l'cl
mG

lkslmìnl
n7L

lhq/minl
hs
l*l

Ta

l.al
mG

fks/min]
mL

lks /mi?zl

11.39

9.40
7.30

5.20

d.I J

1.03

- 1.07
-¿,öõ

-6.00
-9.88

19.5

19.5

19.6

19.6

19.6

r9.7
10 '7

19.5
10 ?

19.1

19.5

0.00E+00
8,31E-03
2.818-02
4.96F'-02
8.i4Ð-02
1.268-01
1.92E-01
2.37Ð-07
2.71E'-07
3.078-01
3.688-01

7.05E+00
5.338+00
3.468+00
2.558+00
1.818+00
1.138+00
5.188-01
2.44E'-07
1.718-01
7.66Ð-02

0.00Ð+00

7.47

4.9I

r.74
-0.68

-2.77
-4.81

-6.91
-9.01

- 11. 11
1' 27

19.6

19.3

19.1

19.1

19.5
1(l <

19.6

19.6
10 7

19.6

19.5

0,008+00
o,oJt1-trJ
t.47F,-02
3.188-02
5.74Ð-02
L31Ð-02
1.318-01
1.79Ð-01
2.378-0L
3.07Ð-01
3.71Ð-01

6.938+00
5,418+00
4.438+00
3.328+00
2.408+00
1.60E+00
1.04E+00
5.90Ð-01
3.39E-01
1.088-01

0.008+00



Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No. 3 - 6
r l)Ll u - r,r)
D- 1^D-ru -

^P: 
235 kPa

R : 1025 (ks.rù-tl2

Upper Branch Lower B¡anch

ha

l^l
To

lcl
mG

[ks/min]
mL

lkslminl
hp
l-l

T"

t'cl
m,ç

fks/min]
rnL

lks lrnin)

2I,4I
19.38

tt,tð

71..27

9.13

7.06

5.02
2.85

0.86

-3.38
-5.56
-7.59

-71.70

22,0

22.0
,, (\

22.r
22.0

22.0
22.0
t¡> 2

22.2

22.2

22.7

22.5

22.6

22.6

0.00Ð+00
7.978-02
7.54Ð-02
1.26Ð-01
2.07Ð-01
2.98E-01
3.958-01
5.26E-01
6.728-0r
8.62E-01
1.088+00
1.328+00
i.398+00
1.48Ð+00
1.578+00
1.698+00

2.82E+01
2.348+01
1.82E+0i
1.51E+01
1.18E+01
9.09E+00
6.938+00
5.458+00
3.88E+00
2.218+00
1.05Ð+00
5.018-01
3.67E-01
2.118-01
8.838-02
0.00E+00

10.06

/,ðD

5,82
ó.tlJ
r.62

-0.52
_, Lo

-4.75
-6.89
-8.96

11.11

17.46

20.97

22.2

22.r
¿¿.õ

22,6

22.6

22.6

tt o

¿ ¿.ó

22.8

22.8

"R

0.00E+00
1.16Ð-02
2.48E-02
4.988-02
8.86E-02
1.298-01
1.96E-01
2.988-01
4.138-01
5.558-01
6.868-01
8.62E-01
i.06E+00
1.298+00
1.728+00

2.858+0i
2.65E+01
2.22Ð+0r
1.85E+01
1.538+01
1.28E+01
1.038+01
7.20E+00
5.80E+00
4.47Ð+00
3.238+00
2.22Ð+00
1.388+00
5.908-01
0.00E+00



Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-7
L/d = 1.5
Po = 5I7 hPa
AP = 166 kPa
n : 1018 (ks.m)-tlz

Upper Branch Lower Branch

h¿

L--l
T"

rcl
rnG

[ks/min]
mL

[ks lnL'in]

hB

l^l
To

lcl
mG

[ks /min]
tn¡

lks /mirLl

19.84

17.59

15.48

13.38

77.27

L20
7 .06

4,78

2.77

0.57
-1.01

-2.69
_t 70

-6.89
- 12.05

t1 rl

27,9

2r.9
t1 0

tr o

21.8

2r.4
z r,o
21.8

22.7

23.4
20.9

22.2

0.00Ð+00
2.57Ð-02
8.36E-02
1.478-01
2.108-01
2.988-01
4.L7E-0r
5.63E-01
7.168-01
9.1i8-01
1.10E+00
1.21E+00
1.31Ð+00
1.39E+00
1.58E+00

2.39Ð+01
1.89E+01
1.508+0i
1.168+01
9.09Ð+00
8.858+00
5.49E+00
3.938+00
2.378+00
1.25E+00
5.608-01
4.50E-01

2.768-01
1.32Ð-01
0.008+00

9.00

6.52

4.40

0.21
_1 ôt
-4,1"0

- b,1ð

-8.25

- 10.43

-r4.6r
- 16.68
-18.68
-20.19

23.4

2r.2

tt o

22.7
21.8

27.7

2L.6

2r.6
2L2
27.r
2T.I
2L.2

27.2

0.008+00
1.38E-02

3.248-02
6.12E-02
1.008-01
1.568-01
2.488-01
3.46E-01
4.848-01
6.268-01
7.598-01
9.468-01
1.17Ð+00
1.458+00
1.59Ð+00

2.408+01
2.13E+01
1.73E+01
1.478+01
1.21E+01
9.288+00
6.97Ð+00
5.418+00
4.24E+00
3.068+00
2.05E+00
1.288+00
5.658-01
1.73E-01

0.00E+00



Table D.1: Experimental data for dual discharge (cont.)
(Cenlerlines of branches in the same vertìcal plane)

Set No.3-8
L/d = 1.5

Po : 5I7 kPa
ÂP: 97 kPa
R = 1035 (hs.m)-t/z

Upper Branch Lower B¡anch

h1

l^^l
T"

fcl
NTG

lks lmirLl
mL

fks /min]
h6
l*l

T.
rcl

tnG

lkslm'inl
mL

lks/minl

77 .49

15.49

13.41

7L.27

9.16

7.09

4.99
2.88

0.78

- J,4t)

-12.01

21.7
zz.Ð

22.8
tt7
22.6

,9ñ
2r.4

0.00Ð+00
1.938-02
6.848-02
1.248-01
1.968-01
2.648-0r
3.75E-01
5.058-01
6.50E-01
8.578-01
9.74E-01
1.318+00

1.79Ð+01
1.468+01
f .i4Ð+01
8.70E+00
6.748+00
5.21E+00
4.00E+00
2.77Ð+00
1.628+00
6.24E'-07
3.618-01
0.008+00

7.78

3.61

1.58
-0.56

-2.81
_r 70

-6.89
a oô

11.10

73.27

15.35

17.59

78.47

22.4
22.0
2r.8
2L.6

2r.4
22.L

22.0

22.L

22.0
22.0
22.0
2r.9

0.008+00
i.288-02
2.85E'-02
6.34Ð-02
9.69E-02
1.708-01
2.50E-01

3.55Ð-01
4.848-01
6.10E-01
7.59Ð-01
9.418-01
1.238+00
1.32Ð+00

1.818+01
1.61E+01
1.328+01
1.088+01
8.54Ð+00
6.308+00
4.70E+00
3.76Ð+00
2.708+00
1.878+00
1.158+00
5.12Ð-01
8.34E-02
0.00E+00



Table D.1: Experimental daia for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3 -9
f /)Llu - -1.ú

Po : 577 hPa
AP: 235 kPa
R = 1631 (ks.m)-r/z

Upper Branch Lower Branch

h¡
l"")

To

lcl
m6

lks /rninl
?'laL

lks/minl
he

[^*]
T.
lcl

mG

[ks /min]
mL

lks /rnin)

77 .49

r5.52
13.39

11.31

L17
7 .07

4.96
2.86

0.72
-I.JO

-3.10
-5.20
-7.30

- 11.16

20.8

20,9

20.9

21..0

20.9

20.9

20.9

20.9

20.8

27.6

21..6

2r.4

0,00E+00
1.83E-02

5.548-02
1.06E-01
1.678-01
1.998-01
3.198-01
4.40Ð-01
6.06Ð-01
7.98E-01
8.628-01
9.43Ð-01
1.018+00
1.068+00

1.78E+0i
1.45Ð+01
1.078+01
8.1iE+00
6.158+00
4.66Ð+00
3.258+00
2.11Ð+00
i.168+00
4.488-01
3.42Ð-0r
1.75E-01
7.27F'-02
0.00E+00

8,45

o.1t
4.01

1.91

-0.16
- 1.95

-4.08
-6.18

-8.29
10.36

12.50

74,64

16.43

17.03

2

2

2

2

2.

2.

2'.

2.

2)

).9

..5

..6

..6

..4

,4

.7

.5

,4

.4

.4

.J

.2

0.008+00
1.348-02
3.16Ð-02
6.108-02
1.058-01
i.57E-01
2.348-01
3.20E-01
4.77Ð-0r
5.40Ð-01
6.778-01
8.60E-01
1.058+00
i.118+00

1.788+01
1.558+01
1.278+01
1.018+01
7.758+00
6.158+00
4.518+00
3.348+00
2.33E+00
1.53E+00
9.158-01
4.07E-01
7.368-02
0.008+00



Table D.1: Experimental data fol dual discharge (cont.)
(Centerlines of branches in the same vertical pìane)

.9et l{o.3-10
f l)L/u - .r . !.r

Po = 5I7 lcPa
LP = 235 kPa
R : 2966 (ks.m)-tl2

Upper Branch Lower Branch

ha

[*^]
To

lcl
mG

lkslminl
11'L L

lks lmin,l
hp

l^l
T.

PCI

mG

[ks /min]
mL

[ks ln'LirL]

13.31

11.3 L

9.20
7.10
4.96

2.89

0.75
-1,28
-.1 . ó õ

-10.11

27.2

2r.2
27.1.

20.9

20.8

20.6

20.5

20.4
20.4
20.8
20.9

0.008+00
1.218-02
4.188-02
L09E-02
1.298-01
1.918-01
2.66Ð-0i
3.80E-01
4.70E-01

5.378-01
6.228-07

9.878+00
7.25E+00
5.178+00
4.00Ð+00
2.898+00
1.968+00
1.138+00
4.73E-01
2.60E-01
1.16E-01
0.008+00

8.24

3.69

1.55

-0.90
-2.98
-5,r2
-7 .79

-9.33

II,44
12.88

13.69

20.5

20.4

20.8

20.8

20.9

2r.2
21.1

2r.7
2r.1.

