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,'. . ' ABSTRACT |

. ) ' T
The ability to predict the flow patterns and flow pattern transitions in a two-phase '

~ flow process is useful for an accurate prediction of the préssufé;‘?’drop,‘heét and mass transfer
rates, anci also for the choice of appropriate two-phase flow design parametersdor the syétem.
ljuring a loss of coolant accident (LOCA) in a nuclear reactor, t“’ro-ph.ase ﬂow‘may exist in t;}e
/ prirx;ary heat transport loop, ar;d a knowledge of the flow 'patterns that are .occurring'alt the
a ;\ . varim;s flow d’o;ditions is needed to accurately model the accident scenario. i
Horizontal gas-liquid two-phase flow patterns and flow pattern transitions have
fbeen, investigated both tﬁeqretipally' and experimentally for a pipe of 5.08 cm i.d., annulus- R
gec;metries gf outer tube diameter 5.08 cm i.d. and inner-to-outer diameter ratios from 0.375
"to 0.625, andl for a 37-rod nuclear fuel type bundle flow system having an outer tube diameter
of 1Q.16 cm.i.d. ahd rods of diameter..l.27 cm, Tfle 28-rod bundle ﬂow'-geometry was also
studied thgofe.tical.l}_ The flow céhditﬁons \gerez at inlet pressure_:é of abd‘ut 1 to 2 bar and at
near room .tém[:'vex"aturt-a.f 4 ‘ . |
In this study, the time‘avéraged void fﬁicl_;ion and pressure drop meaéuremt‘ants'
were also sﬁccessfu-}{{illtained. The instg;ltaneous and time éverqged void fraction ,measu're—
ments were achieve.d by the ring type ca.pacitgnce transducers based on the differences {n the
< diele{itric constant's‘of the liqui(i and gas phase:s. The various flow patterns occurring in the
pipe, annulus and>rcd bundle flow systems were successfylly characterized by direct visual
observation through the transparent test sections and also fifom the signal waveforms of the
instantaneous fluctuations in ;he void fraction,ithe pressure drop measurements gnd the
ultrasonic..ttansmission wa.veforms. Flow pattern transitfons were determined from both the

results of the measured void fraction and direct visual observation.
. ol
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The experimental resglte 'sboW.that the flow pattern structures occdrring in
¢ i ’ R

. horizontal annulus and rod bundle geometries are similar to those obserVed for the pipe flow

t:ase eicept the annulusflow system where we chefacterized two additional flow patterns,

namely, "Annulus- Slug" and "Annu}us-Plug" These flow pétterns are similar to the Slug ‘

and Plug flow structures observed for the pipe geometry, but are restricted to_the lower
. . g

_annulus channel gap below the annulus rod. These occur at the flow conditions that would

-

otherwise lead to Stratified flow pattei‘ﬁs‘ﬂ'o_r pipe flow cases.

" The results show that the flow patterg{ transitions for the annulus and rod bundie

flow geometries are significantly different from those of thewﬂp(v. The flow

pattern transitions for the annulus flow geometnes were obseryed to be 51gmﬁcantly influ-

enced by dlfferent mner-to outer diameter ratios, except the Stratxﬁed Smooth to Stratified

Wavy transition. The Stratified to Intermittent and the Intermlttent to stpersed Bubble

transitions occur at lower superficial liquid veloéitie§, while the Intermittent to Annular
: . . . , ' ~— )
transition occurs at higher superficial gas velocities for 1arger inner-to-outer diameter ratios,

In the rod bundle geometries, the flow pattern transmons were observed to vary slightly with

-

the particular angle of orientation of the bundle within the enclosing tubeshell. The various

influences on the flow pattern transitions observed in the present study are mainly due to the '

differences in geometries and force distributions.

: o !
From direct visual observation results, we also obe;ved that interfacial waves in

the rod bundle flow geometry were generated and dissipated at the rod bundle end plates. No

significant effect of the rod bundle end plates on the other flow patterns was observed, except

. a slight effect on the regularity of these intermittent flow patterns, usually becoming more
\

- apparent at higher flow rates.
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CHAPTER1 . -

" -~ INTRODUCTION

1.1 Background ‘

' Two-pl_lése flow applications refer to vario&s-,cheniical processes and power plants.
Typical examples include gas-oil two- phase flow transportatmn in pipelines, evaporation of
liquid to high pressure steam m.steam generators, turbines and pressunzers Two- phase flow -
also ocecurs durmg loss-of-coolant accidents (LOCA) due to blowc}own of pressure pipes in
nuclear power plant primary heat transport loops. During the past two decades, the need to
satisfy safety requirements of nuclear power plant operations has led to numerous research

activities on gas-liquid two-phase flows. !

The study of gas-liquid two:pitase flowis mostlﬂéomplicated by the existence of one
or more deformable and moving interfaces. A mixture (;f gas and liquid f'!owirlg in a pipe,
Yinnulus or nuelear rod bundie can assume a variety of interfacial configurations known s

N
FLOW PATTERNS or FLOW REGIMES in two-phase flow. Detailed definitions of the
various flm‘v patterns occurring in horizontal two-phase flow systems are given in Section 1.4,
Flow patterns significantly @;ﬂ‘ei::t z}_gd can be affected by heat, mass and momentum transfers
between the two phases and the éolid bouhdaries presented by the flow tube geometry. In
engineering desngns requiring the apphcatxon of gas- l1qu1d two-phase flow, it is important to
* be able to predict the particular ﬂow patterns and flow pattern transitions occurring at a
gwen flow condition, to enable appropriate choice of design parameters for each flow paftern.
For example, under loss-of-coolant acc1dent (LOCA) in the nuclear power plant pnmary heat
transport system we can acgurately model for the two-phase flow parameters if the particular

-

flow patterns occurring can be predicted at the given conditions. However, in spite of various




ra

, : -
investigations, predlctmn of the flow patterns for gas—hqmd two-phase ﬂuw systems has

' \
remamed a central unresolved problem :

-

The occtfrrence of a particular flow ﬁﬁttem depends on conditions of the flow,
presémre, heat flux, densities andvis&osifies\{f}le phases, surface tension, system géometry
and mclmatmn to the horizontal, flow direction (upward, downward cocurrent or counter-
current), entrance length and the method of forming the two- phase flow. A sxmple presenta-
tion of the results of ﬂow pattern stud1es is usually in the form of flow pattern maps [1] where
the various ﬂow patterns are represented as areas on a graph. Due to the various conditions
affecting ﬂov:r patterns, it is impossible' to represent every p'ara'me-ter- influencing the flow '

» patterns on a two-dimensional map while still kee;;ing it simple to‘use. Flow pattern maps
give an indication of the particular flow pattern that would occur at given system flow
conditions. One of the earliest maps proposed was due to Bake_r {2]. A host of others have
since been presented by Goviler and Omer {3], Hubbard and Dﬁkler (4], White z.a‘nd Huttington
f5], Al Sheikh et al. (6], Mandhane et ﬁl. (7], Taitel and Dukler (8], Weisman et ai. [9] and Aly
[10] to mel}tion‘a few. Mandhane et 'é.l. {7] presented a gas-liquid t\.&rp-phase flow pattern map
" based on the superficial velocities of the phases, using a large bank of data covering a wide -
range of pipe diameters. This map has a convenient form and has been widely used due to the
large amount of data and the range of pipe diameters represented.

In this work, studies of flow pattern transitions for the annulus and rod bundle
grometries have been ;:oﬁductec_i and the results compared with those of pipes.,'. since tilese

geometries are also of practical importance in the various chemical processes, coal fire, oil

fire, and nuclear power plants, and have not been widely investigated.



Revi_eiv of Previbus: Wor!;:

" ‘Ir-x the study of twe-phase flow patterns as revealed in the published literature, it

has not been well established whether the results for the pipe ﬂow geometry can be apphed to
more complex flow systems, like the annulus and rod bundle ﬂow geometnes Physxcal
mechan;txc models and expenmental 1nvest1gatmns [8,9] have revealed a significant depen-
dence of flow patterns on pipe diameters. T}us pipe diameter mﬂuence is due mainly to
channel wall-frictional mteractmns resulting from differences in the flow geomet:mal param-
gters. The flow geometrical parameters for the annulus and rod bundle.'ﬂow systems are
compared with the pipe flow eases in- Section 2. The annulus and rod bundle ﬂow. cases
represent much more complex profiles and differ quite sxgmficantly in order of magmtude
. from the pipe flow cases [11]. ‘Very few investigations on flow pattern trans1t1ons have been
directed at the annulus and rod bundle flow geometries. Earlier.investiga;ions include Chang

et al, [12], Nicholson et al.[13].and Becker et al. [14) for flow pattern transitions in annulus
] . .

’ L3
flow systems. Vertical rod bundle flow pattern transition studies have been conducted by

Bergles [15] and Venkateswararao et al. [16.]. Aly [10] experimentally investigated the cese

for a horizontal air-water flow, studying an ieterior-subchannel of a 37-rod bundle flow

. geometry using a needle contact probe. In this case, probes can cause more flow obstructions

W and can only.be used in the outer subchannels due to the .great difficulty of introducing
- ‘measuring devicee in the restricted spaces between' the rods. Krishnan and Kowalski [17])

investigated the Stratified to Slug flow transition in a horizontal pipe containing a 7-rod

bundle. And in a recent study, they extended their work to cover other flow patterns for the 7-

rod bundle geometry. These tests were carried out for both air-water and Freon gas-water

flows. The flow patterns were characterized by direct visual observations and also by

conductivity probes. Minato et al, [18) alse i_rrwestigated the Stratified to Slug flow transitions

for a horizontal air-water 37-rod bundle flow system by gii'rect visual obser{ation. Various
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_ p_redi;t;{:e models have also béen proposed for the rod bundle flow systems [1;(,1'81.- ' These are
mostly derived from the classical work of Taitel and Dukler [8] for the pipe geometry without
fully accoupting for the differences in geome'tricall parameters. The géometrical parameters
(e.g. iﬁterfaciai areas) needed _td'close the two-fluid model for@ulgtions have mainly b.ee:n
obtained from empirical ca:;:‘-elations. As will be shown later in Section 2, the interfacial area
for rod bundle flow systems, for example, varies nonmonotonically with the stratified
equilibrium liquid levei. The typical case for the 37-rod bundle ﬂdﬁ system is observed to i)e
quite complex.due to thé large number iof rads preéent (11]. Hence it may not be possible to

accurately represent this parameter from empirical correlations, for large number rod bunsdle

two-phase flow systems.

1.3 Objectives * o
The quectives'of this study are to determine flow patterns occurring in horizontal
annulus and rod bundlel geometries, and compare the flow pattern transitions for these
geometﬁes with the pipe flow results.. In-this work, experimental and theoretical
investigations have been conducted to predict. two-phase flow pattern transitions for 2 5.08 cm
id. pipe, annuli witﬁ cuter di:imgter, 5.08'él'm and inner di!}meter from 1.805 ¢m to 3.175 cm,
and a 37-rod buf;dle ﬂo»:f geometry with rods of diamgter, 1.é7 cm. The physieal mechanistic
. approach of Taitel and Dukler {8] for horizontal pipe flow systems is modified and extended to
modelling the horizont,'anl annulus and rod bundle flow systems. In the Taitel and Dukler
| model'[8]. the éeometric par.an.i.elier; are central to the trargsition criteria, and is more suitable.
for modelling the annulus and rod bundle flow cases than the ‘alternative approach of
céhputing the void f;-action ciirectly from Lockhart-Martinelli correlations or other schemes.
Since these correlations originallf de'veloped for: pipes may not be suitable for t_hé annulus

and rod bundle geometries. The predictive flow pattern transitions are investigated for
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dlfferent mner-to-outer diameter ratms for the annulus geometnes, and for dlfferent rotatlon

angles from 0° to 45° for 28 and 37-rod nuclear fuel type bundles used in the CAN DU nuclear o

- . P

reactors A detailed expenmental mvestlgatmn has been conducted to carefully map the ﬂow
pattems occurnng in the pipe, annulus, and 37-rod bundle geometrles for au- water two-phase

flow at room temperature and near atmospheric pressure. The ﬂow patterns have been

- characterized by. du‘ect visual observations, and by waveform signals of the pressure,

-I- ©

ultrasomc and capac1tance transducers used for measurmg the system pressure drop, hqui_d
< ' level and void fractions, respectively. A detmled description of the experimental techniques

are presented in Section 6.
[

.

»

I3 ‘ 1.4 'Hoﬁzontal Two-Phase Flow Patterns _ .

» Gas-liquid two-phase flow can assume a variety of interfacial canfigurations, ¢
n_amely', flow patterns, at different gas and li:quid flow_' rates for a given system. This is dué
mainly to the compress{bili.ty of the gas phase and the deformable interfaces presented by the
two phases flowing together in a pipe or other flow geometries. Horizontal gas-liquid two-
phase flows have been cbserved to exhibit the following flow patterns, namely, Stratified -

I € Smooth, Stratified Wavy, Slug, Plug, Anf-mlar. Wa\.ry-Annular and Dispersgd Bubbl} flow
patterns. Schematics of these flow structures are shown in figure 1.1. .The flow pattern
analydis will be based on the definitions given below, as have been experimentally observed
for the pipe, annulus and rod bundle geometi'ies, in this study.