21.0

20.9

20.9

0.00Ð+00
7.70Ð-03
2.76F'-02
4.448-02
9.468-02
1.47E-01
2.198-01
2.73Ð-0r
3.498-01
4.58Ð-01
5.498-01
6.22E-01

9.72E+00
8.46Ð+00
6.58Ð+00
5,02E+00
3.52Ð+00
2.488+00
i.63E+00
1.078+00
6.118-01
2.938-01
L528-02
0.008+00

2I5



Table D.1; Experimental data for dual discharge (cont.)
(Centerlines of bra¡rches in the same vertical plane)

Set No.3-17
f /)r'/ u - z.u
Po : 316 kPa
AP = 123 kPa
R = 1023 (ks .m)-r 12

Upper Branch Lower Branch

ha

l**l
11

lL,l

rnc
lkslm'inl

mL

fks lnzin]
hB

l^*l
To

lcl
mG

lks lrninl
mL

lks /mirLl

18.29

16.39

14.3 6

10.26

8.16

6.47

4.42
2.46

0.89
-0.44
-1.81
-J.OJ

-5.77
- /.bb
-9.34

-r2.1-0

1ô O

t1 a

20.8

20.4
20.1

20.8

20.9
2I.7
20.7

2r.t
20.9

20.8

19.7
19.5

0.00E+00
9.82Ð-03
2.99Ð-02
5.648-02
9.73E'-02
1.51Ð-01
2.06E-01
2.75Ð-07
3.53E-01
4.42Ð-0r
5.29E-01
6.41Ð-01
7.408-07
8.298-01
8.67Ð-01
9.28Ð-01
9.988-01

2.068+01
1.688+01
1.298+01
9.72Ð+00
7.48E+00
5.848+00
4.788+00
3.738+00
2.588+00
1.718+00
1.128+00
6.22E'-07
3.55E-01
2,2IÐ-OI
1.508-01
6.388-02

0.00Ð+00

10.38

8.94

b. /t,
4.81

3.13

r.41
-0.65
-z.oð

- 6.84

-8.9 4

11.04

13.07

15.13

16.80

17.68

2I.T
20.9
20.8

27.8

r9.7
10 <

2r.2
20.9
20.7
20,5

20.2

20.r
19.9
10'7

19.6

19.6

0.00E+00
5.71Ð-03
1.84Ð-02
3.62Ð-02
5.508-02
8.188-02
1.268-01
1.87E-01
2.50Ð-01

3.17E-01
4.108-01
5.108-01
6.178-01
7.778-07
9.21E-01
1.038+00

2.05E+0i
1.868+01
1.49Ð+01
7.228+01.
1.018+01
8.318+00
6.46Ð+00
5.178+00
4.04E+00
3.008+00
2.158+00
1.42Ð+00
8.018-01
4.04E,-01
1.12Ð-01

0.00Ð+00



Table D.1: Ðxperimental data for dual discharge (cont.)
(Centerlìnes of branches in the same vertical plane)

Set No.3-12
f /) 

-L/u - ¿.v
Po : 316 hPa
ÄP : 82 kPa
.R = 1025 (hs.m)-t/t

Upper Branch Lower Branch

h¡
l^*l

To

PCI

mG

lks/minl
rn¡

[k s /min]
ha

l**l
.F

lcl
mG

lks /minl
mL

lhslminl

76.29

12,4r
L0.24

8.17

6.07
4.00
i.90

-0.23

-1.95
-3.91

-5.66
-7.4r
-9.16

-11.68

20.7
20.1.

20.0

19.8

19.5

79.2

19.1

19.1

19.0

18.9

2r.7
19.9

0.008+00
1.19E-02
3.49E-02
6.428-02
1.038-01.

1.58E-01
2.338-01
3.06E-01
4.11Ð-01
5.23E-01
6.06E-01
6.698-01
7.488-01
8.13E-01
8.91Ð-01

1.66Ð+01
1.328+01
9.32E+00
7.168+00
5.68E+00
4.518+00
3.528+00
2.478+00
1.45Ð+00
7.688-01
4.458-01
2.57F,-07
1.508-01
7 .77Ð-02
0.00Ð+00

L7r
8.56

6.81

5.06
.1,J1

1.38

-0.37
-2.64
-4,70

-6.84
-8.94

10.97

12.79

14.85

16.18

t6 .7 4

18.9

2r.4
2I.I
20.2
10 0

ro o

10 (

i9.5
1.9.4

79.4

19.3

79.2

19.1

19.1

0.00E+00
5.098-03
7.22Ð-02
2.448-02
4.r5Ð-02
6.75E-02
1.08E-01
1.748-01
2.238-07
2.93E-01
3.658-01
4.548-01
5.67E-01
7.10E-01

8.30E-01
9.078-01

1.678+01
1.53E+01
1.30E+01
1.09E+01
8.858+00
6.97E+00
5.608+00
4.318+00
3.25E+00
2.378+00
1.64Ð+00
1.028+00
4.93E-01
1.998-01
6.888-02
0.00E+00



Table D.1: Experimental data for dual disctrarge (cont.)
(Centerlines of branches in the same vertical plane)

.Sel No.3-13
f l)L/u - L.u

Po : 316 ltPa
AP : 40 kPa
n = 984 (ks.rfl-tlz

Upper Branch Lowe¡ B¡anch

ha

lmntl
T.
fc)

lnG

[ks /nzit'L)

inl
lks/minl

hB

lnt,nt]

To

lcl
mG

[ks /nLi.n]

TNL

lks /n'Lit¿

14.05

12.02
o 0t
7.84
5.89
3.79

1.69

-0.23
-2.30
-3,56
- Ð. bll
-7 .4L

- 11.61

22.8

22.2

21.7
20.4
19.9

19.9

t9.7
19.0

18.9

18.9

0.00Ð+00
1.26Ð-02
3.168-02
5.908-02
s.428-02
1.458-01
2.108-01
2.98E-01

3.688-01
4.54E-01

5.258-01
5.828-01
6.85E-01

L22Ð+0I
8.58Ð+00
6.23Ð+00
4.828+00
3.978+00
3.108+00
2.168+00
1.52E+00
7.968-01
4.42Ð-0I
2.r7Ð-0r
1.358-01
0.008+00

8.59

8.66

6.81

5.06

J,ð1
L.27

-0.89
-2.99
-5.09
-7.r2
-9.12

17.25

13.14

14.50

1.5.24

19.7

19.0

19.0

18.9

18.8

78.7

20.8

20.6

20.5

20.4
20.3

20.7

20.0
to o

19,9

0,008+00
0.00E+00
8.468-03
1.668-02
3.168-02
6.08E-02
1.058-01
1.63Ð-01
2.088-01
2.618-01
3.218-01
4.158-01
5.078-01
5.86Ð-01
6.85Ð-01

1.22E+01
1.22Ð+01
9.568+00
7.918+00
6.39E+00
4.90E+00
3.718+00
2.878+00
2.108+00
1.488+00
9.638-01
5.98Ð-0i
2.60E-01
8.44E-02
0.00Ð+00



Table D.1: Experimental data fo¡ dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3 -74
r,/,1 : t ft

Po : 316 kPa
LP: 123 kPa
n = 1580 (kq.nz)-t 12

Upper Branch Lower Branch

h¡
l^*l YCI

N'LG

[ks lnLin]

NIL

lks /minl
hB

lmn'tl

T"

PCI

mG

lks/minl
n7L

lk s lnrinl

I4.65
12.58

10.45

8.38

6.21

4.27

2.0r
-0.02
-2.09
-3.59
-4.9 6

-10.84

22,4

22.5

tr^

22.6

22.7

20.9

2L.6

¿ 2.,t

0.00E+00
1.158-02
3.178-02
5.928-02
1.00Ð-01
1.37Ð-01
1.958-01
2.67F-07
3.748-01
4.708-01
5.088-01
6.56E-01

1.33E+01
9.838+00
7.32Ð+00
5.458+00
4.248+00
3.278+00
2.28E+00
1.41Ð+00
7.038-01
3.89Ð-01
3.028-01
0.008+00

0 ,o

5.41

I.T7
-0.90
-3.00

-5.10
-7.20
-9.30

11.43

13.50

14.79

22.r3

2L.6
t1 0

22.0
22.7
22.6

22.6

¿ ¿.o

22.6

22,6

22.5
,, É,

22.3

0.00E+00
6,338-03
1.53E-02
3.25Ð-02
6.75E-02
1.078-01
1.54E-01
2.05Ð-01
2.48E-01
3.208-01
4.16Ð-01

5.38Ð-01
6.63E-01

1.338+01
1.118+01
8.708+00
6.74E+00
4.948+00
3.84Ð+00
2.778+00
2.01Ð+00
i.408+00
8.668-01
4.838-01
2.41E'-07

0.00E+00

2rs



Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3 - 15
r l)Llu - ¿ v
Po = 316 kPa
AP = I23 kPa
n = 2983 (ks.m)-r/z

Upper Branch Lower Branch

ht
l^^l

To

fcl
?TLG

[ks/min]
lnL

lks lminl
hB

[*-]
T"

PC]

?NG

lks/minl
mL

lks /rninl

11.00

8.90
6.80

4.õ I
I Ot

0.81
- 1 t0
-3.42

-5.45
-9.40

22.7

22.2

22.4
22.6
23.0
23.r
t'),
zõ,J

22.r

0.008+00
9.978-03
2.60E'-02
4.958-02
7.28Ð-02
1.03E-01

1.438-01
2.22Ð-0r
2.90E-01
3.86Ð-01

6,978+00
4.988+00
3.588+00
2.72Ð+00
2.098+00
1.518+00
9.04Ð-0i
4.03E-01
2.32Ð-0r
0.008+00

8.24

6.L4

3.97
1.90

-0.20
-2.30
-4.43
-0.bJ
-8.60

-10.73
-L2.48

2L.9

22.0
22.6
tt7
,t7
22.7

,,) ç

0.008+00
6.338-03
1.63E-02
3.908-02
6.81Ð-02
9.55E-02
1.36E-01
1.75Ð-01
2.19E-01
2.80E-01

3.708-01

7.138+00
5.568+00
4.19E+00
3.05E+00
2.188+00
1.49Ð+00
1,05Ð+00
6.41E-01
3.618-01
2.108-01
0.008+00
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Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Sel lr'o.3-16
f l) _L/u - .t.v

Pa : 577 kPa

^P 
= 235 kPa

n : 1008 (ks.m)-t lz

Upper Branch Lower Brancb

hn

lmntl
T"

PCI

rnG

lks/minl
mL

lkslminl
hB

[nzm]

To

lcl
mG

[ks /rnzn]

NLL

lks /n'Litzl

20.76

18,69

16.51

14.40

10.19

8,72

6.01
Q 01

t./,1
-0.30

-2.46
-4.5 5

-5,96
-i 1.93

z,),,7

23.0
25.0

24.6
24.I

0.00E+00
2.r4E-02
6.30Ð-02
1.17E-01
1.81E-01
2.648-07
J,ll ð 11-tr1

4.988-01
6.348-01
8.138-01
1.03E+00
i.34E+00
1.39E+00
1.508+00
1.788+00

2.89Ð+01
2,398+01
1.85Ð+01
1..47Ð+01.

1.158+01
8.93E+00
7.168+00
5.418+00
4.168+00
2.58E+00
1.368+00
5.12E-01
4.62E'-01
3.12E-01
0.00E+00

71.22

8.97
6.51

2.30
0.5 4

-5.78

-7.85
10,02

12.I2
14. 18

16.32

20.73

,ro
z ¿.t)

l+.o

24.7

24.0

24.0
oe a

,1 '7

23.6

21.6

2I.5
2r.2

0.008+00
7.258-02
3.56Ð-02
6.79E'-02
1.108-01
1.56E-01
2.258-0r
3.21E-01
4.428-07
5.668-01
6.98Ð-01
8.438-01
1.028+00
1.238+00
1.808+00

2.88Ð+0I
2.62F+01
2.11Ð+01
1.75E+01
r.428+01.
1.i9E+01
8.898+00
7.09E+00
5.56E+00
4.39E+00
3.268+00
2.28E+00
1.51Ð+00
8.198-01
0.008+00



Set No.3-17
r./à: t n

Po : 51'7 ltPa
LP: 166 kPa
R : 1016 (ks.m)-tlz

Upper Branch Lower Blanch

h¡
[mn't] l'cl

mG

[ks /min]
mL

lks lminl
h6

l-l
To

fcl
rn6

lks lmi.nl
rnL

lks lmirLl

10 9<

77 .22

15.11

12.94

10.8 3

õ,/t)
6.62

4.58
2.48

0.34
-2.05

-6.26
-72.73

91 0

22.L

22.r
22.2

,n .1

22.2
tn2

¿ 2.,t

22.2

27.0
2L.6

22.6

0.008+00
2.07E-02
5.828-02
1.09E-01
r.72E-07
2.50Ð-01
3.518-01
4.728-07
6.068-01
7.67Ð-01.
1.06E+00
1.21Ð+00
1.35E+00
1.628+00

2.40E+01
2.00E+01
1.57E+01
1.20E+01
9.28Ð+00
7.36Ð+00
5.84E+00
4.598+00
3.338+00
1.998+00
7.618-01
4.42Ð-07
3.028-01

0.00Ð+00

r0.42
8.35

6.2L

4.06
1.99

-0.05

-2.26
-4.37

-7 .84
-9.91

t2.09
13.45

15.56

r7.73
20.07

22.2

27.0
2r.6
22.0
22.2

22.6

22.8

22.8

22.7
22.7
22.7

22.7

22.8

22.6

0.008+00
1.38Ð-02
2.97F-02
6.08E-02
9.87E-02
1.52E-01
2.268-01.

3.26E-01
4.348-01
5.19E-01
6.35Ð-01
7.928-01
9.048-01
i.098+00
1.368+00
1,64E+00

2.408+01
2.77Ð+07
1.85E+01
1.50E+01
I.228+0I
9.48E+00
7.178+00
5.76Ð+00
4.558+00
3.818+00
2.798+00
1.948+00
1.448+00
8.018-01
3.27Ð-0I
0.00E+00

Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same veltical plane)
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Table D,1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Sel
Lld:
to -LP=

,¡/o. 3 - 18

2.0

517 kPa
97 kPa
981 (ks.m)-r/z

Upper Branch Lower Branch

h1

l*l
T.

PCI

mG

[hslmin]
mL

lks/min.l
hg

[rnm]

T"

PCI

mG

lks/minl
nzL

[ks/mi]Ll

16.97

14.t'6
12.65

10.58

L44
6.40
4.3 0

2.72

0.08
-2.02
-3.49

22,7

22.6

22.7
22.8

22.8

22.7
22.9
23.0

¿),õ
zó.o

0.008+00
2.398-02
6.09E-02
1.078-01
1.69Ð-01
2.44F-0r
3.338-01
4.518-01
5.758-01
7.48E-01
9.148-01
1.038+00
1.35E+00

1.81E+01
1,47E+01
1.098+01
8.18Ð+00
6.548+00
5.17E+00
4.24Ð+00
3.148+00
2.13E+00
1.05E+00
4.778-07
3.518-01
0.00E+00

9.25

7 .22

3.04

0.97

-5.41

-9.52
11.66

13.77

15.90

18.18

zó.o
25.0
22.0

22.0
22.2

22.2

22.2

22.2

22.2

22.0

0.00E+00
1.348-02
3.348-02
6.19E-02
9.918-02
1,658-01
2.42Ð-01
3.378-01
4.45Ð-01
5.55E-01
6.788-01
8.48E-01
1.058+00
1.358+00

1.82E+01
1.658+01
1.348+01
1.098+01
8.62E+00
6.35Ð+00
4.988+00
4.00Ð+00
3.00E+00
2.13E+00
1.418+00
7.948-01
3.44E-01

0.00E+00



Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same veriical plane)

Set No.3-I9
r,/à : t (\

Po = 5I7 kPa

^P 
= 235 kPa

R = 1592 (ks.m)-t/z

Upper Branch Lower Branch

hn

lm'ml

T.
l'cl

mG

[kslmin]
rnL

[ks /n'Lin]
hB

[rnnz]

T"

rcl
ING

lks lminl
in¡

[ks /m'in]

16.90

74.87

12.6I
10.55

8.44
o.J+

tô0
0.06

-2.08

-4.16
-11.47

22.4

22.4

22.5

21..0

¿ 2.Ð

24.4

0.00E+00
1.868-02
5.22F,-02
9.62E-02
1.528-01
2.228-07
2.98Ð-01
4.008-01
5.42Ð-07
7.168-01
8.95Ð-01
1.13E+00

1.80Ð+01
1.45Ð+01
1.07E+01
8.22E+00
6.38Ð+00
5.02E+00
3,818+00
2.598+00
1.60E+00
7.78Ð-07
3.378-01
0.00E+00

9.72

I .tJ4

5.46

3.39

1.00

-1.14
-3.29

-5.43
-7.54
-9.64

17.75

13,85

15.98

17.05

24.4
25.0

25.0
25.0
tt o

tt o

24.8

24.4

0.008+00
1.28Ð-02
3.02E-02
5.938-02
1.138-01
r.778-0r
2.40Ð-07
3.22Ð-0r
4.168-01
5.22Ð-07
6.518-01
8.148-01
1.018+00
1.13Ð+00

1.858+01
1.62E+01
1.27Ð+0r
1.018+01
7.528+00
5.60E+00
4.39E+00
3.23Ð+00
2.358+00
1.64Ð+00
1.058+00
5.188-01
1.368-01

0.00E+00



Table D.1: Experimental data fo¡ dual discharge (cont,)
(Centerlines of branches in the same vertical plane)

Set No.3-20
Lld.: 2.0
D^ 

- 
t-n^tu -

^P 
= 235 kPa

R : 2g2s (ks.m)-rl2

Upper Branch Lower Branch

h.a

[mtn]

T"

fcl
m6

lks/mi.nl
n7L

fks /min]
he
[-]

To

PC]

mG

[hs /mirL]

rnL

lks /n'LirLl

L¿.1ó

1û.65

8.48

6.34

4.20
2.09

0.02
-2.09
-3.49

-5,60
- 10.10

2L.9

22.7

22.t3

22.7
tta
tro

23.0
23.8

0.00E+00
r.568-02
4.44Ð-02
7.91Ð-02
1.238-01
1.74E-01
2.39E-01
3.038-01
4.24F-0I
5.14E-01
6.3 7Ð-01

9.79Ð+00
7.32E+00
5.378+00
4.168+00
3.14Ð+00
2.26E+00
i.458+00
7.11E-01
3.728-07
2.368-01
0.008+00

8.97

6.86
4.72
2,68

0.54
-1.57
-.J . O I

-5.81
-7.88
_o ta

-77.42
-13.93

¿,t. t
23.0

24.8

24.2

23.9

0.008+00
9.828-03
2.37F'-02
4.678-02
9.278-02
1.40Ð-01
1.878-01
2.39E-01

3.048-01
3.578-01
4.728-07
6.398-01

1.018+01
8.3i8+00
6.358+00
4.788+00
3.578+00
2.608+00
1.838+00
1.468+00
7.90E-01
5.188-01
2.85E-01

0.00Ð+00



Set No.3-2I
f l) 

-L/u - rr.u

Po : 316 lçPa
AP: I23 KPA
R : 1024 (kq.rù-t lz

Upper Bra.nch Lower Branch

h¡
l*-l

T"

rcl
mG

lkslminl
rnL

lkslm'inl
lrB

l"tnù
T"

fcl
mG

lks lminl
mL

lks lminl

r7 .46

15.64

11.40
a17
t.rt
5.03
2.93

0.86

-r.20
-3.30

-ö. utl

-6.60
-8.56

- 11.5 3

24.0

to. ó

¿ õ.2

25.7

25.0

23.4
24.2

0.00Ð+00
5.258-03
3.28E-02
6.10Ð-02
L678-02
1.40Ð-01
1.938-01
2.51E-01

3.16Ð-01
4.028-01
5.078-01
6.118-01
7.45E-01
8.988-01
1.028+00

2.06E+0i
1.66E+01
1.358+01
1.028+01
8.14E+00
6.628+00
5.45E+00
4.39Ð+00
3.578+00
2.65Ð+00
i.69Ð+00
9.408-01
3.978-01
1.388-01

0,008+00

11.84

i0.26
Q Oa

6.2L

4. 11

2.07

-0.09
t 10

_Á ro

-6.39
-8.49

10.55

72.72

74.78

16.18

16.66

23.8

24.0
ta o

n2t
tt o

2\.4
t, .1

22.2

22.0

2L.7
2L.5

20.8

0,00Ð+00
9.268-03
2.75E'-02
5.348-02
L68E-02
1.49E-01
2.088-01
2.618-01
3.22F,-07
3.918-01
4.72Ð-0r
5.568-01
t).t tL-u)-
8.13Ð-01
9.518-01
1.028+00

2.058+01
1.78Ð+01
1.428+01
1.098+01
8.15E+00
6.508+00
5.258+00
4.398+00
3.518+00
2.698+00
1.948+00
L.27E+00
6.948-01
2.808-01
6.88Ð-02
0.00E+00

Table D,1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same veriical plane)
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Set No.3-22
Lld = 3.0
Po : 316 kPa

^P 
= 82 kPø

¿ = 1029 (kg.rn¡-t ¡z

Upper Branch Lowel Branch

ha

[*] fcl
rnG

[ks/min]
n7L

lks /minl
lta
l^*l

T"

rcl
mG

lks /rninl
M,L

lks lminl

|l,Ju

12.23

10.r7
8.07
5.97
3.90

1.80

0.01
- 2.05

-4.19
-o. ¿z

-8.39
-o 7<

-72.17

t8.9
t9.1
r9.0
r 9.0
r8.9

r8,9

.8.9

.8.9

8.8

8.4
8.4

8.7
8.8

8.8

8.9

0.00E+00
1.13E-02

3.168-02
5.72E'-02
8.978-02
i.328-01
1.79E-01
2.368-01
2.93E-01
3.708-01
4.66E-01

5.88Ð-01
7.348-01
7.98E-01
8.91E-01

1,67E+01
1.37E+01
1.068+01
8.148+00
6.588+00
5.338+00
4.55E+00
3.77E+00
3.038+00
2.24Ð+00
1.37E+00
5.938-01
2.01E-01
1.00E-01

0.00Ð+00

11.48

10.43

9.06

6.96

4.83

¿.to
0.59

-L.47
-ó. D /

-5.67
-7.77

-9.87
Lr.97
13.93

15.19

16.03

18.6

18.8

18.8

19.0

19.0

18.9

18.8

18.7

18.6

r8.5
18.5

18.5

18.5

18.4

18.3

18.4

0.008+00
5.56E-03
L37E-02
3.32E'-02
6.678-02
1.098-01
1.65E-01
2.03E-01
2.578-0r
3.27Ð-01-

3.97Ð-01
4.77F,-07
5.73Ð-01
7.00E-01
8.108-01
8.898-01

1.65Ð+01
1.528+01
1.308+01
1.03E+01
7.338+00
5.848+00
4.828+00
4.008+00
3.11E+00
2.398+00
1.75Ð+00
1.12E+00
6.178-01
2.44E'-07
7.27F,-02
0.008+00

Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertica.l plane)
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Table D,1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-23
f l)L/ú - o u
Po = 316 kPa
LP : 40 kPa
.R = 997 (ks.m)-t/z

Upper Branch Lower Branch

h¡
l*l

To

PCI

mG

lks lminl
in¡

lkslminl
hB

l*^l
T.
l.al

mG

[kslmin]
mL

[ks /min]

77.67

L57
I .O4

5.54
3.48

L.4r
-0.72
-2.79

-4.89
-6.99
-9.16

- 11.65

t 9.1

18,9

18.8

18.9

r8.9

.8.8

.8.8

9.2

L4
9,4

9.3

9.0
9.0

0,00E+00
1.40E-02

3.39Ð-02
5.61Ð-02
8.778-02
t.27Ð-07
7.77Ð-07
2.228-01.
2.788-01
3.488-01
4.548-01
6.058-01
6.858-01