The Stratified Smooth (SS) flow occurs when the liqu.id is flowing at the bottom of
the pipe and the gas.ﬂo_ws along the top due to buoyancy, and- the gas-liquid interface is

smooth. The Stratified Wavy (SW) flow is similar in descri_ptiorn to the Stratified Smooth flow,
. ‘ . w.

however, the gas-liquid interface is wavy. Both the Plug (PL) {low, sometimes designated as

‘o

Elongated Bubbles (EB) at 'high liquid flow rate, and Slug (SL) flow ai'ew what Taitel and



Dukler (8] refer to as Intermittent (I) flow, and are charactenzed by the hquxd bndg’mg the
.gap between the gas-hqmd interface and the top of the pipe. The dxﬁ'erence batween Plug and
) Slug flow regimes depends on the degree of agltatxon of the lig 1\d bndge PIug flow is

cons:dered ta be the hrmtmg casé of Slug ﬂow with no entrained bubbles exxstmg in the hqmd
| bridge. Annular (A) flow occurs when the pipe walls are wetted by a thin liquid ﬁlm whilé the
gas, at hlgh velocxty, flows through the center of the pipe. quuld droplets are usually
entralned in this gas core. When the upper pxpe wall is permdlcally wetted by highly aerated
large amplltude waves, the flow is neither Slug whmh requires a comp!ete liquid bridge, nor

Annular whlch is charactenzed by a stable l1qu1d ﬁ]m Taitel and Dukler{8] de51gnated th:s
\ flow pattern as the Wavy~Annular (WA) flow. However this regime was ngt recognized by
Mandhane et al. [7], and was con51dered to be Slug flow. The D1spersed Bubble (DB) ‘Qr
Bubbly flow regime is characterized by small gas bubbles distributed throughout the‘,liq‘uid

p‘hase which otherwise fills the pipe. The transition to this flow pattern is cor'lsidereci lﬁo occur
| when the elongated gas bubbles lose contact with the top of the tube. Initially the bubbles are
near the top of the pipe, but at higher liquid flow rates, become uniformly distributed
throughout'the bulk of the liquid filling thé system.

LY

[n the annulus flow geometry, we observed and defined some new flow patterns,

\_— [ 7 . .
namely, "Annulus-Plug" and "Annulus-Slug” flow patterns. The Annulus-Slug flow pattern
occurs when the liquid tends to bridge the gap between the gas-liquid interface and the lower
surface of the annulus rod. This occurs over a small range of low liquid flow rates for high gés
rates and may be due to capillary surface tension force as was proposed in the transition
between Stratified and Intermittent flow patterns for small diameter capillary tubes [19]. At

lower gas flow rates, we also characterized the Annulus-Plug flow. This is similar in

description to the Annulus®Slug flow pattern with little or no bubbles entrained in the liquid



v

. . L . | -
brxdge The range of gas flow rates over which these new flow pattems were observed to occur

. . represent the Stratxﬁed flow region, and have been classxfied as such in the present‘study .

P



Flgure 1.1 Horizontal Pipe Two-Phase Flow Pattern Structures:
(a) Stratified Smooth (SS)
(b) Stratified Wavy (SW)
() Plug (PL)
(d) Slug (SL)
(e) Annular (A)
(f) Dispersed Bubbly (DB)



- CHAPTER 2
' HORIZONTAL FLOW PATTERN TRANSITION MODEL"

_In this model the mechanistic approach of Taitel and Dﬁk_lei' (8] for horizontal pipe
iwo—phase flow is Tf%ﬁd_wed. This model provides. a means of including the effects (;f fluid
. ‘proﬁeriies, i.')ipe sizes aﬁd ﬂow geometries, | The 'Hélx;nhoitz instabilitjr model proposed by
Taitel and Dukler [8! for transition from Stratified to Intermittent flow patterns is modxfied
here to include the effect of interfacial surface tension force, since this may oppose wave
' growth at the mterfa‘ce by acting to flatten out any curved surfaces. This is extended to
modelling horizontal annulus and rod bundle f'low geometries where the geometric effect of
each mdw1dua1 rod present is fully accounted for. Thus, in order to describe the flow pattern
structures which result in these flow systems it is first necessary to describe the mechanisms
which arise in a fully developed pipe flow system.

T
2.1 (.)ne-'Dimensional Equilibrium Stratified Flow
In analyzing two-phase flow, the basic equations governing the conservation of
mass, momentum and energy already ;ﬂrell established for single-phase flow are solved based
on somé idealjzcd quel and 3ymplifying assumptions. The models generaily used include:

(i) The Homogene quilibrium Model (HEM), which assumes the phases to be

represeﬁted by\a sipgle fluid flowing in the whole system, with fluid properties

given by appropriately\weighted properties of the individual phases.
(ii) The Separated Flow or~Two-Fluid Model, which assumes the two phases to be
+ flowing on separate layers and the basic conservation equations written separately

for 2ach phase.




(iii) "The Flow Pattérn Model assumes the two phases to form a gi\‘ren'f;low distribution

represented by some idealized geometry and the conservation equations solved

;

* within this geometrieal framework.

The Homogeneous and Separated flow models have been wxdely applied in a

variety of engmeermg systems involving two~phase flow design calcu!atmns The general -

conservation equations for two-phase flow have been derived by several authors [20,21].

In the model presented in this study, the process of on'alyzing ‘the transitions
between the various flow patterns starts from the cor‘;dition of stratiﬁed ﬂow and 'l:h'e .
mechanisms wheret;y a ohange can be expocted to take place is imposed on the system [é]. A
steady state ono-ditoensiohal stratified two-‘phase f'low is therefore assumed. Further

simplifying assumptions include: .

3

i - ' Each phase has a mean velocxty across a given plane normal to the ﬂow

(if) 'The.pressure across any plane normal to the tube axis is uniform.

(iii) | The flow is non accelerating and the gas—liquid interface is stratified smooth,

(iv) The total cross-sectional area occupied by the gas and liquid in any plane normal to

the tube axis is equal to the sum of the areas occupied by individual phases.
Any information that may be lotst in viow of these assumptions are t}}erefore suppliod by an
appropriate choice of constitutive l:elationships. .
The situation assumed in this analysis is shown in figure 2.1, where subscripts.g
and ¢ represent the gas and liquid phases, respectively. Here the approach of Taitei and
Dukler [8] is used to analyze the flow. A simple momentum balance on each phase assuming
no pressure differential across the gas-liquic{ interface yields,

_dp S‘ 5 @
dz Te A Ae :

for the liquid phase, and



o

s . S . . .
L g i : NP (2.2)
- —t — =0 :
R
for the gas phase, where P represents the pressure, Sg and Sg represent the wetted perimeters

by the gas and liquid phases, respectively, S; represents the interfacial penmeter Ay 4nd Ap

represent the cross- sectional area occup1ed by the gas and liquid, respectwely, and ‘I:l, tg and t o

: represent the interfacial, and the gas and l1qu1d. shear stresses, respectively.

In the above equations, the interfacial shear stress has'qpposite signs for each

-

phase in accordance with Newton's third law. For cocurrent fiow the positive sign is givento

the heavier fluid which tends to have a lower velocity. Combining these two equations yields:

S S 1 1
N (4 A . A l i\ A A/ _ R
g ce o gl /
2.2 Constitutive Relations
The shear stresses are evaluated in the conventional manner using the.tor;m

suggested by Blasius [22],

u, u u —u.) | (2.4)
= _ . L =fg & i
. t epe 2 ' 34 E°E 9 i it 2

LY
with the friction factors evaluated from

Df u, % Dg L,lg _xg (2.5}
fe=Ce p, —— ; f =Clp _
pe g EA' B pg

The hydraulic diameters in the above equations are evaluated in the usual manner as four
times the fluid flow area, dividéd by the wgtted perimeter. ﬂowever, in this case, the method
of Ta_itel and Dukler [8] and Agrawal et al. [23] are followed where it is assumed that the wall
resistance is similar to that of open channel flow for the liquid and closed channel flow for the
gas. Analysis indicates, however, that changes in this assumption have little effect on the

results. Thus the resulting expressions for the hydraulic diameters are,
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- D ™ (2.6)
¢ S, € S.+5,

To determine the expressmn for interfacial i‘nctmn factor f'., we assume fi=fzin accordance

.-wtth the results of Ta;tel and Dukler [8] and Gazely [24] for & stratified sn;ooth interface a s/

-
b

assumed in this analysis. Hence we can evaluate the mterfaclal shear stress with the same
relationshipas the gas-wall shear stress if we assume ug>>u;. The condition of ug> >uy; can
be attamed at flow conditions leadmg to the transﬂ:mns observed. General!y, the mteri‘aclal
friction factor, f;, can be s1gmficantly larger than the gas-wall friction f'actor f , for wavy -
interfaces due to increased interfacial roughness from the gas flow mduced surface waves, It
may therefore be necessary to apply more sophisticated relationships fc;r the interfacial
friction factor. Numerous empirical relationships have ‘been suggested for f; (Cheremissinoff
and Davis [25], Kowalski [26], Andrittes and Hanratty [27], Andrtattési and Persen [28] and
Li:t and Hanratty [29]). Lin and Hanratty [2§], for exantple, used fi=2f; to obtairt a good
agreement with their experimental re\\sults.l In this work, the choice of a relationship for the
interfacial friction factor, fj, is verified a posteriori by direct comparison with experimental
data. _ , Lt '

In the evaluation of the constants in the Blasius equation it is assumed that the
results from single-phase analysis may be applied directly [8]. For the case of steady laminar
flow the variablés C and x are 16.0 and 1.0, t'ESpectively,_ correspohtting to the Poiseuille flow.
For steady turbulent flow, these p'arameters have values of 0.046 and 0.2, respectively, which
corresponds to the well known Blasius equation for smooth pipe flow. In this analysis, the
transition to turbulent motion is assumed to occur in a given phase when its Reynolds

number, given by the terms in brackets in equation (2.5) exceeds 2000 [8,38].  «




2.3 Flow Geom'etr.ic Paraméie_r
- 2.3.1 Pipe Flow |

7 Equgtions (2.3) to (2.6) fully'déscribe the twb-phase stfgtiﬁed ‘Tlow once the
‘expressions for the geometric paramef.ers' of .the system are obtained; Simple analysis ;)f |

_ figure 2.2 yields the following expressions for the pipe flow geometry:

A,= == |n-arccos(y) + yV'1 -y (2.7
nD? ) | - (2.8)
’ A = — _A o
T 4 ¢
‘ (2.9
Se = D[n—arccos(y))
) S =nD-8§ ‘ T O (2.10)
['4 4 . .
' §,=DV1-y® : @11
where ‘
¥ =2h/D~1 o (2.12)

2.3.2 Annulus Flow

For the general case of the eccentric annulus geometry where the annulus rod is u
located at coordinate R(r,0), the following expressions for the geometric pardmeters are
obtained for three regi)y_ns of the equilibrium liquid level, h, as shown in {igure 2.3.

M

1 .
hes [ E(D—d) + rSinb



Figure 2,2

Pipe Flow Cross-Section.



Figure 2.3 Annulus Flow Cross-Section,



(i)

where

(iii)

1 1 |
[ E(D-d)‘-i- rSinBl <h,< { E(D*d) + r5in@

] | il

w
It

Ay, = Ay

- .nd2

A=A ——m

g g 4 -
Se =5

S =S +nd

B g

S =8§

d? 3]
A, - n—arccos(f) + fV 1 —p? ’

n .2 .2 ’
—4(D—-d)—Ae

S, + d|n—arccos(B) I

n(D+d)-S;,

" (2.13)

(2:14)°

2.15)
(2.16)

(2.17)

(2.18)

(2.19)
(2.20)
(2.21)

(2.22)

(2.23)
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e ' ' 2.25)
A=A _ S 2.25)
4 g : _
- ) o | 2.26)
S; =‘Se+nd‘ <
o . < ; .
§ =5 - (2.27
g g . _
§ =g - (2.28)

i i .

The speciall case of concentric annular flow geomeiry correspon&s to the rod being
located at coordinate R(0,0). In the above expressions for the annulus '_geomet:ry, we have
simplf subt'racted the contributions to Ae, A,;, and S;, due to fhe presence of the anmilus r d,
from the pipe flow results giv;.»n by equations (2.7), (2.8) and (2.11), and added to el';her the
i:ont_ributionétﬁ Se and S; due to the annulus rod with those given by equations (2.9) an&

(2.10) for the pipe. ’ ¥
' )

2.3.3 Rog Bundle Flow e * ~

The geometric parameters .for the rod bundle flow case as shown in figure 2.4 are
obtained by computing the éb;ove annulus flow expressions for every rod in the system located
at coordinate Ri(r;,8;).

' Typical calcu]atio.r;s of the geometric parameters for the 37-rod bﬁ;ldle flow case
are shown in‘ﬁg‘ures 2.5 and 2-.6, where the geometric' paramet‘.ers for the piﬁe flow case are
also compared. Figures ?\.5 and 2.6 show that parameters such as S, S¢, and S; are
significantly influenced by the existence of rod bundles in the t\&{o-phas—ca flow sectio:f, while
little inﬂuénce is ;b’served for Ay and A¢ as sho“;rnr\m figure 2.7. Figure 2.6 also shows that

the interfecial area becomes nonmonetonic with equilibrium liquid levelin the rod bundle

flow cases with order of magnitude small compared with the pipe flow cases.
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Similar results were also obtained for the 28-rod bundle ﬂow géometry as shown in
figures 2.8 to 2.10. Again, we observe significant influences on Sg, S¢ and S; due to the
presence of rod bundles. And the iz;terf'écial width, 5;, is observed to vary nonmonotonically

with equilibrium liquid level, hg, with order of magnitude small compared with the pipe flow

Jgeometry.

However, effects of surface temson have been neglected in the interfacial Iength ‘
and area calculatxons "This could affect the results for rod bundles, where the sharp peaks in

the interfacial length caleulations may become less pronounced.

t




. : ' CHAPTER 3

FLOW PATTERN TRANSITION MECHANISM

31 Stratified Smooth to Stratified Wavy Transition

In a stea.cly state two-phaSe flow, the fqrmation of a stratified wavy structu:-e is
associated with the situation where the gas ve!ocityl is sufficiently high fo cp‘use waves to form
through interfacial shear. Fora non-accelerating flow, Jeffreys [30] postulated the folowing

criteria for wave generation:

4p,glp,—p ) -
- £57e Vg : (3.1)

 PeP,S

t:(ug—c)2

tn the above inequality, ps, Pg ¢, g and s are the liquid density, gas der_;sity, 1iquid viscosity,
gravity and a sheltering coefficient, respectively. J effreys (30} suggested a value of s=0.3 for
the sheltering coefficient, while, othér researchers [8,31] have recommended much smaller
values of the order of s=0.01. Apparently, the value of s depends on how one defines a wave.
A variety of diffefent wave structures on twﬁ-phase stratified surfaces have been described
[32]. They may be listed in three main groups, namely, ripple waves, two-dimensional waves
and thnee-dimensiopal waves. In this study, the value of s=0.01, based on comparison of

pfedicted_and experimental results has been iised throughout for the sheltering coefficient.