1.218+01
8.89E+00
6.708+00
5.41E+00
4.398+00
3.61E+00
2.988+00
2.30E+00
1.648+00
1.058+00
4.498-01
8.24E'-02
0.00E+00

10.46

L96
b.ðb
t70
3.1i
7.64

-1.09
,? 1o

-5.29
-7.39
-o 10

77.4L

13.3 4

74.66

19.3

19.0

19.0

19.0
101

i9.1
19.1

19.1

19.0

19.0

18.9

18.7

18.6

18.2

0.008+00
7.098-03
2.428-02
5.16Ð-02
8.09Ð-02
r.228-0r
1.658-01
2.08E-01
2.518-01
3.09Ð-01
3.80Ð-01
4.698-01
5.74Ð-01
6.818-01

1.20E+01
9.87Ð+00
7.448+00
5.458+00
4.43E+00
3.71E+00
2.978+00
2.26Ð+00
1.738+00
1.188+00
6.878-01
4.178-01
1.048-01
0.008+00
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Table D.1: Experimental data fo¡ dual discharge (coni.)
(Centerlines of b¡anches in the same vertical plane)

Set No.3-24
r l)L/u - !).u
D 

- '-t>^¡u -
ë,r = ¿óõ h: ro.
R : 1008 (ks.m)-r 12

Upper Branch Lower Branch

ha

l-*l l'cl
mG

lks/minl
mL

lk o lminl
hs
[^]

Ta

PC]

n7G

lkslm¿nl

rnL

lks /rninl

20.08

77 .97

15.86

13.79

11.65

9.5 4

7.44

ó.¿o

1.0I
-0.98

-5.20

-o ¿.7

-12.84

¿J.O

24.4

24.7
25.1

25.2

¿o. J

25.6

25.5

25.4
25.2

25.0
24.1

24.7

¿õ,õ

0.008+00
2.76Ð-02
5.548-02
1.04E-01
1.56E-01
t t 1tr-nl

3.04E-01
3.92Ð-01
4.99Ð-01
6.228-07
7.64Ð-01
9.61E-01
1.208+00
1.45E+00
1.60Ð+00
1.778+00

2.908+01
2.43E+01
1.988+01
1.59Ð+01
1.33E+01
1.058+01
8.81Ð+00
7.16E+00
5.72E+00
4.51Ð+00
3.18E+00
1.928+00
8.97Ð-01
3.76Ð-01
1.38Ð-01
0.00E+00

11,45

L34
7 .24

5.14
3. r.0

0.89
-1.18
-õ.zr
-5.28

-7.42
-9.56
11.70

!,), t I

15.79

t7.75
19.61

t'ì t

23.8

23.6

zó, Ð

23.0
,r7
22.6

22.5

0.00E+00
1.358-02
3.718-02
8.038-02
1.388-01
2.12Ð-07
2.778-07
3.748-01
4.76F,-07
5.838-01
6.95E-01
8.138-01
L55E-01
1.108+00
1.30E+00
1.558+00
1.768+00

2.87E+01
2.60Ð+01
2.178+0r
1.848+01
1.47E+01
1.158+01
8.89E+00
7.21Ð+00
6.07E+00
4.94E+00
4.008+00
2.89Ð+00
1.998+00
1.25Ð+00
6.108-01
2.158-01
0.008+00



Table D.1: Ðxperimental da.ta. for dual discha.rge (cont.)
(Centerlines of bra.nches in the same vertical plane)

Set No.3-25
r l)L/u -Po : 517 kPa
ÄP: 166 ltPa
Æ : 1006 (kq.m)-t lz

Upper Bra:rch Lower B¡a-nch

h,+

l^-l
T"

PC]

mG

lks/minl
TNL

lks /minl
hn

l^)
T.

fcl
TNG

[ks /min]
rnL

lks lminl

18.69

16.58

L4.44

12.40

10.26

8.09

5.81

3.81

r.70
-0.44
-2.õÐ

-4.et2

-6.48

-13.67

22.4
22.3

22.2

22.0
22.0

21-.9

21.7

2r.7
27.6

2r.6
22.0
2r.L

0.00E+00
2,r4F'-02
5.948-02
1.01E-01
1.578-01
2.24Ð-0I
3.09E-01
3.89E-01
4.90E-01
5.958-01
7.328-01
9.11Ð-01
1.13E+00
1.338+00
1.618+00

2.44Ð+0I
2.068+01
1.62E+01
1.32E+01
1.078+01
8.738+00
7.01Ð+00
5.87Ð+00
4.63E+00
3.63E+00
2.438+00
1.388+00
5.47Ð-01.

2.818-01
0.008+00

12.34

10.30

8.20
6.10
I OO

7.92
-0.25

-2.36
-4.43
-6.54
-8.58

10,79

12.83

15.00

17.06

19.06

2L.6

22.0

2L,2

27.r
22.2

21.5

2r.7
2r.8
24.0
¿ó. Ð

zò.,)

22.9

0.008+00
1.62E-02
4.578-02
9.028-02
1.54E-01
2.r28-0I
2.988-01
3.87Ð-01
4.828-01
5.758-0i
7.03Ð-01
8.198-01
9.628-01
1.168+00
1.398+00
1.628+00

2.418+01
2.14E+01
1.76E+01
1.45E+01
1.118+01
8,85Ð+00
6.89E+00
5.64Ð+00
4,708+00
3.798+00
2.81E+00
1.968+00
1.278+00
6,068-01
1.95E-01
0.008+00



Table D.1: Ðxperimental data for dual discharge (coni.)
(Centerlines of branches in the same vertical plane)

Set No
L/d.-- 3.0
D_

AP= 97

R = 1024

3-26

kPo.
kPa
(k't -n'r) | /2

Upper Branch Lower Branch

ha

I*^l
To

lcl
mG

lks/minl
mL

lks /mznl
hs

[mnt]

T.

PCl

N.LG

lks/minl
mL

[kslmirL]

16.33

14.32

12.22

10,15

8.40

6.19

4.79
2.05

-0.02
-2.7r3

-6.34

-8.17
_o ot

-I3.57

25.9

26.2

¿o.o
nre

99 e

22.8

22.8

22.r3

22.4
22.6

22.5

0.008+00
i.958-02
5.568-02
9.98Ð-02
1..47F,-01,

2.138-01
2.75E'-07

3.498-01
4.46E-01
5,468-01
6.77E-01
8.638-01
1.08E+00
1.21Ð+00
1.40Ð+00

1.82E+01
1.538+01
1.188+01
9.36E+00
7.75E+00
6.588+00
5.418+00
4.47Ð+00
3.588+00
2.598+00
1.64E+00
7.868-01
2.93E-01
1.388-01
0.008+00

77.29

8.90
ll. I t)

4.69

2.58

0.48
- 1.66

-5.81
-8.02

10.09

12.I9
74.29

18.2 5

¿¿.ó

22,5

22.5

22.7

22.L

22.7

22.r
2r.9

,, ,1

2r.9

0.008+00
2.018-02
5.53Ð-02
1.05E-01
1.578-01
2.26Ð-0r
3.028-01
3.898-01
4.828-01
5.878-0r
6.918-01
8.10Ð-01
9.908-01
r.348+00

1.82E+0i
i.54E+01
7.27F+0r
9.808+00
7.68Ð+00
6.11Ð+00
5.138+00
4.04Ð+00
3.188+00
2.27Ð+00
1.62E+00
1.008+00
4.808-01
0.008+00



Table D.1: Ðxperimental data. for dual discharge
(Centerlines of branches in the same veriical plane)

Set No.3-27
L/d: 8.0
Po = 316 Ìt Pa
AP: I23 ltPa
n = 1027 (ks.-) r/2

Upper Branch Lower Branch

ha

l-l
1.

PCI

mG

[ks /min]
TNL

lkg lrn'inl
hp

lmnzl
T.
lcl

mG

lks lrninl
mL

lhs /mi.nl

1b,ðð

14.80

11.89

L86
/.ðJ
5.80
3.84
2.02

0.03
-2.Lr
-4.21
-6.24
o t,4

70.47

12.08

14.57

L 5.87

22.7
22.9

21.7
2L.0
20.6

20.2

18.8

18.5

17 .9

17 .9

20.6

20.5

20.5

20.r
20.L

20.r
20.0
21.6

0.00E+00
7.85Ð-03
2.448-02
4.268-02
6.71Ð-02
9.738-02
1.368-01
1.818-01
2.22Ð-07
2.7 r8-0r
3.338-01
3.95Ð-01
4.578-0L
5.298-01
6.22Ð-0r
6.93E-01
7.67F'-}r
8.498-01
9.938-01

2,058+01
1.72Ð+01
1.438+01
1.178+01
9.40Ð+00
7.75Ð+00
6.588+00
5.68Ð+00
4.988+00
4.248+00
3.528+00
2.99Ð+00
2.28F+00
1.64E+00
1.02E+00
6.00E-01
3.648-01
1.81E-01

0.008+00

76.77

15.09

12,99

77.24

9.38

/.oo
5.7 4

4.06
2.27
0.45

-5.04
-6.96
-8.75

10.46

12.00 l

13.43 |

r4.g7 I

15.6 7 
|

r6.54 
|

19.4

19.1
tl 0

23.L

23.L

23.0
22.9
tt7
z z.õ

2L.9

21.8

21.8

¿t,o
2L.6

2r.4
2r.2
27.0

0.008+00
9.37E-03
2.708-02
4.19Ð-02
6.46E-02
8.798-02
1.208-01
1.538-01
1.988-01
2.29E'-0I
2.80Ð-01

3.298-01
3,918-01
4.55E-01
5.248-01
6.048-01
6.76E-01
7.518-01
8.71Ð-01
9.32Ð-01
1.02E+00

2.058+01
1.75Ð+01
1.35E+01
1.178+01
9.09E+00
7.76Ð+00
6.748+00
5.88E+00
5.09E+00
4,398+00
3.80Ð+00
3.248+00
2.618+00
2.108+00
1.558+00
1.07Ð+00
6.878-01
4.63E-01
1.91Ð-01
1.008-01

0.00E+00



Table D.1; Experimental daia fo¡ dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No
Lld: 8.0
Po : 316

n = 1025

3-28

l;Pa
kPa
(ks.m)-t lt

Upper Branch Lower Branch

h¡
lmml

To

t'cl
mG

lks/mi.nl
in¡

lks /minl
hB

lnzml

.t¡

PC]

mG

[kslmin]
mJ,

lks /n LirLl

15.82

1.3.75

11.89

9,86

I .9J

5.83

ó.õ I

L.70

-0.31

-o.zo
a to

10.36

11.90

15.58

21.8

20.3

20.r
19.9

19,8

19.6

19.6

19.5

19.2

20.0
20.3

20.3

19.6

18.9

18.7

18.5

19.5

0.008+00
1.35E-02
3.228-02
5.308-02
7.878-02
1.148-01
1.538-01
1.978-01
2.43E-01
2.938-01
3.518-01
4.06Ð-01
4.84E-01
5.608-01
6,378-01
7.318-01
L86E-01

i.668+01
1.328+01
1.058+01
8.34Ð+00
6.978+00
5.80Ð+00
5.02E+00
4.328+00
3.61Ð+00
3.08Ð+00
2.438+00
i.828+00
1.27E+00
7.25Ð-01.
4.92E'-0r
2.77Ð-07

0.00Ð+00

15.41

13.70

9.50
7.68

5.58

1.38
-0.72

-2.82
-4.92
-7.02
-9.09

11.08

L2.62

t4.47
L5.45

18. 1

18.1

18.1

18.0

18.0

77.9

77.9

17.8

17.8

18.0

18.4

18.6

18.9

18.9

19.0

19.0

19.0

0.00Ð+00
1.09E-02
2.83Ð-02
4.82Ð-02
7.r7E-02
1.058-01
1..428-0r
1.81Ð-01
2.23E-0r
2.73Ð-01
3.308-01
3.958-0i
4.99E-01
5.84Ð-0i
6.668-01
8.01Ð-01
8.998-01

1,678+01
1.40E+01
r.058+01
8.23E+00
6.828+00
5.768+00
4.90Ð+00
4.158+00
3.49Ð+00
2.79E+00
2.20Ð+00
1.618+00
1.10Ð+00
6.598-01
4.27F'-0I
1.20E-01
0.008+00



Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of br'anches in the same vertical plane)

-ðr'o. 3 - 29

8.0

316 l¡Pa
40 kPa
996 (ttg 

'nz)*\/2

Set
Lld =
r0 -

D_

Upper Branch Lowe¡ Branch

h¡
l**l

T"

PC]

mG

[ks/min]
nzr

lks/minl
hB

l*l rcl
mG

lks /rninl
rnL

lks /mìlll

13.96

12.28

10.18

8.07
o.ó¿

4.36
¿,.1,1

0.51
-L.45

-6.87
-9.04

70.73

12.09

14.47

20.8

20.6

20.3

20.1

19.8

21.6

27.0
20.4

20.2

20.0
19.8

r9.7
19.6

19.6

0.00Ð+00
7.858-03
2.548-02
4.558-02
6.48E-02
9.628-02
1.32E-01
1.67Ð-01
2.r78-0r
2.578-0L
3.078-01
3.65Ð-01
4.29Ð-01
4.92Ð-07
5.54E-01
6.09Ð-01
6.818-01

1.218+01
9.768+00
7.568+00
5.878+00
4.94E+00
4.208+00
3.67E+00
3.028+00
2.49E+00
1.968+00
1.45E+00
9.69Ð-01
6.188-01
4.10Ð-01
2.09E-01
8.52Ð-02

0.00Ð+00

.TJ.JJ

17.34

/,J-L

5.39
J..1.1

1, J.1

-U.Jb
-2.41

-4.34
-o..1J

-8.32

10,11

11.59

12.88
)-4.27

L9.8

19,7

t9.7
t9.7
t9,6
o<

.9.6

.9.5

.9.5

.9.5

9.5
o<

9.6

t2.4

i2.4

0.00Ð+00
r.22Ð-02
2.77Ð-02
4.748-02
7.05Ð-02
1.058-01
1.36E-01
L.7 4Ð-0L
2,088-01
2.50E-01
3.00Ð-01
3.628-01
4.268-01
4.958-01
5.818,01
6.928-01

1.208+01
9.098+00
6.74E+00
5.37Ð+00
4.588+00
3.968+00
3.21Ð+00
2.74F+00
2.278+00
1.698+00
1.24E+00
8.018-01
4.76E-01

3.25Ð-01
1.368-01
0.008+00



Set No.3-30
T /) - a nut- -Po = 5I7 kPa
AP: 23ó kPa
R = 1013 (ks.*) 112

Upper Branch Lower Branch

ha

lmml
T"

fcl
mG

lkslm¿nl
mL

lkslminl
hs
[*^]

T"

fcl
mG

lks lminl
mL

[ks lm¿]Ll

18.81

12.56

10.47

8.29
o.z¿

4. 11

2.04
-0.10
_, ,ñ

-6.42

-8.53
10,60

14.84

18.00

22.6

23.0

23.6

zó.o

0,00E+00
9.2tÐ-02
1.398-01
1.87E-01
2.50Ð-01
3.10E-01
3.87E-01
4.79F-0I
5.628-01
6.618-01
7.458-01
8.58E-01
9.788-01
i.17Ð+00
1.36Ð+00
1.768+00

2.85E+01
1.588+01
1.30Ð+01
1.09Ð+01
9.32E+00
7.798+00
6.73E+00
5.808+00
4.90E+00
4.168+00
3.21E+00
2.51Ð+00
1.81E+00
1.148+00
5.838-01
0.008+00

18.66

16.63

14.56

12.24

10.31

8.24
6.06
Q Ot

1.85

-0,29

-2.36

- 6.54
-8.68
10.79

12.92

74.92

76.7 4

18.69

¿ó. Ð

23.8

23.9

23.9

23.9

¿ó.I

¿J.I

23.6

¿J,t)

23.6

23.6

0.008+00
2.26E'-02

5.558-02
9.31E-02
1.36E-01
1.868-01
2.288-01.
2.93E-01
3.66Ð-01
4.44Ð-07
5.408-01
6.36Ð-01
7.34Ð-01,
8.62Ð-01
9.99Ð-01
1.178+00
1.348+00
1.55Ð+00
1.788+00

2.89Ð+01
2.44F+07
2.00E+01
1.62E+01
1.34E+01
1.12E+01
9.368+00
8.07Ð+00
6.89E+00
5.92E+00
5.058+00
4.198+00
3.428+00
2.638+00
1.96E+00
1.318+00
6.94E-01
2.76Ð-01

0.008+00

Table D.1: Experimental data for dual discharge (cont.)
(Centerlìnes of b¡a.nches in the same vertical plane)

¿,7Ð



Table D.1: Experimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

^9ef l{o.3-31
L/d: 8.0

Po = 5I7 kPa
AP = 166 kPa
R : 1020 (kq rn)-t/z

Upper Branch Lower Branch

ha

l^^l
T.
rcl

m6
lks/minl

rn¡
[kslmi.n]

hs
l^l

T.
t'cl

mG

[kslmin]
mJ,

lks /nLi,rLl

t t,bb
15.56

13.46

i 1.39

9.21

7 .TI
5.07
2.89

0.72

- J.4tl
-ð.ÐJ

-í.b4
-9.81
11.85

13.95

16.06

17.25

27.2

2r.9
22.r
22.2

22.4

t9 I

22.2

22.2

20.8

20.9

2r.2
21.8

0.00Ð+00
1.90E-02
5.32F,-02
8.79Ð-02
1.328-01
1.84E-01
2.41E-01
3.07Ð-01
3.808-01
4.698-01
5.608-01
6.508-01
7.458-0r
8.758-01
9.00Ð-01
1.198+00
1.40Ð+00
1.61Ð+00

2.37E+01
2.008+01
1.61E+01
1.358+01
1.088+01
8.858+00
7.56E+00
6.46E+00
5.488+00
4.708+00
4.04E+00
3.228+00
2.458+00
1.798+00
1.128+00
6.188-01
2.33Ð-01

0.00Ð+00

L7.52

13.13

71.02

8.95

6.84
4.63
2.52
0.42

-r.62

-5.90
-7.97
10.07
12.18

14.28

16.34

77.99

22.2

22.7

22.7
22.2

22.6

22.6

22.6

22.6

22.3

22.2

22.7

22.r
22.7

22.0
tt^

0.00Ð+00
2.588-02
6.02Ð-02
9.618-02
1.36E-01
1.87E-01
2.368-01
2.97F'-07

3.678-01
4.46Ð-01
5.46Ð-01
6.398-01
7.45Ð-07
8.708-01
1.03E+00
1.208+00
1.428+00
1.598+00

2.41E+01
2,008+01
1.628+0i
1,34Ð+01
1.10E+01
9.098+00
7.60E+00
6.548+00
5.568+00
4.78Ð+00
4.08E+00
3.22Ð+00
2.51E+00
1.83Ð+00
r.22Ð+00
6.248-0i
2.788-01
0.008+00

236



Table D.1: Ðxperimental data for dual discharge (cont.)
(Centerlines of branches in the same vertical plane)

Set No.3-32
L/d.: 8.0

Po : 5I7 kPa
LP = 97 kPa
R : 1o2o (ks.m)-112

Upper Branch Lower Branch

h¡
[*]

T"

fcl
lTLG

[k s /nzi) L]

rnL

lhs /mirLl
hB

[mnl
T.
rcl

mG

[ks /min]
mL

lks /minl

15.66

13.97

i 1.83
00a
7 .83

5.73

3.61
1.50

-0.61

-4.85
-b.v/
-9.04
II,I4
11 t'

15.36

16.30

ItR
22.8

z t.o

22.4
r9.4
20.7
20.7
2L.0
2r.L
2L.2

21.4

21..4

27.4
t1 ,
2I.I

0.008+00
1.88Ð-02
5.148-02
8.18Ð-02
L.22E-0r
1.698-01
2.29F-07
2.78E-0r
3.58E-01
4.398-01
5.288-01
6.06E-01
7.07E-01
8.278-0i
9.788-01
1.13Ð+00
1.33Ð+00

1.808+01
i.56E+01
L.24E+0I
9.52E+00
7.878+00
6.73Ð+00
5.608+00
4.82Ð+00
4.088+00
3.40Ð+00
2.758+00
2.14Ð+00
1.54Ð+00
9.69Ð-01
4.668-01
1,54Ð-01
0.008+00

13.66

11.5 2

9.42

7 .28

5.10

3.03

0.85
- 1,19

-5.50
-7 .57

-9.58

11.78

13.89

15,60

16.44

21.2

2r.2
2I.T
19,9

19.9

20,0

20.7

20.3

20.5

20.6

20.7
20.8

20.8

20.8

20.9

20.8

20.6

0.00E+00
2.078-02
5.228-02
8.34E-02
1.27Ð-0t
1.76Ð-01
2.188-01
2.77Ð-07
3.438-01
4.318-01
5.238-01
6.178-01
7.138-01
8.68E-01
1.048+00
1.23Ð+00
1.348+00

1.858+01
1.53E+01
1.22E+01
9.728+00
7.878+00
6.628+00
5.568+00
4.74F+00
4.04Ð+00
3.34E+00
2.668+00
2.038+00
1.43E+00
8.76E-01
4.25E-01
1.048-01
0,00E+00



APPENDIX E

Experimental Data for the Semicircular Duct



Sef Ìfo.4-1
Bran,ch A Onlg
Po = 316 hPo.

^¡ 
= 123 kPa

R = l}l(t (k!l.m)-t/2

h,,1

l**l

Table E.1: Experirncntal rlat,;r fo¡ thc sernicircrrlar duct

PC]

15.93
13.93
11.80
9.66
7.59
5.49
3.46
1.40

-0.81
-3.05
-5.18
-7 .29
-9.49

- 11.5 6

-13.83
- 18.31

M,G

lklt /'lr,ínl

22.t
21.9
22.5
22.0
22.7
22.7
22.7
22.7
22.7
22.8
22.9
22.8

tta
22.7
22.6

0.008+00
1.538-02
4.348 02
8.388-02
1.298-01
1.788-01
2.33E 01
2.818 01

3.488-0i
4.14Ð-01
4.838-01
5.448-01
6.268-01
7.20E-01
8.508-01
1.03Ð+00

m,J,

lk lt lminl

Sct No.4-2
Branch A Only
Po - 316 hPa
AP = 40 kPa
R -- 1000 (,ty.rn)- r/2

2.07E+01
1.668+01
1.388+01
1.178+01
9.838+00
8.348+00
0.97E+00
5.99E+00
4.948+00
3.918+00
2.96Ð+00
2.17Ð+00
1.428+00
8.868-01
4.23E 01

0.00E+00

h,1

Itn.m.]

T"
l"cl

t2.46
10.36
8.37
6.20
4.13
i.96
0.07
2.24

-4.31
-6.41
-8.51

- 10.61
-r2-7r
- 15.86

¡nr¡

lh s lmi n.)