"\Q The constant ¢ which appears in equation (3.1) represents the speed of the waves.

For most practical cases, it is assumed that ug>c[8]. And previous theories and experimental
results [8,33,34,35] indicate that the ratio of wave velocity to mean liquid film velocity

decreases with increasing Reynolds number. For turbulent flow, this ratio approaches

27




.' unity [8]. lI._‘th:?. for simplicity, the relation, us=c, has'been used in this study, following Taii'.el ,
and Dukler [8}. '
Substituting the above approximations irito eqﬁatio"n (3.1) yields the criterion for

transition from Stratified Smooth to Stratified Wavy flow as, |

" | ‘
_[ 488, Pp—p) ' : (3.2)
u = | — : ) .
‘. . 5P,P gle
3.2 Stratified To Intermittent or Annular Flow Transitions

The essential mechanism for transition from Stratified to Int.ermittent (Slug and
Plug) or Annular {flow patterns is the unconfined growth of a surface wave instability. Fora
crititéa[ set of floyv‘ conditions, a wave travelling on a stratified surface will grow until it.bloc.:ksv ,
the flow of the gas phase. At low gas flow rates, the blockage forms a complete bridge (tﬁough
‘po‘ssibly agitated) and Plug or Slug flow results. At higher gas flow ratés, there may be
insufficient liquid flowing tﬁ properly sustain the bridge. Hence the iiquid in the wave is
swept up arm;nd the inngr wall of the pipe resultAing in Annuiar flow [8]. The growth of a
wave may oceur dué to the action of the gas flowing over it, or to the action of a capillary
surface tension force acting to pull the gas liquid interface up to form the complete bridge.
| For the first case; consider a finite solitary wave flowing over an otherwise
stratified smooth liquid in a pipe of diameter, D, as shown in figure 3.1. The'wave has& peak

height, h'¢, and the equilibrium stratified liquid height is h. As the gas accelerates over the

wave the pressure, P’, in that region decreases dug to the Bernoulli effect causing the wave to

grew. At the same time, the force of gravity and the interfacial surface tension force acting to
flatten out the wave tends to make it decay. Thus, neglecting the motion of the fluids, the

condition for wave growth on the gas-liquid interface may be written as,
' o2
'- dn ' (3.3)
P-P' > (he—he)(pe—pg)g + 0 ;1?
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Figure 3.1 Kelvin-Helmholtz Instability Mechanism for Stratified to Intermittent
Transition.



where the average mean curvature of the solitary wave is denoted by d2n/dx2. Therefore, for -

" the case where the liquid surfacé tension becomes significant, the wave will grow when
: _ &Y ‘

-

P—P'>(h,~h)p,- pg)g+ok2(h -h) (3.4)
- The pressure d1str1butmn is given from inviscid ana]y51s as follows, - ' -
. B . ., - _ | 7

. P-P'= - -t ' 3.5

PP’ = g P g(ug ug) - _ (3.5)

Con‘ibining these two equations, and noting from continuity that Agug=A'gu'; assuming the

gas phase to be incompressible, the criterion for wave growth becomes,

‘-r; 112

' 20 2
14 2 ‘2
| Py (Ag— Ag )
" For small finite disturbances, A, may be expanded in terms ofhpina Taylér series;
[ (3'7)
= —E h, ~h —h, .
Ag Ag ah, ( gt O(h ] R

[gnoring terms of order.(Ah¢)2 and higher in this‘arialysi-s, the critefion for wave growth -

becomes,

g 12
{Blo,—p) +ok}A, (3.8)

where B = A'g/A,.

The coefﬁcient B is dependent on A’y and therefore cannot be determined directly.
Tmtel and Dukler (8] used the following reasoning to construct an alternatwe expressmn for
B When the equnhbrmm stratified liquid level approaches the top of the pipe, A'g is small
and any wave of finite amplitude will cause B to approach zero. However, when the stratified
liquid level is small, tHe appearance of a small amplitude wave will have little effect on the
size or'the gas gz;p. A sirnp'le‘fnnction that ﬁté these extremes and is only dependent on known

parame.ers is [8],

hY



/ )

Co . B =1 _f ’ ' (3.9)
The above expression for B cdrreSponds closely to the results obtained from'previous analysis
. i

of the same problem by Wallis and Dobson [36] and. Kordyban and Ranov [37). These

analyses like the model of Taitel and Dukler [8], propose that the transition to intermittent

flow depends on the value of B. In thxs study, a criterion of B=0.5 is taken as the cond_ition -

which distinguishes Intermittent from Annular or Wavy Annular flows. For B>0.5, Elsfe' flow

is cons:dered Annular or Wavy Annular and for B<0, 5 the flow is Interm:ttent (i.e. Slug or

" Plug). The constant, k represents the critical wave numbe:; at the point of transilion, where

the wave tends to grow indefinitely, and is given from the Kelvin-Helmholtz instability

&=
consideration of an equilibrium stratified two—phase flow system as shown in figure 3.1 by,
W2 8o, - g’ T (3.10)

o
The criterion for wave growth with the effect of interfacial surface tension Torce accouritéd for

in the Kelvin-Helmholtz instability analysis of finite amplitude waves becomes,_

vz | 7 o

g(pe_ pg)A
g .

The term dAg/dh} appearing in equations (3.8) and (3.11} may be determined du-ectly from

d:l‘f‘erentlatmn of equatmn (2.7) for the plpe and equations (2.13), (2.18) and (2 24) for the
annulus and rod bundle flow geometries. R

For small diameter capillary tubes, the lower channel gap of annuli or subchannels
of rod bundles, capillary surface tension forces may have impc;rtant effects on the flow pattern
structure. A wetting liquid has a tendency_to climb the inner tube wall due to a capillary
force and forms a complete bridge leading to mternnttent flow [38]

The transition to Plug \/at low gas and liquid flow rates is modelled by

comparing the gravity and capillary surface tension forces [38]. It is assumed that initially
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Figure 3.2 | Capillary Surface Tension Consideration for Stratified to Intermittent -
Transition in Small Tubes. ‘



7 _the ﬂow is stratxﬁed at an arbltr"ry hquld level as shown in ﬁgure 3 2 by the sohd mterface
" Due to capllla.nty, the hquld chmbs to the_upper level reducmg the hquxd level in the v1cm1ty

, of the newly formed Plug, mdxcated by’ the dotted lme The transfer of hquld re’cﬁ:res that

Vi=V,, Furthermore in order for this process to be stable the capxl]ary surface tensmn

N
forces must overcome the gravxtatmnal forces ignoring the motmn of the ﬂmds

<In’ thls s1mpllﬁed analys:s the f'low is treated as two- dlmensmnal and the Plug is

assumed to have a circular shapk of radius, y. Under the_se cond1t1ons, we can equate V1'= Vg i

" for. mass balance and thisyields, = - -~

!

- y=i%¢ S % U
n . : . B

_"_,- ——r

where h is the equlllbnum gas level A statxc force balance on the system yields
' g M 2) o : : wT
o= = : ‘ (3.13)
%4y 7Y S _ :
or
h = = f——— B S @1
g 4 ( 1 n ) E . .
as the tran51t10n criteria for pipe sizes smaller than a certain maximum. In these cases,
transition will take place whEnever the liquid level is high enough to satxsfy mass balance
given by equation (3.12). For adiabatic air/water flow at near atmospheric pressure,
intermi}_{tbnt flow occurs when the equilibrium gas level is less than 4.6 mm.
3.3 Intermittent to Dispersed Bubble Flow Transition
Durmg Intermittent (Slug and Plug) flow, the elongateﬁ“bubbles formed are
observed to flow on top of the liquid due to buoyancy effects. However, at lugher l1qu1d flow
rrates than those encountered in intermittent ﬂow, the gas phase tends to mix with the fast
flowing liquid leading to dispersed gas bubbles existing in the liquid phase. This occurs when

turbulent fluctuations in the liquid overcomes the buoyancy forces tendmg to keep the



‘bubbles on top of the pipe [8]. The buoyancy force per unit length of the gas regibn isgivenby -

.,

- | S Gas
Fg =glp, - pg‘)Ag :
" and theé liquid turbulent force acting upon the gas is given by

1 Tz Rty )
FT' = E Pf u Si . ‘ (3.16)

where u', is the velocity flictuation in the radial direction, and the root-mean-square of the

fluctuation is taken equal to the friction velocity, and we obtain:

) ] - _ - . r U2 . .
“ : ' V;E—u(i) . - Ban
‘ V .‘ e 2 . .
hence, '
; , .
F.= ZSipefeue (3.18)

Tfiefefore, the eriterion for _tranéition from Intermittent to Dispersed Bubble flow pattern

becomes,

4
-

4glp,—p)A 1"
fop,S

u, =

(3.19)
¢ . ¥

i
" For transitions in the annulus and rod bundle flow geometries, the above criterion

derived from Taitel and Dukler's work [8] for the pipe flow case have been used together with .

substituting the respective expressions for the gedmetrical parameters, which have been fully

‘ .
derived for the pipe, annulus and rod bundle flow geometries in Seetion 2.3,




_ , ‘CHAPTER 4 _
B o . NUMERICAL PROCEDURE |
Y The fldw pattern treheitions discussed in. Sectien 3 are calcuiéted nnexerically by’
REGI’VIE—3 [38) and REGIME-4[11] codes The general procedure used for these codes areas '
shown in the flowchart of figure 4.1. And detailed procedure is enumerated below
(1) T G;ven‘the pipe diameter and flow conditions, the physical propert:es of the F[uids
are specified. Specify the diameter of the rods and their coordinates in the aﬁnelus o '
and rod bundle flow geor_netries. A-lse specify the rod b‘?ndle o;'ier;tation Qiehin the
enclosing tube for the rod bundle {low ease

B

(2). : Calculate the total cross- sectxonal aresa, A and the total vetted perlmeter of the
flow section, S ‘Calculate the angular coordmates f'or the case of the rod bundle
geometry. Then choose a su1t.able increment for the equilibrium liquid level.

(3) Determine the Stratified Smooth to Stretiﬁed Wavy tmnsitien location from the

criteria given by equation (3.2].

-

(i) Choose a value for the sheltermg coe['ﬁ;:lent s. 'In thrs work, a value of
“s=0. 01 was used throughout fo‘r the sheltering coefﬁclent
(i1) | Inltlflhze the equthbnun; liquid level, hy, and calculate the geometrical
paran{eters, Ag, Ag, Sg.,' S ,and S; fron} equations (2.7) to (2.27) for the pipe,
annitlus and rod bur_1d1e geometries u's-ing'eu'broutine SHAPE, as shown in
‘ figure 4.2, |
(ii1) Initialize the queid velocity, and calculate the ges veloeity from the

' transitior\l.priteria given by equation (3.2). Calculate for the liquid velocity

from the momentum equation (2.3) and iterate-until convergence acc-ofding
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Then cah‘;ulate the superficial gas and \liquid.‘velocities. :

L@

(5)

(6)

to the criterion, - ' - o i

-

where € was assigned a yaltié of 10-4in t_hié study.

.

Using the same procedure as above, de-termine the Stratiﬁed'to Intermittent
transmon from the transmon criteria glven by equatlon (3. 11) For cap1lIary tubes -

of diameter less than a certain maxlmum this tran51txon cr:terla 15 gwen byr

equation (3.14). i

Determine the Intermittent to Dispersed Bubb e flow transition from the criteria

given by equation (3.19). The same procedure as described in (3) above is used here.

: . - :
Howéver in this case we iterate for the gas phase velocity from the momentum

equatlon (2 3), since the" hquld velocity is gwen from the tran51t10n crltema
equatlon (3.19). The subroutme SPEEDG is used to ach1eve l’.hlS and the con-
vergence criterion given by equatlon (4.1) is used for the gas phase velocxty, us

Determme the Interrmttent to Annular or Wavy Annular flow transition. .

() . Specify the equilibrium liquid level to a value, one-half the inside diame’ter
of the pipe. -
(i) Initialize the gas velocity to a suitable value.

(il)  Proceed as in (3) above to obtain converged values of the quuld phase

velocity, and consequently the superﬁcml velocities.
Lo Y

Compute'r printouts employing the procedure described in this section for the pipe, annulus

and rad bundle flow geometrieé are listed imAppendix II1.

—— The numerical results obtained in this study have been analyzed in the form of flow

+ pattern maps hased on the superficial gas and liquid velocities. The REGIME-3 code
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calculates tw‘o-phase flow péttern transitions in horizontal ‘gas-liquid ﬂdw in pipes with

<

branches Typlcal flow pattem transntmns for dlfferent pipe branches and angles aregivenin '

- *

. Appendu: Ii. ’[‘he REGI'V.[E-4 code calculates two-phase flow patt.ern transitions i in annulus
and rod bundle geometries, The numencal procedure presented here is also capable of
calculatmg lxqu:d holdup for honzontal equilibrium stratified flow in" plpes annulus and rod

"bundle geometnes



. CHAPTER 5
NUMERICAL RESULTS AND DISCUSSIONS

51 Pipe Flow

' -E.‘igure 5.1 ;hpws the numerical results of t_he f'lov;r transitions ft;r a hoﬁzontal a.ir-.
waté_r- two-phase flow at r_oo'rn temperature and near atmo‘s‘pl';erilc Ilaréssure-.vin a 5.08 em id.
pipe. The solid lines represent the numerical résults of th.e model presented in this study for
pipe flow. In this model the effect of interfacial surface tension force which‘ acts to oppose the

growth of waves at the gas-liquid interface is included in the Stratified to Intermittent

transition criteria. The dashed lines represent the results of the model by Taitel and Dﬁl{ler.