24.2
24.3
24.3
24.5
24_7

25_0

2,\.4
25.5
25.6
25.8
25.8
25.8

0.00E+00
1.50E-02
3.368-02
6.54E 02
1.058-01
1.588-01
2.098-01
2.648-01
3.108-01
3.658-01
4.398-01
5.03Ð 01
6.008-01
6.758-01

Se.t No.4 3

Bran.ch A Onlg
Po : 5L7 kPa

^P 
= 235 kPa

n = t}o} (kgrn) t/2

rnL

lks lninl

1.20Ð+01
9.13E+00
7.058+00
5.84E+00
5.02E+00
4.35E+00
3.658+00
2.92Ð+00
2.208+00
1.51Ð+00
1.0r8+00
6.54Ð-01
2.098-01
0.008+00

h¡
lmml

T.
rcl

18.00
15.79
13.69
It.62
9.51
7 .37
5.26
3.16
1.06

- 1.05
-3.t2

-7 .37
-9.44

-tr.62
- 13.69
15.83

-r7 .55
20.71

m,G

lkg lm.inl

26.1
2(i.4
26.?
26.6
26.3
26.3
26.1
25.8

25.5
25.2
25.1
24.9
24.7
24.6
24.4
24.0

0.00E+00
2.39E 02
6.758-02
1.248-01
1.928-01
2.648-01
3.438 01

4.358 01

5.19Ð-01
6.158-01
7.208-01
7.948-01
9.058-01
i.03E+00
1.17E+00
1.328+00
1.488+00
1.62E+00
1.728+00

m,J,

lks ln,inl

2.908+01
2.538+01
2.078+0r
r.728+01
i.47E+01
1.32E+01
1.118+01
9.44E+00
7.838+00
6.588+00
5.418+00
4.24D+00
3.28E+00
2.418+00
1.648+00
9.948 01

4.498-01
1.668-01

0.008+00



l.r
o

Sct No. 4 4

Branch B OnIg
¡o : 316 hPa
LP = I23 kPa
n = fiD (hs.m)-\/z

Ta,ble 8.1: Experimental d;¡"ta fo¡ the selnici¡crrlar cluct (cont.)

hs
Itnml

T"

fcl

t9.24
17.15

15.05

t 2.91
r0.85
8.7 5

6.65
4.58
2.4t
0.38

-r.72
-3.86

5.92
-7 .44

mC;

lks lm,inl

23.2
23.1
22.9

23.0
23.0

23.0
23.2
22.9
22.9
22.8
22.7
22,7

0_008+00
1.988-02
5.988-02
1.308-01
2.08Ð-01
2.78E-01
3.538-01
4.368 01

5.13E-01
6.098-01
7.04E-01
8.138-01
9.458-01
1.048+00

Set No.4-5
Bran.ch B Only
Po : 316 kPa
AP = 40 kPa
n = 1000 (hs.m) t/2

mt,

lk lt lninl

2.088+01
1.688+01
1.378+01
1.13Ð+01
9.288+00
7.568+00
6.078+00
4.86E+00
3.75E+00
2.81Ð+00
1.81E+00
1.01Ð+00
3.308-01
0.008+00

hg
lmrn.l

T.
PCI

15.02
12.96
10.82
8.76
6.69
4.5 5

2.45
o.32

- 1.78
3.81

-5.95
-7.35

l¡LG

l(:s lmi n]

22.;¡
22.5
22.5
22.9

23.6
24.0

24.O

24.1
24.2
24.2

0.008+00
1.958-02
5.068-02
1.01íE-01

1.838-01
2.508 01

3.088-01
3.808 0l
4.65Ð-01
5.41Ð 01

6.40E-01
7.048-01

Scf lr'o.4-6
Bran,ch. B Only
Po = 'ò17 kPa
A¡ = 235 kPa
n = nß (ks.m) t/2

m,t,

ft:g lnin)

i.20E+01
8.938+00
6.708+00
5.4 iÐ+00
4.63E+00
3.708+00
2.718+00
1.948+00
1.278+00
6.96E 01
2.298-01
0.008+00

lrn

l^-l
T.
t'cl

21.82
19.71
17.60
15.53
13.36
II.32
9.18
7.08
4.97
2.86
0.79

-1.35
-3.56
-5.91
-7 .44

'ìfLG

lhlt l"rr"inl

24.6
25.2
26.3
26.4
26.5
26.6
26.8
26.9
26.9
2(t.5

2().4

26-3
26.3
26.1
25.9

0.008+00
3.398-02
1.058-01
1.96E-01
2.948-01
3.968-01
5.078-01
6.218-01
7.36E-01
8.568-01
1.018+00
1.17E+00
1.348+00
1.548+00
1.74Ð+00

ml,
lk!t lminl

2.908+01
2.478+0r
2_05E+01
1.708+01
1.49E+01
1.258+0r
1.018+01
8.078+00
6.38E+00
5.028+00
3.83E+00
2.738+00
1.58E+00
5.478-0r
0.008+00



Se.t Nr¡.4-7
Bra.nch. C Onlg
Po : 316 hPa
ÀP = I23 hPa
n : tolT (h9n)-t/2

Tablc 8.1: Experimenlal rlata for the sernici¡cular cluct (cont.)

hç
I*^l l'cI

20.7 4

17.97
15.84
t3.7 4
11.60

9.5 7

7.50
5.33

1.24
0.00

m6
lks l,ll,inl

22.6

24.0
24.3
24.5
24.6
24.4
24.5
24.4
24.3
24.2

0.00E+00
7.40E-03
3.71E-02
1.058 01
2.068-01
3.088-0r
4.26E-01
5.478-01
6.91E-01
8.42E 01
1.04D+00

Set Nr¡.4-8
ßranch C On.ly
Po = 316 kPa
ÀP = 40 kPo.
n : 992 (kq rn.) t/2

mt,

ll:s lmínl

2.07E+01
1.888+01
1.49E+01
1.17E+0i
8.818+00
6.588+00
4.63E+00
2.948+00
1.45E+00
3.608 01

0.008+00

hç
[',,-l

T.
I"Cì

15.14
13.04
70.24
8.11
6.04
3-94
2.19

0.65
0.00

M,G

lku lminl

25.4
25.4
25.9
25.9
27.2
26.0
26.1
26.3
26.3

0.00D+00
1.6lE 02

8.798-02
1.908 01
2.78E 01

3.838-01
4.988-01
6.098-01
7.04E-01

.9cf ly'o.4-9
Branclt C Only
Po = 517 kPo.
A? = 235 kPa.
R = l0t0 (ke.m.\-t /z

rh ¡,

lku ln,inl

1.21E+01
9.328+00
6.198+00
4.598+00
3.12E+00
1.718+00
7.43E-01
1.318-01

0.00E+00

h,C

l-,*l
T"

l'cl

22.59
20.48
18.38
t6.27
t4.17
12.10
9.99
7.89
5.71
3.67
1.46
0.00

mG

lks lninl

zD..t

26.1
26.0
26.0
26.0
2ß.1

26.1
26.1
26.2
26.r
2(i.2
26.2

0.008+00
1.70E-02
6.14E-02
1.52Ð-01
2.65E-01
4.268 01

6.09E-01
7.68E 01

9.648 0r
1.168+00
1.408+00
1.73Ð+00

tit r,

lks lminl

2.88E+01
2.61Ð+01
2.108+01
1.68E+01
1.418+01
1.06E+0r
7.998+00
5.808+00
3.898+00
2.208+00
7.258-01
0.008+00



T¿Ll¡Ìc E.1: E\pcrirucutal (làtìr for thc s<'¡uicirrrulu tltrct (cout.)

Scl ,\'o. -1 - 10

Brtt¡tt l¡es .4 tt¡¡l B .Åctirc
Po = 316 kPu
lP= 123 ¡.Pq

Bnt.¡t tlt A
Ã = 1026 (Au.¡t¡) t/

Bru'¡¡,,h B
Il = 1020 \Ag.nt) t/t

Ii rr rrr]

7,,

l,'c'l l/ tlntínl IAqI¡¡tinl Ir rr rrr ]

T,,

rcl U'qltttiti IA t I n ìttl

17. ú3

1õ.32
13. 15

i1.r2
8.99
6.89
1.82
2.65
0.5 5

- 1.13
-2.96
-5.02
-7.15

-11.50

23.ô
23.6
23.î

21.2
23_ß

23.9
23.6

24.0
25.0
23.8
23.9

0.00E+00
1.76Ð-02
5.35Ð,02
I .05E-0l
1.65E-01
2.33E-01
3.07E-01
1.068-01
5.318-01
6.72E-01
7.52E-01
8.45E-01
9.17E-01
1.028+00

2.0õE+01
1.628+01
1.35E+01
1.09E+01
8.77E+00
6.97E+00
¡.11E +00
3.758+00
2.17E+00
1.05E+00
7.61E-01
4.49E-01
2.09E-01
0.00E+00

1i.18
15.00
12,9,1

i 0.81
6.46
1.51

0.30
-1.80
-5.93
.7.44

2.1.0

25,0
2 3.8
24.5

21.r
24.r
21.L
23.0

0.00E+00
1.68E-02
4.27E-02
9.00E-02
2.38E-01
3.10E-01
3.98E-01
4.89E-01
5.878-01
8.24E-01
9.76E-01

2.05E+01
1.80E+01
1.49E+01
1.25E+0i
8.i48+00
6.50E+00
4.82E+00
3.64E+00
2.19E+00
5.83E-01
0.00E+00

242



Tablc E.1: Expclirnctrttl d¿rt¿ for tlìo sclìri(ir( ul¿u du<t (colt.)

Scf -\'o. I - 11

Bra¡¡t hcs Å untl B .!ctí rc
Po = 316 APt
lP= l0 /lPl

Bnt.nlh A
Ã = 992 (i¡-11.m) t/t

Brut.d¡ D
Il = 976 ll q.¡¡¡) )/l

lrr rrr l

T,,

I'c') U, 
q lttt iù) ll,oftttìnl Ir rr rrr]

T,,

lcl IA ,tl trt i ttl
¡ll J,

l/ltfniul

1.1.12

12.12

10.05
8.02
5.85
3,10
1.30

-0.81
-2.95
,5.01
-7.r1

-11.84

20.3
20.7
'27.0

21.4

22.1
22.r

22.8
:,t,,!

20.4

0.00E+00
1.188-02
3.488-02
6.71E-02
1.21E-01
1.86E-01
2.30E-01
3.08E-01
3.97E-01
5.24E-01
5.948-01
6.77E-01

1.21E+01
9.79E+00
7.718+00
6.07E+00
5.06E+00
4.16E+00
3.30E+00
2.22E+00
1.078+00
4.70E-01
2.65E-01
0.008+00

1.1.0 7

r 1.90
9.80
7.0 7

5.5 7

1.4.1

-0.67
-2.80
-4.97
-6.76
-i.14

2 2,8
22.'I
22.6
22.i
22.1
,l 'l

2s.2

27.2
25.5
25.r

0.00E+00
1.68E-02
3.978-02
8.01E-02
1.53E-01
2.37E-01
3.00E-01
3.758-01
4.62E-01
5.19E-01
6.46E-0i
6.808-01

1,23E+01
1.01E+0i
t.75E+00
6.198+00

'1.63E+00
4.16E+00
3.06E+00
2.09E+00
1.32E+00
5.838-01
1.23E-01
0.00E+00

243



T¿rbÌc E.1: ExpcliurcutrÌ d¿rta fol tbc selli<'ircul¿rr'(hÌct (cort.)