(8] which does not consider int.erfacial'surface'tex;sion effect for this transition.
The results of the model presented in this work predict the Stratified to Inter-

mittent or Annular flow transition to occur at higher superficial velocities than the Taitel and

Dukler model [8]. The small kinks observed in the Stratified to Intermittent tra;nsition at low

- superficial gas velocities represent the transition from laminar to turbulent flow in the gas

phase. The laminar to turbulent flow transition for the liquid phase occurs at superficial flow
velociti%s less than that presented here. The interfacial surface tension effect may not be ‘vdery
significant, in general, since this transition is observed to occur at superficial velocities of the
same order of magnitude, but, the influence of pipe diameters on the Stratified to-[ntermittent
flow pattern traqsition may be enhanced when the interfacial surface tension effect is
~considered. |

F‘igure 5.2 shows the results of horizontal flow transitions for different pipe sizes
from 1.0 cm to 20.0 em i.d. The results indicate that there is a significant influence of pipe
diameters on the flow pat.tern transitions. The Stratified to Intermittent or Annular trans-

40-
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-ition is predicted to occur at hxgher superficial gas and liquid velocities for ]arger plpe sizes.
The Intermittent to Dispersed Bubble trans1t10n is also seen to be s1gmficantly affected The
| stpersed Bubble ﬂow pattems are predicted to occur at lower superﬁmal liquid velocmes for
_ smaller pipe sizes. The Stratl.fied Smooth to Stratified Wavy and the Intermi;tent to Annular
| or Wav‘yr-Annﬁlar flolw transitions are observed to be rather insensitive to pipe diameters. For

larger pipe sizes, the mf'luence of pipe dmmeters on flow pattern trans1t10ns seems to become

~

decreased

The Strafiﬁed to Plug ﬂou-r transitions occﬁr at much loﬁwer superﬁciai liquid
velocities for small diameter tubes; D< 1.0 em i.d., as shown from the 'fesu!ts of the i.O cmid,
pip‘e. In this case, the transition mechanism is m;)stly governed by the capillary surf'ace
tension force which tends to pull the gas-liquid 1nterface against the stabilizing. force of ‘

-~

grawty, up to the upper wall of the tube.

5.2 Annulus Flow

Figure 5.3 shows the results of horizontai two-phase flow transitions in annulus
geometries having pipe dia;neter of 5.08 cm i.d. and rod diarheters from 1.905 em to 3.175 em, ‘
.and hence, inner-to-outer diameter ratios from 0.375 to 0.625. The results show that the ﬂbw
pattern transitions are significantly ihﬂuenced by the inner-to-outer diameter ratios of
annulus geometries. Figure 5.3 also shows the flow pattern transitions for a horizontal 5.08 '
cm-i.d. pipe which corresponds to an annulus geometrf of inner-to-outer diameter -I‘E;f.io; 000
Tbe flow pattern transitions for annuli are observed to be different from those of pipes, and
the Stratified to Intermittent flow transitions are the most significantly influenced. This
~ transition is predicted to occur at lower supéerficial liquid velocities in an_nu]i with Iaréer
inner-to-outer diametef'ratios. The pipe flow case is observed to occur at higher superficial °

liquid velocities than for annulus geometries.
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Figure 5.3 Effect of Inner-to-Outer Diameter Ratios on Two-Phase Flow Pattern
T Transitions in Annulus Geometry from Theoretical Predictions.
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‘ The, Stratified to Annular or Wavy-Annular ﬂow transntxon is nut sngmﬁcantly :

affected by dtﬁ‘erent mner—to-outer d:ameter ratios, and very little mﬂuence is predxcted for

the Interlmttent to Annuler or Wavy-Annular and the Intermxttent to Dispersed Bubble ﬂow

s

tran51t10ns L
s ' t

The Interrmttent to Annular or Wavy :Annular flow transxtlon occurs at lower

: superﬁcla] gas velocities for annuh wlth smaller mner-to-outer diameter ratio:- The pipe flow

-

. case whlch corresponds' to an annuius. of diameter ratio, 0.00, is seen to bccur eal:lier than the

annulus results due to ﬂowacceleratmn in the annulus geometry A 51mllar trend observed ‘

for the Stratlﬁed to Intermittent t;'an51txon is predlcted forgthe Intermittent to D1spersed
Bubble I'Iow transxtmn This tran51t1on occurs_at higher superf‘ c1al liquid veloc1t1es for
smaller mner-to outer d1an:eter ratxos For ptpe flow cases, thxs transmon 1is observed to
occur at h1gher superﬁc:al liquid velocntles than for annuli.

Figure 5.3 shows that the Stratiﬁed Smooth to Stratified Wavy flow transition is

insensitive to different inner-to-outer diameter ratios.

5.3 - Rod Bundle Flow
The nu'merieal results of the flow pattern transitions occurring in the horizontal 28
and 37-rod bundle flow geometries is as shown in figures 5.4 to 5.5, respectively, and the pre-

dicted flow pattern transitions of a 10.16 ¢m i.d. plpe is also shown here, 'I‘he flow pattern
transitions for the pipe is shown to be remarkably dlfferent from those of rod bundles, Thxs
may be due principally to significant dlfferences in the pipe and rod bundle flow geometries.
Large effect of geometry is obsetved for the Stratified to Intern;ittent and the Inter-
mittent te Dispersed Bubble flow transitions. The rod bundle flow results show irregular

transition locations cccurring at high gas flow rates. This is observed for both the Stratified

to Intermittent and the intermittent to Dispersed Bubble flow patterns, and may be due to the
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nonrnonotomc variations observed f'or the rod bundle 1nterfac1al areas (Sectmn 2). ThlS shape

' f’or the mterfacxal areas. leads to ﬂuctuatlons in the critical gas velocmes as determined f'rom

the Stratlﬁed to Intermlttent transition cntena The Stratl.fied to Interm:ttent and the

Intermittent to Dispersed Bubble flow tran51t10ns are pred1cted to occur at lower superﬁcxal '
liquid velocities than for the pipe geornetry

. The Intermittent to Annular flow transitions are also affected by the complex flow

geometries presented by rod bundles. This trans:tmn is predicted to occur at higher super-

ficial gas velocities for rod bundle systems, and may be due to_increase in gas velocity

- -

resulting from the signiﬁcant reduction in the flow area.

The Stratxﬁed Smooth to Stratified Wavv and the Stratlﬁed Wavy to Annular flow
tren51t1ons are observed to be insensitive to the presence of rod bundles in-the tube

~ Figure 5.6 shows a comparison between the 28 and 37-rod bundle flow pattern
transitions, and little influence on the transitions are observed from the results. However,
. sngmﬁcant differences in the results may exist betWeen rod bundles having large geometrical
variations. Figure 5.6 shows that the Intermittent to Dispersed Bubble f'lo:v‘ regime oceurs at
lower superficial liquid velocities for the 37-rod bundle flow geometry.

The rod bundle flow pattern maps of figures 5.4 to 5.6 are ,forla 0° orientation.as
defined in figure 5.8. Figure 5.7 represents the numerical flow pattern traknsitions for the 37-
red bundle geometry at various possible orientations from 0° to 45°. The Stratifjed to Inter.
mittent and the Intermittent to Dispersed Bubble flow pattern transitions are seen to be
influenced by Eie rod bundle orientatiens. Thus, they have been represented as transition
bands rather than ltncs to .account for any uncertainties due to arbitrnry orientation of the rod
bundle within the enclosing tube, since in a practical situation the orientation of the rod

bundles within the tube may not be known specifically.

'
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Figure 5.9 28 and 37-Rod Bundle Flow Cross-Sections at Zero Degree Orientation
~Angle.
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CHAPTER 6

EXPERIMENTAL
6.1 "Loop Descz‘iption and Experirnenta! Procedure - ~,
6.1.1 Plpe and Annulus Expenment '

A schematlc dxagram of the experlmental loop used 1r; this study is.as shown in
. figure 6.1.- 'i‘h: set-up.is a rec:rculatmg air-water two phase flow system havmg a trans-
parent test sectron made of acrylie tubmg, 5.08 cm id. and 365 7 cm long. The set-up for the
annulus experiment is as shown in this figure. This is constructed by placing an aluminum
rod along the central axis 'of, the tube. The annulus rod consists of two tube sections‘press
ﬁtted together and supported at both ends and about 1.5m from the upstream end. Water is
pumped from a large separator tank through a Fzscher and Porter rotameter callbrated toa
maximum liquid flow rate of 1. ll €fs. The water remains essentlally at room temperature
, since it sits in the separator tank long enough to reach thermal equilibrium with the
surroundmg And air from the laboratory supply is flowed past a pressure regulator an air
filter and through a Brooks Instrument rotameter, Model No. 1110-10H3A1D, calibrated up
toa maxrmum_ air flow rate of 11.33 ¢/s.

The air and water flow through a separated type mixing section and into the test
section. This is a "Wye' branch with the air introduced in the upper branch anct water in the
lower branch. Most of the mixing sections used for air-water two-phase flow are made of pipe
'Tees' thh the air 1ntroduced in the branch and water in the run. Lin and Hanratty [29]
reported smular results for flow transitions when water is introduced in the branch and air in
the run, except at the Stratified to Slug transition for low superficial gas velocities, but

Weisman et al. [9] found no effect of different entry sections on flow transitions.
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_to characterize certain flow patterns occurring in the annulus gap location bel_ow the axial

The redistribution of the two phases within the test section for different flow rates .

‘of air and water are monit;?red from the analoé output signals of the ring-type capacitance

transducer [39) via a Booton cﬁpacitanc‘e.meter, Model No. '7_2B, operated at 1 MHz." In order

rod, thé ultrasonic transmission technique [40] was modified and used. Pressure drop

measurements in the annulus flow systerh was achieved with the Validyne DP15 differential i

type pressure transducer. A 1.38 kPa pressure transducer diapﬁragm was selected for. use.

This gave a good sensitivity and remained stable throughout the range of flow conditions

studied.

6.1.2 Rod Bundle Flow Experiment

This present 1oop was slightly modified to accommodate two 37-rod bqndles with
rodrs of diameter, 1.27 cm and length, 100 cm. These were placed next to each other in the
dowri;tiééam of the test section. The rod bundles were enclosed in a 10.16 cm i.d. tube section.
r'I‘he tube section was ;:onstructed o‘f two. 150 cm long clear anodized aluminum materials. A

150 cm long transparent section made of acrylic tubing was used in place of one of the

- aluminum tube sections in the downstream part to enable direct visual observation of the flow

patferns occurring in the system. The experiment was performed at room temperature and at
atﬁospheric pressure,

A homagenequs type mixing section was used in this case with the air introduced in
the branch and water in the run. And the two-phase flow patterns occurring in the system
characterized by direct visual observation and from the analog output signals of the ring-type
capacitance transducer. Pressure measuréments was accomplishe‘d with the Validyne DP15
differential pressure transducers enclosing an 8.62 kPa pressure transducer diaphragm. A

larger pressure diephragm has been used in this case since there is increased pressure drop in




the system due to contnbuttons from the rod bundles present. Also, good sen31t1v1ty and high "

e

stability was obtamed throughout the range of flow condltmns studied by usmg thls

~
L]

dxaphragm size, : - ' ) ' : ' : .' e

-

6.2 Measurement Techniques

-1 ’

- Pressure drop and void fraction aré of pnmary 1mportance in the de51gn of two— -
phase f'[ow systems. The vmd fraction represents the fractlon of the two-phase flow section
occupled by the gas phase Knowledge of this parameter is useful for the estimation of
neutron absorption by the liquid phase in the des.ign of boiling water nuclear.reactors and
also for \detérmmﬁg the gystem pressure drop The pressure drop essentially governs the

’ purﬁpmg power requu‘ements of the system.
6.2.1 Pressure Drop Measqrement .
The pressure drop measurements were achieved by the pressure transducer techni-
que. Validyne DPiS differential pressure t;ansducers (response time of 2 rﬁicroseconds)
enclpsing diaphragms of sensitivities 1.38 kPa and 8.62 kPa, were used for the annulus and
rod bundle flow experiments, respectively. The output is analog voltage via a homemade

L] - T t—— .
carrier demodulator. The pressure transducers were calibrated versus a water manometer.

L ]

The maximum change in the water column was adjusted to match the maximum sensitivity of
the pressure diaphragm, and the span of the demodulator adjusted to a selected voltaée'. The
zero of_the carrier demodulator was adjusted to correspond to 0 Volts. The calibration proce- ‘
dure involves lowering the water column stepwiseiy from its maxirﬁum and the correspon&ing
output voltage nbted. Typical pressure calibration curves are given in Appendix I

Horizontal ggs-liquid two-phase ﬂou;v‘ is characterized by asymmetry in the flow

distribution due to the influence of gravity, where the liquid tends to flow at the bottom of the



g
-

.pipe and the gas phase flows on top. The pressuré té.ppiﬁg lines were’\thérefore'made at the -

bottom of the pipe to reduce any electrical noise that could be caused by the pre-sence of gas'
bubbles within the tapping hnes The pressure transducers were also purged of any air in the:
tappmg lines bef‘ore the expenmental runs, and the zero adjusnnent checked to ensure that
the measurements were w:thm calibration llmlts

The analog voltage 'output of the pressure transducer for various flow conditions

) studied were analyzed using the Apple Ile computer via the Analog to Digital Converter

" (ADC) for time averaged pressure drops. The fluctuations of the pressure drop signals were

also recorded with the Goertz chart recorder, and used for monitoring the various flow
patterns occurring in the system. The signal waveforms were observed to be distinct for '
different flow patterns, and were used to supplefent flow pattern identification by direct

visual observation. »

6.2.2 Void Fraction Measurement -
“The void fraction measurements were achieved by the capacitance transducer

technique [39]. This is based on the Iarge differences in the dielectric constants of the liquid,

. 8as and tube materials. Detailed description of the method is given by Chang et al. [39].

From theoretical considerations, the electric field and potential profiles of the two
ring electrodes of ﬁguré 6.2 can pe schematically represented as shown in figure 6.3 for an
ideal ciondition, neglécting the radial comp:)nent of the electric field. The problem can
therefore be analyzed by a simple equivalent capacitance cireuit methed, assuming the axial
electric field is constant élong the axial direction. Different phase distributions can .be
analyzed in the form of series or parallel connectio;ls between parallel plate electrodesr as

shown in figure 6.4. The output capacitance can thus be calculated as a function of void

. fraction for various flow patterns. Typical calculations for the Annular, Stratified and Slug
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. flow patterns are given below, Idealized representations of these flow patterns are as shown "

infigure 6:5. - S ST

() Annularand Stratified Flow Patterns: -

From the flow pattern representations as shown in f‘igure 6.5, the equivalent

S

circuits for the Annular and Strauﬁed flow patterns are smular and of parallel connections.

.In this case, the total capacitance reduces to, . : ;

C; _c+c +C, - o 6.1)

and we note that any metallic material, hke the rod bundle or the annulus rod, that may be ’

enclosed within the two-phase Row zone does not contribute to the total capacxtance since

electric ﬁeld cannot penetrate metals, in general (i.e. the d:electnc constant for metals is

' mfimte) Since we are only mterested in the changmg parameters, namely, the gas and hquld

. content of the two-phase fiow section, the wall capacitance whxch remains constant can

therefore be comb1fd with the total capac1tance to yield, .
- N ' (6.2)
Cp—(CT—Cw)—Cg+ Ce -

Substituting the expression for parallel plate:capacitance we obtain,
. . e A . :
-2 ; . (6.3) -
Cp =3 [z, _—-(efs‘— 1)agl : _

where ag,represents the void fraction, and Els, €0y A, Cp are the liquid specific dielectrie
constants, permittivity of free space, total flow cross-sectional area and the two-phase flow

capacitance, respectively. The specific dielectric constant of unity was substituted for the gas-

phase. ‘ - - oo

i) Slug Flow Pattern:

Again, {rom the idealized representations as shown in figure 6.5, we observe that

the equivalent circuit for the slug flow pattern is a combination of both parallel and series




T \\*\\\\\\\\\\\\\‘ Y o

Lo d .
. . . I
- - _ .

. Annular, -

--'|‘ y L L o Cyw

.\\\1\\\\\\\\\\ ~ @ chimmnt

T . - 3 -
1
|

. _l ' .G

- Slug

‘ Cw
® OF
LR
. a — F—
G

Stratified -

Ny
l

\\\\\\\\\\\

‘\[

.7/:__ ——

O

Figure6.5 - Equivalent Capacitance Circuits for Different Two-Phase Flow Patterns.



) connections. In this-césg,‘thé two-phase'éapacitahqe reduces to, )

1

N o o, faS L
- f . . ] —- b 81 e ——— L
' - -t Ca*C : Y
. Substituting the expression for capacitance between two parallel plafes, we obtain.
. A " dZa e 1 - . - 6.5) -
, = 2= g ymda) + —EE— | - B2
X Poyd LB ¥ -9 |
where .
YA,

A8=A_Ag' ag=__ﬁ | . -

have been substituted to obtain the above equation. d and y are as defined in ﬁgi‘n—'e 8.5.v
Eq{mtibn {6.5) can be further sihpliﬁéd to give CoT

g, A (& =D, - (6.6)

P d fes ™ y P [ y ] : .
¢ s (o)

‘ _ (] - :
For the special case where y=d, the two-phase capacitance for Slug flow pattern given by -

equation (6.6) simply reduces to the expression for Stratified and Annular flow patterns given

by ei;uation (6.3). Figure 6.6 shows a plot of the theoretical output capacitances as a function

of th;a volume averaged void fraction for various flow patterns oceurring in a horizontal ra‘ir-
water two-pﬁase flow system (ggs=1, é;s=80) for any tube size and pipe flow ‘geometry.
Different cases of the Slug flow pattern for various values of y/d, from y/d=0.5 to yld =1.0 are
also shown. No .;;igni;lant flow pa&ern dependenéé on'the ca;:;acitance-void fraction relation-
éhip as shown in Tigure 6.6 is observed. In fact, for area averaged void fractions, the capaci-
tancé output for Stratified, Annular and Slug {lows can be represented by the same c'urve.. '
Chang et al. [39] also observed no significant effect of the capacitance-void fraction relation-
ships on flow patterns, experimentally and theoretically for a 2.0cm i.d. pipe in a vertical air-

water two-phase flow, '
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F:gure 6.7, shows the schemat.lcs of the rmg-type capac:tance transducer set-up

used in the present study. The eIectrodes consxst of two brass stnps 1.27 em wide placed 1.27

’ ',

cm apart around the outsnde of the acrylic tube, downstream of the two- phase flow test
sectzon The electrodes are electmcally msulated and. also electrostatlcally shlelded with
copper fml The whole set.-up is grounded as shown in ﬁgure 6.7. The output capac1tance
- becomes analog voltage‘vna the capacitance meter [n the rod bundle e\cpenment the
. | computer termmal in the neighbouring room was o;served to interfere w:th thé output
signals when in’use. This may be due to the 37-rod bundles ac‘ting as a fadil:-f‘fequency :
ante'nna, since the bundles were nat electriéally grounded tora‘w‘.r'oid further flow disturbances.
However, the rod;bunzdle experiments were :ondut‘ted only when the computer terminal w.as
not being used to avoid any'i‘ﬁterfe_rence witi1 the void fraction signal output.

The capacitance transducer was calibrated versus the pulse-echo ultrasonic tech-
nique for liquid level detectior; in the ;:;ipe elxperiment. In the annulus éxperiment, the liqujd
level was measured directly with a level m'eter, since the an;xulus rod interferes with the

pulse-echo ultrasonic technique. However, for the rod bundle experiment, the capacitance
. ’

transducer was calibrated versus the pulse-echo ultrasonic technique.” The ultrasonie trans-
duce!" was placed downstr‘eam of the rod bundle ip the ‘region where there is no interference of
the rods with ultrasonic signals as shown in ﬁéure 6.8. And the equilibrium liquid level was
.also measured directly by a meter rule placed at the end flange as shown‘in figure 6.8.

Figui‘e 6.9 shows a comparison between the equilibrium liquid levels obtained by
both thé pulse-echo ultrasonic technique and direct measurement with meter rule. Figure
_ 6.10 sh:aws -the void fraction calibration curve obtained for the 37-rod bundle‘ flow system. The
void fraction for a given equilibrium liquid level is obtained ffo_m calculations of geometrica]‘
parameters for the 37-rod bundle flow as discussed in Section 2.3. The void-fraction

L .
calibration curves for the pipe and annulus flow systems are given in Appendix .
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Figure 6.10  Void Fraction Calibration Curve for 37-Rod Bundle Flow.



The analog voltage output of the capacltance transducer for dxfferent ﬂow
conchtmns were analyzed usmg the Apple IIe corputer via the ADC for time averaged void
fractions,” Fluctuations of the voxd fractmn 51g'nals wasg recorded using the Goertz chart'
recorder and were observed to be distinet for dxﬂ'erent flow patterns. . These were therefore‘

used to supplement flow pattern 1dent1ficahon by dlrect visual observatlons




CHAPTER 7

. FLOW PATTERN CHARACTERIZATION

Y

The characterization of flow patterns is important in the develdpment of better
models for two-bhase flow ;ystems.‘éf all the techniqpes available for cﬁaracteriziﬁg the flow
patterns oceurring in a two-phaée flow system, the direct visual observation method seems to

" have been the most widely ﬁsed at low ﬂﬁw ra-tes, and the high speed photograph# technique-
at high flow rates, for clear transparent test sections. -

However', it may not be possible to observe the étrui;:tﬁ‘ré of the tw'o-phaf‘se flow

clearly -witl.1 these techniques due to ﬁultiple reflection and refraction of light at éhe gas-
hqu:d interfaces. Real time X-radmgraphy (41]. and neutron radxography (42] techmques
may be used to overcome these problems, and are also applicable to characterizing flow :
patterns in small tube diameter pipe flow opaque sections constructed from materials havmg
low radiation uttenuatnon However, the large amount of uncertuxn;ms assocmted w1th photo-
graphm methods have led to the development of other techmques{, namely, conductance
probes, capacitance probes and impedance probes. The flow patterns og?qrringin-u‘t\v'o-pbase
flow sys‘tem may be characterized from the signal waveforms of the probes. These elect;-ical
probe methods have the advantage of b'eing quite economical, but often interfere with tl’ié flow
and change thé two:qhase flow phenomena. Conductivity probes are also restricted to
electrically conducting ﬂuids-, and are significantly influenced by the presence of a space

- :

charge in the environment. In rod bundle flow systems, it is impossible to-insert measuring

devices in the restricted spaces of the closely packed rods beyﬁnd the outer subchannéls.

Recently, techniques using fluctuations of instantaneous measurements of

pressure drops [43], and void fractions [44] have been used for identifying flow patterns. Void

A~ ’ 70



‘ measurement techmques are rev:ewed by Hew1tt (45} and Banerjee and Lahey [46] Among
these techniques, the conductmty probes and the gamma-ray den51tometer methods seem to
be the most w;dely used The neutron and ultrasomc beams seem to be the most promising,
since they can be apphed to flows in hlgh presqure metalllc pipes and high temperature liquid
metal systems where intrusive techmques based on electncal or optxcal prmclples cannot he '
used. The ultra_somc te&mque-ls also useful for large dlameter pipes or vessels' . The elec- -
trical probes are apphcable in the measurements of fast transxent phenomena and in con-
trast, radiation techniques are restricted to thin gipes and requ1re a strong source to observe
fast transient phenomena-. but also reqmre a large amount of radiation shielding for'safety.,

Most capacitance techmques have been used for liquid level dxagnostms void
fraction or l1qu1d film thxckness measurement by immersing a single or twin needle probe or
parallel stnp or twin electrodes. In this study, the value of the capacltance measurement'
rather than changes i in 1tdzs used to determme void fraction in horizontal {low. systems, and

_ fluctuations in the ihstantaneous measuremehts are used to characterlze the flow patterns.

The ring-type capacitance transducer technique [39) islosed here. This is based on the

: . ) .
dielectric constants of the liquid, gas and tube materials, Capacitance transducers are most
economical, offer simpIe installation, applicable to fast transients up to a few microseconds
and are basically non—mtruswe devices. The ring type capacitance transducer is made of two
10ng1tudmally attached parallel ring electrodes on the outside of the pipes. The capacitance
was measured by a Boonton Electronics 72B capacitance meter operated at 1 MHz. The
. 'analog voltage output was analyzed using the Apple Ile computer via the ADC to obtain the
time alreraged void fraction. The Goertz chart recorder was used to record the eignal _
waveforms for mo_nito‘ring the various flow patterns occorring in the system.

: -

Typical pressure drop and void fraction waveforms observed by pressure and

capacitance transducers are shown in figures 7.1 to 7.3, for the pipe, annulus and 37-rod
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bundle ﬂow geometmes respectwely As can be seen from these fi gures the vond fractlon ' )

waveforms seem to be more sensxtwe to the flow patterns, and consequently used for
charactenzmg ﬂow patterns in the present study Also shown in figures 71 th?tmgh 7.3 are

the corresponding flow pattern structures from expenmental observations. The Stratxﬁed

- -

' Smooth4low pattern is represented by steady and smooth waveforms of the pressure drop and

J

" void fract:on 51gnals, while the Stratxﬁed Wavy flow pattern corresponds to small amplitude

wavy ﬂuctuatmns in the signals. The P]ug and Slug flow patterns are observed to be repre-

sented by intermittent large amphtude fluctuatmns of the_pressure drop and veid fractlon

e

signals. The Slug flow. 51gnal ﬂuctuatlons are observed to occur mmj frequently than the case

for Plug flow pattern. The p:pe flow waveforms for the Plug and Slug flow patterns are

observed to be nearly perzodxc in occurrence, while a deviation from thls periodicity in the
signal ﬂuctuatmns is observed for the Slug flow pattern in the annulus and rod bundle flow -
systems

The waveforms of figure 7.2 represent the Elongated Bubble flow observed at lower
gas flow rates for high liquid flow rates, and grouped among Plug flow patterns in this \vork
The Annular and Wavy Annuiar flow battern representations are observed to be non-

monotonic fluctuations of the ﬁg'essure drop and void fraction nearly continuous in time.

- However, the waveforms obtained in the present study correspond mainly to the Wavy-

Annular flow pattern or the transition region from Slug to fully developed Annular flow
patterns. This is characterized as the situation where the flow is neither Slug, since a
complete liquid brldge 1s not present, nor Annular flow , since the liquid film observed around
the tube periphery is not continuous at the upper section. In the 37-rod bundle flow system
and under the present experlmental conditions, we observed only A few cases of the Wavy-
Annular flow pattern at high gas flow rates, where the liquid film is observed to be flowing on

the wall of the euclosing tube and around the rods at the upper section of the bundle. The rods

~
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’ the passage of the wave. The Eypical waveforms are ag shown in figure 7.3, where we observe R .r

- annulus rod and could be mxstaken for large amphtude Strauﬁed Wavy flow pattern The

.were observed t.o also be wetted by very thin l:qmd ﬁlms whlch 1mmed1ately d:sappeared after

the remarkable dl.ﬂ'erence from the Slug flow patt.ern waveforms

We also character:zed the Annulus-Slug and Annulus-Plug ﬂow patterns for the

annuh From the v1suaI observation results and pressure drop and voxd fract:mn waveforms of

figure 7.2, the Annulus Slug and Annulus-Plug flow patterms were not clearly 1dent1.fiedr

. Thisis because the hquxd bridge associated with these ﬂow patterns may not always touch the S -

ultrasonic transmission technique [40] was therefore modlﬁed for use in this case: P

"The Annulus-Slug flow pattern occurs _}vhen the liquid tends to bridge the gap

- between the gas-liquid interface and the lower surface of the annulus rod. At lower gas flow

rates, theé Anﬁulus-Plu'g flow pattern may exist. This is similar in descriptien to the Annulus-

Slug flow pattern with little or no gas bubbles present in the liquid b‘rid‘ge. Hovfever, the

-

" range of gee superficial velocities over which these flow patterns occur represent the

Stratified flow region, hence we have chosen to classify these flow patterns under Stratified

\.. ,

flow patterns in the present study.