Set ì-o.4- 12

Br¡tn< hes ,4 untl D -1rtìr'
r0 -

B¡ t¡¡.ù A
ll = 1020 (lq.ttt) t/)

B¡ ¡¡n ¡:l¡. B
.l? = 1010 (I j.tn)-\/

Irrr irr]

T,,

I (l [l,alntítt] [l,qfttritt]
l¡n

Irrr rrr]

T,,

r.'l [l. l l nt nt) lÌ,tftttin)

20.19
18,12
16.3-l
1.1.20

12.09
9.95
7.8 7

i.76
3.66
1.52

-0.53

-4.?4
-6.84

-11.08

23.0

21.1
21.3

2.1.8

2 5.0
25.2

23.8

0.00E+00
2.158-02
7.568-02
1.52E-01
2.27E-01
3.26E-01
.1.l{E-01
5.93E-01
7.55E-01
9.718-01
1.10E+00
1.268+00
1.39E+00
1.51E+00
1.638+00

2.8õE+01
2.138 +01
1.96E+01
1.64E+01
1.39E+01
1.14E+01
8.738+00
6.12E+00
4.43E+00
2.43E+00
1.66E+00
1.03E+00
5.47Ð-01
2.33E.01
0.008+00

19.1 7

17.43

i 5.29
t3.22
11.12

8.98
6.91
1.76
2.69
0.58

-1.ó6
-3.78
-6.2Ì

21.8

21.0

25.1
2-tr.1

2s.6
'25.î

25.6
25.6

.00E+00
.52E-02
.79E-02
. t 1Fl-01

.78E-01

.68E-01

.78E-01

.r,18-01

.50E-01

.86E-01

.50E-01
13E+00
36E+00
58E+00

2.88E+01
2.55E+01
2.28E+01
2.00E+01
1.72E+01
1.47E+01
1.21E+01
9.32 E +00
7.13E+00
5.29E+00
3.79E+00
2.24E+00
7.07E-01
0.00E+00

244



Tablc E.1: Es¡rcrirrreltaì datzr for. the sclliicilcul¿rr <ltct (colt.)

Scf Ào. -1 - 13
D¡ttnchas ,1 tntl C' Åttitc

Po = 316 kPtt
lP- 123 /lPrt

Dra.¡¡¡:h A
1l = 1{)26 lliq.tn)-ti2

Bnt¡t.ch C
n = 1007 (Lq.nr) t1

Irrr rrr]
T,,

r'c'l lÀttl,nittl lAqfùittl Irrr rrr]

7,,

lc'l lAuftttírtl
tit ¡,

llqlntittl

16.6i
74.62
i 2. -15

10.41

8.2 5

6.21
4.08
1.98

-0.12
-2.22
-3.91
-6.08
-7.83
-9.93

-12.03
- i5.52

23.6

23.9
24.9
2 5.8

25.1
25.9
25.6
26.0
26.0
25,5
2ú.2
23.1

23.4

0.00E+00
1.2;E 02
1.10E-02
8.69E,02
1,30E-01
1.78E-01
2.36E-01
2.908-01
3.498-01
4.188-01
4.868-01
5.818-01
6.59E-0i
7.54E-01
8.54E-01
9.89E-01

2.0;E + 01
1.708+01
1,10E+01
f.i7E+01
1.01E+01
8.54E+00
7.05 E+00
5.80E+00
4.86E+00
3.71E+00
2.93E+00
1.558+00
1.08E+00
7.36E-01
3.01E-01
0.008+00

20.03
17.ó7
15.47

\r.'24
9.29
7.08
.1.98

2.88
1 .13

0.00

2ó.()

2ó.2
23.1

2.1.9

24.8
23.4

23.2
23.2

0.00E+00
r.2 7ta-0 2

5.1îE-02
1.16E-01
2.03E-01
2.71E-0i
3.95E-01
5.18E-01
6.32E-01
7.63E-01
9.668-0i

2.09E+01
1.74E+01
1.37E+01
1.128+01
8.93E+00
6.9?E+00
1.78E+00
3.208+00
1.01E+00
5.30E-01
0.00E+00

245



T¿l¡1c E.1: Expc'r'irrroutal (l¿rt¿ foÌ tllc scuricilcul¿l <ltc l (cout.)

5¡l -\-o. .l - 1-l

Bra¡¡rltts.4, tn¡l C' Arl
Rt = 316 APt
lP- -10 ¡^Pa

Bra nt l¡. A

i? = 1008 (l¡tt.¡nl 1t
B¡uut h Cl

.l? = 992 (A tt.n)-t/

l

T.
tcl Il, tl¡,,i,,1 fl, (tlùitt)

{rrr rrrl

T,,

rct Itrofutitt) lAoftttittl

13.38
11.24
9.11
6.93
4.83
2.69
0.5 ¡

- 1.48
- 3.65
- 5.68

-9.96
12.4r
l 5.16

2i.9
22.2
22.6
23.0

21.1
24.3
21.4
21.8
21.9

20.0
26.1
26.9

0.00E+00
9.82E 03
3,2{E-02
6.52E-02
1.03E-01
i.54E-01
2.01E-01
2.33E-01
2.89E-01
3.37E,01
4.03E-01
4.98E-01
6.25E-01
6.00E-01

1.19E+0r
9.32E+00
7.36E+00
6.07E+00
5.06E+00
4.39E+00
3.858+00
2.99E+00
2.31E+00
1.67E+00
1.10E+00
5.47E-01
8.52E-02
0.00E+00

L õ.02
t 2.99
10.90

8.83
6.1i

2.50
0,8ó
0,00

26.0
26.r
26.'2

26. i
26.9
26.9
27.1
27.7
2t-.1

0.00E+00
1.46E-02
5.56E 02

i.17E-01
2.23E-01
3,2,1E-01

1.2,1E-01
5.33E 0l
6.6?E-01

1.21E+01
9.72E+00
6.97E+00
5.2 9E +00
3.91E+00
2.40E+00
1.07E+00
2.81E-0 i
0.00E+00

246



I¿rblc E.1: Erl)cl irìr cDt¿lÌ (l¿rt¿r fol tlìc scr[icircuÌèr'duct (coùt.)

Scl -\-o.4- 15

Btanchcs -l anl C' Åctit c

Po = i17 APtt
ÀP = 231 IPu

Btu.uch A
11 = 1010 (A 1¡.tn)-t/t

Dran.r:l¡ C
Il = 1010 (Ir¡.tu) 1/:

f 
rrr irrl

T,,

| ('l
tit 1¡

[l,ofnrin)
tit ¡.

IA r]l ¡¡t i¡¡l lrrr rrrl

T,,

l,.t IAq/¡¡tit¡l lA r¡fnt itt)

19.1¡
17.18
1;.1 1

13.00
10.89
8.78
6.67
-1. ó0
2.15
0.34

-ó.t, ¡

- !r.lò
-7.39
-9.49
11.66

16.85

19.2
19.6
2 0.0
20.î
20.7
2 r.1
21.5
21.9
22.0
22.3
22.î

23.8
24.0
24.r

25.1

0.00E+00
1.87E-02
6.11E-02
i.19E-01
1.87E-01
2.51E-01
3.89E-01
1.14E-01
5. i0E-01
6.09E-01

-8.018-01

9.40E-01
1.07Ð+00
1.228+00
1.38E+00
1.s2E+00
1.598+00

2.88E+01
2.-1õE+01
2.03E+01
1.71E+01
1.53E+01
1.33E+01
1. i 1E+01
9.24E+00
7.63E+00
5,87E+00
3.02E+00
r.99E+00
1.59E+00
1.05E+00
5.59E-01
1.66E-01

0.00E+00

.).) 1t
20.12
i8.01
i5.91
13. ?,1

1i.68
9,6õ
i.55
5. t3
3.29
0.i2
0.00

22.i
23.6

24.0
21.1

21.4
25.8
25.7
I ir.l)

0.00E+00
2.84E-02
7.218-02
1.49E-01
2.56E-01
3.71E 01

5.00E-01
6.63E-01
7.96E-01
9.88E-01
1.258+00
1.53E+00

:.88E+01
2..15E+01
2.03E+01
1.70E+01
1..14E+01
1.17E+01
9.13E+00
6.i8E+00
1.51E +00
2.62E+00
7.25E-01
0.00E+00



Talrlc E.1: Erl)cÌirìl{'ltt¿ìl (lata fol tllc scr¡ricir< ul.u (lll( t (( olrt.)

5¿f -\o. l-10
Br¡tnchcs B q¡t¡l C' Åttira

fo = 316 LPl
_\P = 123 t.Pt

B ntut ù B
B = 1026 lAj.nt) t/

Dtu.nr h C
1l = 1012 ('¡q.tttJ t/

llrrrr]
T,,

lcl lA t /nr inl [l;gftttitt)
l¡t

Irr rrr]
T,,

I'c'l IItl¡¡,in) lA (tI tù iùl

21.80
19.56
17.-19

15.36

11.51

L.11
7.34
i.24
3.14
1.08

- 1.06
- 5.61

23.8
23.8
23.8
21.5
21.6

:J, t

24.O

23.9
23.8
24.4
¿.J.D

0.00E+00
i.6iE-02
8.63E-02
1.858-01
3.01E-01
3.51E-01
4.26E-01
5.16E-01
6.25E-01
7.24E-01
8.16E-01
9.03E-01
9.90E-01

2.05 E+ 01
1.61E+01
1.27E+01
9.13E+00
6.03E+00
5.33E+00
.1.24E+00

3.1{E+00
2.17E+00
1.418+00
8.328-01
4.10E-01
0.00E+00

21.29
18.95
16.88
11.78
12.68
10.58
8.5 2

6.38
,1.35

2.21
0.43
0.00

23.1

21.0
23.9
23.8
2.1.1

23,6

23.4

0.00E+00
1.83E-02
5.16E 02

1.12E-0r
1.91E-01
2.0rE-01
3.34E-01
4.28E-0 r
5.2 7E-01
6.60E-01
7.88E-01
9.59E-0i

2,08E+01
1.688+01
1.37E+01
1.15E+01
9.32E+00
7.56E +00
5.80E+00
4.24E+00
2.98Ð+00
i.43E+00
4.06E-01
0.00E+00

248



f¿¡lrÌc E.1: Expcrirrrcutll (l¿ìtâ for thc scuticirculâr.duct (corrt.)

Scf -\'o. ,l - 17
Btl¡tcl¡as B und C'Årtitt

Po : 316 /lPu

-\P - 40 APa

Bn.¡tth R
n - 1000 ll;g.ttt)-1/:

B¡nnr h C
1? : 1(X)0 (l u-t¡¡J t/2

Irrrrrr]

T,,

t"cl l1,;ultùitt) lAslntittl
l¡¡

Ir rr rrr ]

7,,

t"úl Uqltttin) [l,aftttitt)

17.2 3

1¡.06
12.96
10.86

7.70
rl. ó6
3.50
1.40

-1.09

-6.12

20.2
21.1
21.8

23.0

22.2
22.7

23.4
23.6

0.00E+00
1.15E-02
5.î4E-02
1.40E-01
2.36E-01
2.92E-01
3.96E-01
4.778-01
5,63E 01

6.29E-01
6.57E-01

1.20E+01
9.?6E+00
7,32E+00
5.37E+00
3.22E+00
2.32E+00
1.63E+00
9.94E-01
3.97E-01
1.00E-01

0,00E+00

16.62

15. 14

13.00
10.91

8.84
6,35
1.29

0.79
0.00

22.4
23.0

22.2
22.î

23.1

0.00E+00
1.23E-02
3.96E-02
9.66E,02
1.6rE-01
2.64E,01
3.50E-0i
1.2?E-01
5.348-01
6.75E-01

1.20E+01
9.?2E+00
7.608+00
6.11E+00
4.82E+00
3.46E+00
2.208+00
1.10E+00
2.19E-01
0.00E+00
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T¿¡-bìc E.1: Erl)erinìeot¿rl (latâ for thc senicirc.r¡lat (llrct ((.otÌt.)