In order to characterize f‘lowﬂpatterns more accurately in the annulus geometry, the

v -

" ultrasonic transmission method was used {40]. Two Panametrics contact probe ultrasonic

transducers, 6.35 mm in diameter, operating at a frequency of 2.25 MHz, were placed face to

face from each other in the flow channel as shown in figure 7.4. One cf the ultrasonic trans-

5 o ‘ o7

-

"-ducers was placed in?ide the annulus rod and the other was placed on the outside of the tube,

The whole set up is completely external to the flow and hence does not cause any ﬂow
d1sturbances during measurements. The ultrasomc signals transmitted by vne transducer’

are received by the other via a Panametrics ultrasonic analyzer. Since the annulus channel

gap and the propagation velo;:ity of sound in the liquid are known, only the received signal .
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-

intensities oceurring whenever the 'nnulus channel gap is ﬂooded are recorded by the Goertz
.

" chart recorder via the ultrasonic analyzer Here wa must nlote that the ult.rasomc =1gnal

"-J
cannot pass through the gas- hquld interface due to acoustic mismatch between the two

phases [40].

Typical ultrasonic transmission waveforms are shown in figure 7.5. B is clearly
) g )
seen from here that the ultrasonic wave signals are only transmitted when the entire ghannel

between the central annulus rod and the lower inner ;ube wall is flooded with water. It is

‘important to note that the wave height will be reduced by the existence of small bubblés in

the liquid bridge, or the physical geometry of the Slug a?d the air-water interfacial
geometries. Figure 7.5 shows that the Annulus-Slug and Annulus-Plug flow patterns cen be
ideﬁtified with the present method, and also the presence of bubbles in this liquid bridge.

.Figures 7.1 througﬁ 7.5 show that the methods used in this study are quite

" objective and successful for flow pattern characterization, and can be used along with direct

visual observamon techmque especxally for high gas flow rates, and also for complex pxpe~

geometnes like the annuli and rod bund‘les where it is impossible to objectwely 1der.t1fy the

-

particular.flow patterns occurrmg by relymg only on d1rect visual observatu)n




CHAPTER 8

EXPERIMENTAL RESULTS AND DISCUSSIONS

8.1 Pipe Flow Results
/-—8.1.'1 Flow Patterns _
S Then Stratified Smooth, Stratified Wavy, Plug, Slug and Wavy-Annular flow

patterns were etpenmentally observed for the 5.08 ¢cm i.d. plpe These are presented on f'low

pattern maps based on superficial velocities in {igure 8.1. Flgure 8.1 also shows the pred:cted-
rgsults of REGI\IE-4 code and the results of the 30(10[ due to Taitel and Dukler {8]. The
resﬁ[ts show that the REGIME-4 code whicb accounts for the effect of interfacial surface
tension in the Stratified to Intermittent (Slug and Plug) flow transition criteria agrees better
with the etperlmental results presented here than the Taitel and Dukler [8] model And at
low gas ﬁﬂw rates the theoretlcal results dev:ate slgmﬁcantly from expenment

The models have considered a balance between lifting forces due to Bernoulh eff'ect
for the fast flowing gas phase, and the stab1hzlng effects of grav1ty and mterfacnl surface
tension forces. This physma! mechanism is ?.ssumed by these models to be valid for both the

fast and slow ranges ;)f the gas flow rate. However, better agreement with experiment has .

been obtéined at high ga‘s flow rates, where the gas velocityfié high enough for Bernoulii effect

to dominate other lifting forces that may be acting. At low éas flow rates, a different appt‘t.)ach
has been suggested where stability mechanisms involving the growth of small disturbances

should be considered [29]. L

For modelling the Stratified to Intermittent flow transition, other models have

been proposed where a balance between the stabihzmg forces of gravity and capxllary surface

tension forces for small capﬂlary tubes[19]; or the hftmg force corresponding to the kinematic

80
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energy surplus of liquid in the idealized wave region [18] is soug’ht' From experimental

observations, the Stratlﬁed to Plug ﬂow transition occurs in the range of gas flow rate where

the gas phase veloclty is too low to cause the generatxon of waves at the gas- lxqu1d mterface
In this range of flow rate, l:quld turbulent ﬂuctuatlons may dominate the lifting forces

resulting from Bernouili effect, and may be considered to be the mechanism governing the

Stratified Smooth to Plug flow transition, occurring at low gas flow rates. In fact, the velocity

of a gravity wave in liquid of depth @ is Vgz. For 50% voidage in a 5.08 cm i.d. tube, this
, : S : ~
velocity is 49.9 cm/s which is of the same order as the Stratified S_mooth to*Plug flow

.. transition velocity at low gas flow rates. —

e

8.1.2 Void Fraction

Figure 8.2 shows tﬁe time averaged v‘oid fraction as a function of the superﬁcigl gas
velocity for various superficial liquid velocities in é 5.08 cm i.d. pipe under horizontal two-
phase f:iow. The results show that the void fraction generally increases with the superficial
gas velocity. It glso incréases with decreasing‘ supé:i'ﬁcial liquid velocity at low gas flow rates,

at the flow conditions where Stratified flow patterns are expected to occur. It is observed to

vary rather nonmonotonicully with the superficial liquid velocity at high gas flow rates. w,

‘\"Except at the Stratified Smooth to Stratified Wavy transition, we observe sharp

changes in the void fraction at thé various tranéition locations as indicated in figure.8.2. If we
try to re-plot figure 8.2 in‘the form of a contour map as shown in figure 8.3, it becomes obvious
that the void fraction changes suddenly at th; flow pattern transition boundaries. This was
also observed by Lightstone et al. [47lina 1.91 emid. honzontal two-phase pipe flow, and in -

gas-solid two-phase pipe flow [48]. Accurate location of experimental flow pattern transitions

may thus be aided by information from full analysis of. the time averaged void fraction.

Pl
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F‘urther analysis of the void fraction resuits in terms of the local pha'se velocltxes is ngen in

Appendx\c I, - o2
8.2 Annulus Flow Results i -«
821 . Flow Patterns - 7 -

J
- The experimental flow pattern transition for annulus geometries of outer 'tube

V

diaméter, 5.08 cm i.d. and axial rdd dxameters from 1.905 ¢m to 3.1%5 cm, are represepted in
figure 8. 4 asa fuﬂctmn of the inner-to-outer dlameter ratms ranging from 0. 375 to 0. 625 The
Stratified Smooth, Stl:atxﬁed Wavy, Plug, Slug and -Wavy-Annuilar flow patterns were

successfgliy character-iz‘ed"in tllze present study. The results show that flow pattecn transi-
- tions are significantly inﬂue_nce;l by different inner-ta-outer diameter ratios. This effect was
also predicted by th’e' numerical model discussed in Section 4.

Figure 8.4 shows that the Stratified to [ntern;ittent {Slug and ﬁiug) flow transition

occurs at lower superﬁcml liquid wvelocities for larger inner-to-outer dmmeter ratios. A

sumlar trend was also predicted by the REGIME 4 numerical code. The Plug to Slug and Slug

to Wa,vy Annular flow transitions are also influenced by dlfferent diameter ratios. ‘Arid are ~

cbserved to occur at higher superficial gas velocities for larger inner-to-outer diameter ratios.
The case for Slug to Wavy-Annular flow transition is again as predicted by the numerical
. results discussed in Sectjon 4, - Annuli with larger inner-to-outer diameter ratios provide

narrower passages for the fluids leading to flow acceleration, and consequently a higher

superﬁclal gas velocity at which this transition takes place. Sxmllarly, the Stranﬁed to Inter-

mittent I'Iow transitions occurring earlier in annuli with larger diameter ratios may be due to
a combination of two effects. Fli_}w acceleration of the ‘phases and frictional forces from the

axial rods tending to damp the interfacial waves are'larger for these-annulus geomcétries.

-
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‘The Stratified Smooth to Stratiﬁed Wavyvand Stratified if-\;'avy to A'nnular, ‘tr-"ansi-
tions ﬁre observéd to be quite insensitive to dii‘fei‘er@es in the inner-to-outer diameter ratios.
However, the gas ﬂows‘at which these transitions oceyr are very fast, and may lead to some
uncertainties in accurately locatmg the transition boundanes

Figure 8.5 shows the experimental flow pattern transitions_of an 'annulus.géometry '
of diameter ratio 0.50 as comﬁared with the predicted resuits. -Figure 8.5 also shows the
experime'ﬁtal results of a 5.08 ¢ i.d. pipe; Thé Stratified to Plug and Slug flow transitiqns
oécur at lower superficial velocities than the pipe case due to differences in force distril;ﬁtion
aﬁd ﬂc;w acceleration in the annulus geometry, The Plug to Slgg and Slug to Wﬁvy-Annular
flow transitions are observed to occur at higher superficial gas veIoci-t-iei than the pipe case,
due mainly to flow acceleration in the annulus geometry. .

The wfde discrepancy observed for the Stratified to Intermittent transition may be

_due to two reasons. The frictional damping forces that may be acting on the inierfacial waves
" which eventually grow to form Slugs have not been considered in the mechanism for this
trar‘lsition.. At low gas flow.'rates. the Stratified to Plug flow transition is obsel;ved to be
nearly independent of the superficial gas velocity. At the liquid phase velocities.where this
transition is expected tolﬁccur, turbulent fluctuations in the liquid may dominate Bernoulli |
effects in the physical mechanism gm;ernin'g‘ this trénsition. In the numerical model pre-
sex;ltcd, the lifting force due to Bernoulli effect was assumed to be valid throughout the full
range of gas flow rate studied, B
| Due to differences in flow geometry between the pipe and annulus flow systems, the
Intermittent region is observed to be e;mhanced for the annulus geometry. Also waves Athat
would otherwise grow to form Slugs and Plugs in the pipe flow case are observed to be damped

on encountering the annulus rod. This damping effect was also observed by earlier

investigators for gas-oil two-phase flow in annulus geometries (13l
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8.2.2 Pressure Drop .
The time averaged pre:ssure drop for annulus geometries of inner-to-outer diameter

ratios, 0.375, 0.500 and 0.625, as a function of the superficial gas velocity for various super-

. ficial liquid velocities, from 5.4 cm/s to 58.4 em/s, hre shown in figures 8.6, 8.7 and 8.8,

respectively. Alsoshown on these figures are the respective flow pattern transitions observed

for the annulus flow geometries. At low superficial gas velocities, ugs <100 em/s, the pressure i

firop is ohserved to increase with the liquid flow _rat_e,.except for the Stratified Smooth {low

patterns where the pressure drop is practicaily flat. At higher superficial gas velocities, the

pressure drop also increases with liquid flow rates for Stratified ﬂow,.but Qa'ries-no‘nmono-
tonically with superficial liquid velocities for the Plug, Slug and Wavy-Annular flow

. patterns. ’ ' -

~ -
3 - Doede

Generally, the pressure drop is observed to increase with superficial gas velocities

*

superficial gas velocity due probably to slight differences in the P]ug flow patter?‘a occurring

here, ;vhich may be described as a series of elongated bubbles flowing at the upper region of

the channel. The flow pa;tern transitions do not seem to significantly affect the observed time
averaged pressure drop.‘ N

Larger pressure drops were observed for annulus geometries with larger inner-to-

outer diameter ratios. A time averaged pressure drop of about 0.20 KPa and 0.40 KPa wére

observed for inner-to-oute:; diameter ratios, 0.375 and 0.500, respectively. The observed

increase in pressure drop with larger inner-to-outer diameter ratio is may be due to increased

fluid-wall frictional interaction.

£}

except for Stratified flow at low liquid and gas flow rates, where it is observed to be nearly.

indépendent of the superficial gas velocity. At High liquid flow rates, it decreases with the \

14
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Inner-to-Outer Diameter Ratio, 0.500.
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- Negative pressure drops are observed for Stratified flow at low superficial 1iquid '
.velocities, and for superﬁcial gas velocities ranging from 100 cm/s to 400 cm/s. This may be

| ;iue toa hydraulic jump observed in the equilibrium liquid level near the pressure transducer
- location, caused by capillary forces tending to lift the gas-liquid inter("-:;-cé, and thus bridging
the gap between the interface and the ;:entr'al annulus rod. This results in the formation o-f
additional flow patterns observed for.the present geometry, nameiy, the Annulus-Slug ';md

Annulus-Plyg flow patterns.
. LSS

8.23 Voi,d Fxlaction S

“Figures 8,2to 8.11 show the time averaged'void fraction for annuius geometries‘of '
inner-to-outer diameter ratios, 0.375, 0.500 and 0.625, respectively, as a function of the super-

ficial gas velocity for various superficial liquid velocities, from 9.0 ém/s to 49.4 em/s. Also

.

shown in these figures are the various flow pattern transitions observed for the annulus

geometries,

The flow pattern transitions are quite sharply distiﬁguishable from the void

‘fmc‘tion profiles, except the Stratified Wavy and Slug to Wavy-Annular transitions, which are
. L * .
represented as bands. This represents the uncertainty in accurately locating this transition

boundary. -

.

The void fraction proﬁle is observed to be nearly indEpenderit of the superficial gas
velt_J'city'l'or.the Stratified _Smoot:_h flow patte;'n, and increases sharply at the transition to-
Stratifiec‘l Wavy pattern for lho“'r. superficial liquid velocity. At higher superficial liquid
velocities, the Plug, Slug and Wavy-Annular flow patterns were also characterized. And the

vcid fraction is observed to increase gradually for Plug flows, but sharply for Slugs. The void
- ~ .

fraction almost approaches unity at the 'transitiqn to Wavy-Annular flow. The time averaged
void fraction observed for the annulus geometries are observed to vary more sharply with the
A
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&
superficial gas velocity for the pipe and for smaller inner-to-outer diameter annulus flow

systems.

Generalily, the void fraction is observed to vary nonmonotonically with the super-

ﬁcial'{liquid velocity as was observed earlier for pipe flow, but shows a more complex depen-
dence for annulus geornetries. This is probably due to the additional flow patte;hs, namely,
Annulus-Plug and Annulus-Slug, observed f'lor énnulus geometries. If we re-plot the void‘
fraction profiles in the form of contour maps as shown in ﬁguresl' 8.12, 8.13 and 8.14, for
annulus geometries of diameter ratios, 0.375, 0.500 and 0.625, respectively, we observe th.at
© at the flow pattern transitions; the void fraction changes sharﬁl_v with superficial gas
velocities. This features more prominently for the Stratified to Intermittent (Slug and Plug)
or Wavy-Amular transitions.. At the Stratified to Intermittent transition, the void fraction
contours shqw an inflexion at high su;;erﬁcial liquild velocities. The Stratified to Wavy-
Annular transttion represents the range of liquid velocity where t%'le void fraction approaches
unity, and nearly independent of the superﬁcial‘gas velocity,

Thus at high superficial liquid velocity for low superficial gas velocities, where tﬂe
time averaged void fraction was observed to be small and increasing with the supert'{;cial gas
velocity, the time averaged pressure drop is large but ﬁecreasing with superficial gas velocity.
Larger pressure drop is observed at higher superficial gas velocities where the time averaged

=~

void fraction approaches unity. Highly aerated Slug and Wévy-Annular flow patterns are
observed to be occurring in the annulus geometries at these flow conditions.
Further analysis of the void fraction results in terms of the local phase velocities is

givenin Appendix IL.

L N
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8.3 Rod Bundle Flow Results
8.3.1 Flow Pattern ‘
Figures 8.15 and 8.16 show the experimental flow pattern transitions of a |
horizontal 37-rod bundle flow system for both bdbbly and separated entrance conditions,
respectively\'_‘l‘he bubbly ent:;ance condition refers to the case wht'are the rod bundles are
placed just next to the exit of the mixing section, while the lseparated'entrance condition Vis the
case where the rod bundle is placed some distance downstream from the mixing section. The
flow pattern transition results were the same for both entrance conditior_m, except at low g.-as

flow rate where the Stratified to Intermittent transition occurred earlier for the separated

- . -

entrance condition.

At {low conditions where transition from Stratified to Plug flow pattern occurs, the
whole body of the liquid phase was observed to oscillate resembling sinusoidal waves. These
eventually died out and Stratified flow pattern existed as the gas phase flow rate was
increased. An inerease in the liquid flow rate caused the oscillating ga-xs-liquid interface "tz)
touch the top of the fluid, leading to the formation of liquid bridge, and consequently Plug
flow pattern. This phenomenon featured more prominently for the bubbly entrance condition.
Hence the discrepancy in f;he Stratiﬁeri to Pluéﬂow transition at ‘low gas flow rates, observed
between the bubbly and separated entrance conditions may represent a transition region.

'I‘he- Plug and Slug flow patterns observed in the rod bundle geometry were
observed to be similar in description to the typical pipe flow cases. But no periodic behaviour
was observéd for the S{Jg flow pattern as in the case for ﬁipes. This is probably due to flow |
obstruction by the rod bundle end plates. At low gas flow rates, liquid flowing in the liquid
bridge ensues from every subchannel during Plug flow. At high gas flow rates, the liqﬁid

bridge is observed to be flushed downstream, with most of the phenomenon confined to the

upper section of the rod bundle system, with a continuous liquid film flowing at the bottom of
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) a ] .
the rod bundle channel. This corresponds to the Wavy-Annular flow pattern, where fre-

quently flowing intermittent and highly aerated slugs exist with significant trails of liquid

film observed on the enclosing tube walis. Very thin liquid films were also observed to flow on

~

~the exposed rods in the upper section of the bundie, but were observed to drain off almost

immediately.

The Stratiﬁed Wavy flow pattern was sometimes obsérved to be generated at the
rod bundle end plates. The existence of the interfacial waves can be identified bv du‘ect visual
observation only when the equilibrium 11qu1d level does not intersect a rod in the bundle.

However, the Stratified Wavy flow pattern was successf'ully characterized for every case of

“the equlllbnum llquxd level from the pressure drop and void fraction waveforms via the

pressure and capacitance transducers, respectwely The interfacial waves were of small
A\

: amphtudes and observed to touch the upper rod when confined in the space between the rods.

Isolated and sometimes eIongated bubbles were observed in the space between the outer rod
and the wall of the enclosing tube, near the gas-liquid interface. These eventually collapse or

swept downstream in some cases. This phenomenon occurred only at conditions where
i

" Stratified Wavy flow was observed in ‘the system,

At f'low conditions where Plug, Slug or Wavy-Annular flow were observed to oceur,

bundle misalignment did notkave any sxgmficant effect on the flow transiticns. This may be

due to the rather violent nature of the Slug and Wavy-Annular flow, and the stratified/full

pipe single-phase nature characterizing the Plug flow. However, interfacial waves occupying
> 1

one bundle sometimes dissipated on entering a misaligned bundle with the liquid in the vave

spllled onto rods in the next upper row. Bundle misalignfnent also led to wave generutmn

observed at d1fferent flow rates from ‘the conditions leading to wave dissipation. For mis-

aligned bundles, waves were observed to be generated in the downstream rod bundle when

the equilibrium liquid level does not intersect a row of rods. On the other hand, waves.

€]
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existing in the upstream kundle dissipated on encounte?ing the next bundle when the
st;at;iiied eeuilibrium liquid level intersects a row of rods. - |

Eigure 8.17 represents the calculated and e:;pefimental resuits of the 37-rod bundle
horizontal t_we-phase ﬂew studied here. We observe that the REGIME-4 numerical code is in‘
good agreement with the experimental results within the limitsef experimental and
theoretical errors. The uncertainty in the theoretlcal results is due to an arbitrary onenta-
tion of the 37-rod bundle w1th1n the enclosmg tube as may obtainina practxcal situation. The
present results are compared nlth those of Minato et al (18] obtamed by direct visual
observation only; in figure 8.18. And the reeults are in good agreement for the Stratified to
Intermittent flow transitions. F1gure 8. 19 also compares the results of the present
experiment with the work of Aly {10], obtained indirectly from mterpretatmns of the
wdveforms of a conductivity probe placed in an outer subchannel of a 37 -roé undle. The
results of figure 8.19 are generally in goed agreement except the Slug to Cnnular ﬂow
transition. In this case, we characterized the Wavy-Annular flow pattern as represented by
very frequent and highly aerated Slug flowing with significant trails of liquid films on both
the rods and the tube walls in the upper section of the bundie. This may be considered to be
the Slug/Annular transition region, whereas fully developed Annular flow was observed by
Aly [10] at gas flow rates, an order of magnitude higher than the onset of Slug/Annular ‘.region

or the Slug to Wavy-Annular transition observed in the present study.

' 8.3.2 Pressure Drop _

Figure 8.20 shows the time averaged preseure drop as a function of the superficial
gas velocity for various superficial liquid velocities, ranging f'ronl 6.0 cm/s to 52.0 em/s,
Sudden increase is observed for the pressure gradient at a superficial liquid velocity of 10.0

crn/s. This may be due to increased wall friction from the rod bundles which contribute signi-
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ficantly to the pressure drop as the superficial liquid velocity is increased to this value.

Generally; the time a;reraged pressure drop is observed to increase with increasing superficial

liquid velocity, and remains nearly insensitive to the superficial gas velouty at low gas flow
b

rates. The pressure drop increases quite sharply, and is sllghtly non- monotomc with the

superficial gas velocity at h;gh gas flow rates due to large ﬂuctuations observed for the

pressure drop at these flow conditions.

Figure 8:20 also shows the flow pattern transitions observed for the 37-rod bundle
flow geometry. Transitions between the %Js flow patterns can not be clearly located from
the pressure drop profiles. For Stratified Smooth flows, the time averaged pressure drop is .
almost independent of the superﬁc'ih_l gas velocity, but increases suddenly ;n the transition to
Stratified Wavy flows. The timé av‘eraged press‘ufe drop is observed to increase véry
gradﬁally with superficial gas velocities for Plug flows, and quite sharply but unsteady at the
transition to Slug flow. _lnchasing the liquici flow rate results in an increase in the pressure
' drop for Intermittent flows. In the presentation given here, the Wavy-Anmﬁar flow results
have been grouped along with Slug ‘fl_ows, since we only observed a few patterns at the flow

1
conditions studied. ’

8.3.3 Void Fraction

The time averaged void fractions measured for the 37-rod bundle flow geometry are
shown in figure 8.21 as a function of the superricial gas velocity, for different superficial
liquid velocities, from 3.0 cm/s to 32.0 em/s. The various flow pattern transitions observed a:;e
also.indicated in- this figure. These are observed to occur at points where the time averaged |
void fraction changes suddénly. The Stratified Smooth to Plug flow transition indicated at
the guperficial liquid velocity of 13.0 cm/s, for time averaged void fraction of 0.54 represents

the liquid rate where the first Plug flow was experimentally observed in the present system.

P
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The time averaged void fraction is g‘\enerall).r observed to decrease with increasing-
‘superficial liquid velocities and nearl;."independent. of t-he superficial gas vélocit)g_ ‘gt up to 40
cm/s. At higher superficial ‘gas velocities, t_he time avéraged void fraction is obser;red to
increase with gas flow rate, and slightly non-monotonic with bot}; the gas and liquid super-
ficial velocities. At a superficial liquid velocity of 16.0 cm/s, the void fraction was observed to
vary even more non-monotonically with the éas flow rate, fluctuating Between 0.54 and 0.786,
with only [ntenmeht flow patterns occurring at this flow condition. |

In Stratified flow, the time averaged void fraction are nearly independent of the
superficial gas velomty, except at the‘ transition to Stratified Wavy flow patterns where
sudden changes in the void fraction are observed to oceur. The vmd fractmn is observed to

‘ 1ncrea§e with increasing superficial gas velocity for the Elongated Bubble, Plug and Slug flow
patterns, with sudden jump observed at f.ransition locations;

Re-plotfing the time‘ averaged void fraction profiles of figure 8.21 in the form of
void fraction contour mgps in ﬁlgure 8.22, we observe clearly that the flow pattern transitions
are characterized by sudden; increases in the void fraction. This is seen to feature more pro-
minéntiy for the Stratified to’ Plug flow transition, as was also ohserved for the pipe and
annulus {low geometries. Accurate location of the various flow pattern transitions may
therefore be achieved from full analysis of the time.averaged void fraction as is evident from-
the present discussions-.

Further analysis of the void fraction results in terms 6!‘ the local phase velocities is

giv;n in Appendix II.
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CHAPTER 9

- CONCLUDING REMARKS

The 5.08 ¢m i.d. pipe, annuli of inner-to-outer diameter raties, 0.375, 0.500 and

0.625, and 37-rod bundle flow geometries have been investigated for “horiznn'tal two-phase

flow pattern distributions. The study involved detailed experimental and theoretical

investigations of the flow patterns and flow pattern transitions for these flow geometries.

Measurements of the void fraction and pressure drop for the different geometnes were also

conducted The pipe flow results were compared with those of the annulus and rod bundle

flow geometries, and the following conciusions have been obtained based on the present

studies:

(1)

(2)

ﬂ' ¥

The various ﬂow patterns cbserved for the horizontal annulus and rod bundle flow
geometries are 51m1]ar in deseription to those usually observed for the normal pipe
flow, namely, Stratified Smooth Stratified Wavy, Slug, Plug, Annular and Wavy-
Annular flow patterns. - However, in the annular flow geometry, additional flow
_ pﬁtterns, ﬁamely, Ar;nu‘lus-Slug and Annulus-Plug, were also characterized.
These are similar to ‘the Plu.g and Slug flow patterns observed for the pipe flow,
except that they are oceurring only within the lower annulus channel gap.
The flow pattern characterization for the pipe, annulus and 37-rod bundle flow
geometries were achieved independently by direct visual observation and by the

ring type capacitance transducer placed completely external to the flow. The signal

. waveforms of the capacitance transducer were observed to be distinet for the

 different flow patterns.

114
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(4)

(5)
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* The ring type capacitance transducer placed external to the flow to avoid any flow

disturbances were successfully used for the measurement of void fraction in the
pipe, annulus and rod bundle flow systems.

The Siug flow patterns are characterized by large pressure drop fluct.ua‘.tions,
especially in the 37-rod bundle flow geometry. ' Sudden changes inrthe timej

averaged void fractions were observed at the various flow pattern transitions for

. the :{ifferent geometries. This observation supplements thg direct visual observa-

tion results for accurately locating the flow pattern transitiong.