.9el ,\-0. -l - 18
Bttnt hes B a¡¡l C'Arti

Pa = i17 ,¡Pt
lP= 23t l,Pt

Bran.c:l¡. D
fi = i010 (I r¡.ttt)-t/

Rrun.ch. C
i? = 1021 (l;q.ttt)

Int t ttl
7,,

rct l¡,.qfttrirtl IA,tlùt itrl Ir rr rrrl

T,,

t'c'l
r;r (,'

IAaftttìnl ll,qftttíttl

2 i.1.1
23.03
20.92
18.81
17.2 3

1õ. 12

13.03
10.88
8.81
6.6 t
4.60

0.46
-1.71

25.0

25.i
26.1
26.1
it).o
25.-¿

25.6
2i.8
2s.9
26.0
26.1
26,1
26.r
25.i

0.00E+00
2.83E-02
1.24E-01
2.47E-01
3.96E-01
5.47E-01
6.48E-01
7.53E-01
8.918-01
1.03E+00
1.14E+00
1.25E+00
1.35E+00
i.44E+00
1.50E+00
1.54E+00

2.88E+01
2.38E+01
1.81E+01
1.38E+01
1.09E+01
8,50E+00
6.73E+00
5.378+00
1.168+00
3.18E+00
2.38E+00
1.56E+00
9.768-01
4.7iÐ-01
1.818-01
0.00E+00

21.38
21. t6
2().41
18.32
16.25
11. 11

i2.01
9.93
7.90
i.i 3

3.66
0.80
0.00

2 6.3
26.1
2 5.6
25.6
2 5.6
2 ó.8
25.9
2 6.0
26,1
26.1
26.1
2 5.9
25.7

0.00E+00
2.53E-02
6.78E-02
1.37E-01
2.238-01
3.18E-01
4.15E-01
5.30E-01
6.40E-01
7.84E-0i
9.35E-01
1.20E+00
i.57E+00

2.8¡E+01
2.59E+01
2.198+01
1.81E+01
1.61E+01
1.37E+01
1.13E+01
9.0¡E+00
6.97E+00
5.02E+00
3.26E+00
1.05E+00
0.00E+00
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Table E.1: Experimental data for the semicircular rluct (cont.)

Branch A
R = 1026 (ks.m.)- r /z

h^

I*^)
T"

PCI

18.30
16.13
14.24
12.10
10.07
7.94
5.80
3.74
1.67

-0.12
-2.71

-8.62

m.C;

lks lminl

.9ef 1úo.4- 19
Branche,s A, B and C Actiue,

Po = 316 kPa

^P: 
123 l¡Pa

23.6

23.4

23-4

24.1
24.1
24.I
24-0

0.008+00
9.678-03
4.34F,-02
9.428-02
1.52E-01
2.368 01

3.208-0i
4.41E 01

6.09Ð-01
7.20E-01
8.438-01
9.21E-01
9.648-0i

mt,

lk s lminl

Branch B
Il : 1032 (hs.n)-t/z

2.058+01
1.668+01
1.378+01
1.128+01
8.93E+00
6.93E+00
5.028+00
2.90E+00
1.348+00
8.078-01
4.40Ð,01
2.21Ð-01
0.00E+00

he
I- ^l

T,,

T.CI

20.19
18.20
16.30
14.69
t2.59
10.49
8.43
6.36
4.19
2.09

-0.04
-2.t1
-4.20
-7.44

tnc
lks lm,inl

23.8
24.0
24.2
24.0
23.8
23.6

23.4
23.5
23.2
23.t
22.9
22_9

0.00E+00
t.2tÐ 02
5.13Ð 02
1.05Ð 01

2.00E-01
2.698 01

3.54E-01
4.59Ð 01

5.528-01
6.638-01
7.408 01

8.25E-01
8.978-01
9.60E-01

nL
lks lminl

Branch C
1l : 1002 (ks.n.)- t /2

2.048+01
1_69E+01
1.458+01
1.118+01
8.348+00
6.778+00
5.418+00
4.04E+00
2.788+00
1.83E+00
1.038+00
5.47E-01
2.498-01
0.00E+00

hç
ltnm.l

T"

l" cl

20.28
19.40
17.30
15-31
13.35
11.00
8.94
6_88

5.09
0.00

mC

lkq lninl

23.2

23.4

23.2
22.C)

0.008+00
1.01E-02
3.498 02
7.648 02
1.32E-0r
2.058-01
2.7t8-01
3.498 01
4.328 01

9.468-01

mL
fh s ln in]

2.098+01
1.858+01
1.538+01
1.338+0i
1.138+01
9.288+00
6.978+00
5.418+00
4.04E+00
0.008+00



Tablc E.1: Ðxpcrimcnta.l rÌata for thc sernicirctrlar rlrrct (r:oni,.)

Bro,n.ch. A
R = 1023 (ks.m)-t/z

16.80
14.80
13.05
11.20
9.13
7.10
4.61

0.93
- 1.13
-3.20

- 10.10

Set No.4-20
Bran.ch,cs A, B and C Acti.ue

Po : 316 kPa
AP = 82 I'.P o.

22.2
22.8

23.8
24.6

26.2
26.4
26.9
27 .l
27.0
25.8

0.008+00
1.068-02
3.958-02
7.568,02
1.26E 01
1.998-01
2.938 01

3.808-01
4.99E-01
6.40E-01
7.98E 01
8.828 01

Bro.nch B
n : 1o22 (hstn\ t/2

1.68E+01
1.408+0i
1.168+01
9.64E+00
7.838+00
6.238+00
4.598+00
2.88Ð+00
1.56Ð+00
6.188 01
2.61E-01
0.00E+00

18.38
16.52
74.52
t2.42
10.32
8.18
5.95
3.85
1.7 5

-0-39
-2.48
-6.08

22.4
23.1

23.6
23.6

23.1
2t.9
21.9
22.4
20.4
t9.2

0.008+00
9.72E-03
4.878-02
r.31E-01
2.098-01
2.988 01
3.918 01
5.05Ð-01
6.14Ð 01
6.91E-01
7.778-01
8.47E-01

1.68Ð+01
1.458+01
1.148+0i
8.148+00
6.388+00
4.63E+00
3.428+00
2228+00
1.38E+00
7.618-01
3.348-01
0.008+00

Bro.nch. C
L022 (kq.n) t/2

19.46
17.29
15.19
13.02

r0.92
8.8 5

6.75
4.62
2.52
0.77
0.00

0.00Ð+00
1.588-02
4.628-02
9.508-02
1.608-01
2.44E,-01
3.268-01
4.198-01
5.248-01
6.838 01

8.48E 01

1.68E+01
1.398+01
1.15E+01
9.328+00
7.798+00
6.r98+00
4.748+00
3.268+00
1.69E+00
4.14E-01

0.00Ð+00



Tablc E.1: Experirnental <lata for the semicircrrlar drrct (cont,.)

Bro,ncl¿ A
It = 1000 (hs.m)-t/2

h,1

l^^I
T.
fcl

t4.I4
12.11

9.34
7.28
5.t7
3.04
0.94

- 1.17

-9.40

TnG

llrlr l,al,inl

Se.t No. 4 - 2I
Branch,e.s A, B a.nrl C Act

Po : 316 kPa
AP = 40 kPa

23.4
23.6
24.1
24.4

26.r
26.2
26.3
26.3

0.00E+0
7.708-0:
4.588 0i
8.38E-0i
1.41E-01
2.228-0l
2.87E-01
3.67E-0r
5.598-01
6.398 0r
6.91E-0r

m,L

lk g l,li,inl

Branch B
l? = 1000 (k,r.m.) '/,

1.20E+01
9.408+00
6.93Ð+00
5.608+00
4.708+00
3.95E+00
2.838+00
1.418+00
3.478 0l
9.27E'-02
0.00E+00

hs
lmtn.l l'cl

15.13
t2.8r
10-75

8.64
6.58
4.54
2.48

0.33
- 1.70
-5.34

m6
lks lminl

20.8
21.6
22.2
22.6
23.0

19.0
18.9
18.4

0.008+00
2.408 02
8.84E-02
1.778 0r
2.40E-01

3.098 01
3.978-01
5.03Ð-01
5.978-01
6.788-01

m,J,

lk lt lmin,l

Bro,nch. C
1? = 992 (k!t.m.)- t/2

1.20E+01
9.13E+00
6.588+00
4-248+00
3.308+00
2.368+00
1.598+00
8.32E-01
3.64E-01
0.008+00

hc:

lmrnl
T.
l'cl

16.51

L4.37
t2.38
10.20

8.07
6.00

2.2(:,

0.72
0.00

m,G

lk s lrninl

2r-7
21.9
22.2
22.5

22.8
23.0
23.0
23.0
23_0

0.008+00
1.748-02
4.578 02
9.448-02
1.678-01
2.528-07
3.388-01
4.14Ð-01
5.21E-01
6.448 01

,nL

lhs ln.in)

1.218+01
9.288+00
7_368+00
5.80E+00
4.638+00
3.468+00
2.17E+00
1.128+00
2.81Ð-01
0.008+00



Tabìc E.1: I)xperimcntal d¿ta for thc ser¡ricircul¿rr drrr:t, (cont_)

Bro.nch A
R = t0l2 (k!t.rn)-t/z

19.10
17.03
14.96
t2.78
10.71
8.63
6.49
4.38

0.24

-4.53
-8.67

Set No.4 22
Branch,es A, B and. C Actire

D ¿1-

^P: 
123 kPa

20.8
2r.l
21.4
21.9
22.1
23.4

23.3

22.9
20.8

0.008+00
1.638 02
6.148-02
1.298-01
2.08E-01
3.108 01
4.448 01
6.098-01
8.178-01
9.848-01
1.14E+00
t.228+00
r.288+00

Br¡t,nch B
.¡l : i00z (t;s.m.) t/2

2.088+01
1.848+0i
1.51E+01
1.26Ð+01
1.028+01
8.14Ð+00
5.87E+00
3.95E+00
i.738+00
9.40Ð 0i
5.108 01

2.05E-01
0.008+00

20.56
18.84
16.73
14.65
12.58
10.40
8.26
6.20
4.13
2.03

-0.15
-2.27
-4.27
.7.44

21.7
27.5

22.4

23.r
23.1
23.t

23.t
23.0
22.9
22.5
22.5

0.008+00
1.52E-02
7.31,8-02
1.61E 01
2.76E'-01
3.70E-01
5.018-01
6.178-01
7.59E 01
8.668-01
9.888-01
1.10E+00
1.198+00
1.228+00

Bro,nch C
n = 993 (ks.m.)- t/2

2.098+01
1.888+01
1.54E+01
1.18E+01
8.938+00
7.40E+00
5.728+00
4.438+00
2.998+00
1.94E+00
1.12E+00
5.62E-01
2.418-0r

0_00Ð+00

21.I2
19.04

16.97
14.90
72.76
10.62
8.59
6.48
4.35
1.90
o.77
0.00

20.3
20.6
2I.2
21.7

23.4
23.6
23.6
23.6

0.008+00
2.6t8 02
6.47F 02
1.31E-01
2.148-01
3.148-01
4.048-01
5.028-01
6.26E 01
7.808-01
8.85E-01
1.22Ð+00

2.128+01
1.848+01
1.548+0i
1.34Ð+01
1.138+01
9.328+00
7.368+00
5.48E+00
3.80E+00
1.82E+00
1.078+00
0.00E+00