In these flow geometries, a significant range of transition between the Stratified
Smooth to Plug flow I;atterns was observed, and is nearly indepenfient of the gas
flow rate. The Slug to Wavy-Annular flow .transition is ohig;nS to be nearly
in;iependent of the liquid flow rate. The Wavy-Annular flow pattern essentially
represents the transition region between‘the slug and the fully c}’eveloped Annular
flow patterns, and may exist up to an order of maf_ni'_tude of the superficial gaa
velacity. ™~ /
The flow pattern transitions are significantly different between the pipe, annulus
and rod bundle flow geometries. The Stratified to Intermittent and the Inter-
mitte.nt to Dispersed Bubble flow ;ransitions are observed to occur at lower

superficial liquid velocities, while the Intermittent to Annular flow transition

v
occurs at higher superficial gas velocities for the annulus &nd rod bundle flow

geometries than the pipe flow cases. .-

-
The flow pattern transitions for the annulus flow geometries vary with different

- inner-to-outer diameter r&ti(‘;\, where the Stratified to Intermittent and Inter-

B s q
mittent to Dispersed Bubble flow transitions occur®at lower superficial liquid
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vélocit.ies, and the Intermittent to Annular flow transition occurs at higher .
superficial gas velocities for larger inner-to-outer diameter ratios, ———-

The 28 and 37-rod bundle flow pattern transitions are predicted to vary slightly
with the angle of orientation of the rod bundles within the enclosing tubeshell. The
flow pattern transitions in this case have been represented by bands to\account for

any uncertainties due to arbitrary orientation of the rod bundle within the

‘tubeshell, in a practical situation. Also the predicted flow pattern transitions differ

slightly between the 28 and 37-rod bundle flow geometries.
The flow ﬁattern transitions for the 37-rod bundle Qow geometry were observed to
be insensitive to different entrance conditions, except the Stratified to Intermittent
transition at low gas flow rate observed to oceur at lower superficial liquid velocity
for the stratified entrance condition.
Small amplitude interfacial waves were observed to be generated and dissipated .at
the rod bundle end plates, depending on the flow rates, whiie little effect of the end
plates on the regularity of the Plug, Slug and Wavy-Annular flow patterns was
-
observed. ‘ .
Large discrepancies between experimental and theoretical predictions were
observed for the Stratified Smooth to Plug flow trar{sitions for these flow
geometries. The mechanism, the Berno.ulli effect, \\;hich assumes the existence of
interfacial waves may not be suitable for modelling this transition betweeﬁ the
Stratified Smooth and Plug flow patterns. Since fully developed t‘urbulent flow
conditions already exist in the liquid phase, liquid turbulent ﬂgctuat;ions may
dominate Bernc;ulli effect as the lifting force opposinglgravity in the mechanism
leading ‘to this transition. The actual mechanism governing this transition may

depend on a range of sizes for the pipe section, since for small capillary pipes of
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diameter, D<1.0 ecm id,, and for larger pipe sizes of diameter,. D>5.0em id.,
additional transition mechanisms apart from Bernoulli effect need to be

considered. : «

2
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. CHAPTER 10
.+ RECOMMENDATIONS FOR FUTURE.STUDY
- The followmg pmnts should be recommended as a future program to extend the
knowledge of flow patterns in pipes, annulus and rod bundles;
(1) Experimental two-phase flow pattérn be conducted for diabatic systems to under-

v -

sta‘nd_thé full ngect -of heat addition. Steam-water ‘two-phnse' flow experiments

! c'ou}d be used to simulate these conditions. In order to characterize the ‘ﬂow
: pattern_s‘occurring in this case, the ring type capacitance transducer ma'y l;e used.
A se_ctiun of the system may be made frorn. pyrex/lucite piece, where the capncitance
transducer may be mounted, to monitor void‘ f;raction flnctuations, and

consequently the flow patterns occurring in the system.
(2) 'I:he theoretical model shou‘id consider additional forces in the mechanisn‘ls -
governing the various flow patte‘rn transitions. In particular, the Stratified
Smooth to Plug and the Slug to Annular flow transitions which were observed to
deviate 51gn1ﬁcant1y from expcmmental results.  In the annulus and rod bufldle
flow geometries, fnctmnal forces due to the presence of the rods may be mgmf' cant
in the mechanism for Stratified to Intermittént ﬂow transition.
-(3) From the resnlts of the present investigation, it is. renommended that an.alyses of
| the time averaged void fraction measurements be extended to locating the transi-
tion boundaries between the various flow patterns, since sudden changes in void

LY

fractions are observed to occur at transition locations.,

te

() Ob:iective flow pattern characterization may be achieved by an indirect interpreta-

tion of the signal waveforms of void fraction measurements, distinct for the

B

B ' 118
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.

dl.ﬁ'erent flow patterns together w1th the results of dxrect visual observations. The

capamtance transducer technique based on dﬂ‘ferences in the d1electr1c constant$ of

7~.'“'the respectwe phases and placed external to the flow to avmd any flow

obstructxons as has been successfully apphed in this study is recommended
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APPENDTX I
_ Calibration Qmves

The various calibration curves for the void fraction and
pressure drop measurements are doaumented in this appendix. “The
correspondlng equilibrium llqllld level for stratified flow has been
calibrated as a function of the voltage, .and a direct graphical
lock-up method is then used to obtain the void fraction. The void
fraction calibration curves are presented separately for each

geometry, namely, 5.08 cm i.d. pipe, annuli with inner-to—outer

-diameter ratios of 0.375, 0.500 and 0.625 in figures I.1 and I.2,

I.3 and I.4, I.5 ard I.6, I.7 and I;B, respectively. The pressure
drop calibration curves for the anmuli and rod bundle geometries are

given in figures I.9 and I.10, respectively.

e

124



0.3

1.0 LI ] 71T T7 i LI L 1T | 1 I I 4 T

»

o
(@]
lIIlIIIlIIIIlll!llIllIlll_lllil]lr_lllill]llll,llill

0.4

0.2

0.1

llIllll"llllliII!lI!II]]llIlIlllll]llllll‘lll]lll]'l

0‘0l!lliilllllllllllllll!llIIlI .
0.0 1.0  20.. 3.0 4.0 5.0 . 6.0

hlcm]

Figurel.1  Void Fraction for an Equilibrium Stratified Pipe Flow (5.08 cm i.d.).



Voltage [Volts)

i 126

&
I

S
T

J X

Figure 1.2 Void Fraction Calibration Curve fora 5.08 cm i.d. Pipe.



Illll]ll"llllillll]llllIl"-l-lllllllllllIlll]]lllIll

Figure .3 Void Fraction for an Equilibrium Stratified Annulus Geometry
K of Inner-to-Outer Diamater Ratio, 0.375.

127

N



" ' , 128

Pt
MW
¥
) &
—
2
o
g
- =
- ]
.
0 R 1 1 1 1
) , 1 2 3 4 ] 5
. hy, [cm] . '
\
Figurel.4 Void Fraction Calibration Curve for Annulus Geometry of
. Inner-to-Outer Diameter Ratio, 0.375.
\ ?
™



.y

o

< 0.5

e

1.0

0.9
0.8
0.7

0.6

0.3

0.2

III|]l]]l|Il-_l.llllIII.IIIII.\_Ilil‘IlllllIIrl]lllllillfl

IlilIll!lIll'll]_ll‘llIilllllIllllllllflllllll!!lll

Figurel.5

L

f

'Void Fraction for an Equthbnum Stratified Annulus Geometry
o of Inner-bo Quter D:ameter Ratia, 0.500.

129



130
J‘/’* )
ol ‘\
Hi-
5k
2, ar
N _ﬁ, ' .
2 |
@ W3F '
2l
g :
0 1 1 ! ‘ 1 1
4 <1 2 .. 3 : 4 : 5
hp, {am] N |
B ,\ .,
" Figure L6 Void Fraction Calibration Curve for Annulus Geometry :
of %er—to-Outer Diameter Ratio, 0.500. - o



1.0
0.9
0.8
0.7

0.6

Figure L7 __

-

IIllIlllllllll-'!lIl:lll!llllillllIllllillllillllli

'll]lll]lll

IIlIIIl!IIlIIlllllllllltlIlllll!i_l_llll

1.0 20 3.0
: .hg[Cm]

Void Fraction for an Equilibrium Stratified Annulus Geometry

A\

of Inner-to-Outer Diameter Ratio, 0.625.

131



S T s

S

3

Vqltj.qge [Volts]

01-

bl

Figure 1.8 Void Fraétion_Calibration Curve for An';mlu,s C;,e.c‘);m'et'i'y o
‘  of Inner-to-Quter Diameter"Rat.io, ge25 - . o

- .
B



133
3
1.0—
8 |
o -
L3 . .\“
0 N AR N R N B B A AT T T
0 1 . 2 |
Voltage [Volts] L ) B
-— ' ~ R
' Figure 1.9 Pressure Drop Calibration Curve for the Annulus Flow Systems ‘

’ wlth a 1 38 kPa djaphragm.



B )

s
"
.
K
B
+
PR
V.
W
¢
-

Figure .10 -

. . Voltage [Volts] ST

Pressure Drop Cahbratlon Curve for the 37-Rod Bundle I"low
System with an 8.62 kPa diaphragm.

134



Tl 5 ,
. o -
. _\J )
APPENDIX II
‘ Experimental Data
.'ihe measy and calqalated e}qaerm\ental data are presented
in this appehdix. er faxpe.rlmental tnne averaéed void_ fra-ction

results for various s\Jpe;fiéial -1i§uid velocities, similar to those
already discu'ssed..i_r} the main text are also presented here. A typical

;rééplt for flow pattern transitions in a split flow system at
different junction angles is also given in this appehdie
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Table II.1 Experimental Data for 5.08 cm i.d. Horizontal Pipe.

Liquid Flow Rate = 0.105 I/sec, Ujs = 0.052 m/sec

Wy( Lysec ) Ugs( M/sec )| Flow Pattern g File-
0.708 0.35 ss 0.65 TEST1
.1.180 0.58 SS 0.65 TEST1
1.188 0.93 & ss 0.65 2
2.738 1.35 ss 0.66- Ss1,
3.493 _ 172 o ss 0.66 Ss2
3.870 1.1 SS 0.68 S53
4.909 . 2.42 ss 0.72 554
5.664 . 2.80 Ss 0.75 585
6.136 ~3.03 SS . 0.78 ss6
7.080 . 3.50 . Ss 0.81 887
7.552 3.73 SW 0.85 SW1
8.968 © 4.43 SW 0.87 S5W2
9.912 4.89 SW 0.90 SW3 '
10.860 5.36 SwW . 0.94 *SW4

Liquid Flow Rate = 0.167 I/sec, Ujg = 0.083 m/sec \
' !
S8 0.56 - s

. o.7o§f' 0.35 . .\\\
1.18 0.58 ss 0.56 -

1.652 0.81 SS 066 -
2.360 . 1.16 ss @ 0.56 -
3.304 1.63 ; SS " 0.56° -
4.248 2.10 ss 0.59 -
5.192 2.56 Ss 0.67 -

. 6.136 3.03 . 8S 0.70 -
6.608 3.26 sS 0.7 | ¢ -
7.080 ©3.49 SW 0.78 -
8.024 " 3.96 SW 0.80 SW5
8.968 4.42 SW 0.84 SW6
10.384 5.12 SW 0.91 SwW7
- quulq Flow Rate = 0.278 L/sec, Ujg = 0.137 my/sec
0.944 0.47 SS 0.39 -
1.888 0.93 sS 0.39 -
12.832 1.40 ss 0.40 -
3.776 1.86 SS 0.48 -
4.720 2.33 Ss 0.5 -
5.192 2.56 Ss - 0.61 -
6.136 3.03 SS 0.66 -
6.608 3.26 SW 0.67 SW8
7.552 3.73 SW 0.76 SW9
8.496 4.19 SW 0.85 - SW10
9.440 4.66 SW 0.88 Sw1l
10.860 5.36 SW 0.94 SWi2
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Liquid Flow Rate = 0.389 I/sec, Ujg = 0.192 mysec

\

Wg( L/seC ) Ugs( TYsec )| Flow Pattern oy File
0.708 0.35 sS 0.29 -
1.180 0.58 sS 0.31 -
1.888 0.93 Ss 0.32 -
2.832 1.40 ss 0.35 -
3.776 : 1.86 Ss 0.51 -

. 4.248 ~ 2.10 ss 0.58 -
| /5.192 2.56 Ss 0.59 -
5.664 2.80 ss 0.6 -
6.136 3.03 SW 0.66 -
6.608 3.26 SW 0.73 -
7.080 3.96 SL 0.96 SL1
8.024 3.96 SL 0.89 S12
8.968 4.:43 SW 0.99 SI3
.912 4.89 SW . 0.95 AN1
0.860 5.36 AN/WA 0.97 - AN2

Liquid Flow Rate = 0.52 I/sec, Ujg = 0.257 nysec

0.708 0.35 SS 0.32 -
1.180 0.58 ss 0.34 \\ -
1.935 0.95 SS . 0.40 -
2.360 1.17 sS 0.48 -
2.832 1.40 SS 0.53 -
3.776 1.86. sS 0.58 -
4.720 . 2.33 Ss 0.59 -
5.192 2.56 SW 0.62 -

. 5.758 2.84 SL 0.83 SILA
6.702 3.31 SL 0.90 SL5
7.552 3.73 SL 1.00 SL6
8.496 4.19 SL 1.00 SL7
9.440 4.66 AN/WA 1.00 AN3
10.860 5.36 AN/WA 1.00 AN4

Liquid Flow Rate = 0.60 L/sec, Ujg = 0.296 m/sec
0.708 0.35 SS 0.29 -
1.180 0.58 Ss 0.32 - e
1.652 0.82 sS 0.37 -
2.360 1.17 SS 0.51 -
3.304 1.63 Ss 0.54 -
3.965 1.96 SS/SW 0.54 -
4.720 2.33 SL 0.79 S18
5.664 2.80 SL 1.00 SIS

. 6.608 3.26 SL 1.00 SL10

, 7.552 3.73 SL 1.00 -
8.968 4.43 SL 1.00 . -
5.912 4.89 SL 1.00 -
10.860 5.36 SI/WA 1.00 -
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‘Table IT.1 ( Continued ).
Liquid Flow Rate = 0.750 L/sec, Ujg = 0.370 m/sec
Wg( L'sec ) Ugs{ m/sec )| Flow Pattern g File
0.708 0.35 ss 0.37 -
1.416 0.70 . 88 0.40 -
2.360 1.17 58 -0.43 -
3.210 1.58 SL/PL 1.00 -
3.776, 1.86 sSL 1.00 5114
4.720 2.33 SL 1.00 S1as
5.664 2.80 SL 1.00 SLl6
6.702 3.31 SL 1.00 SL17
8.118 4.01 SL 1.00 5118
8.3968 4.43 SL 1.00 SIAS
10.384 5.13 SL 1.00 5120
Liquid Flow Rate = 0.900 I/sec, Uis = 0.444 nysec
0.708 0.35 FL 0.38 PL2
- 1.086 0.54 - PL 0.56 P13
1.227 0.60 PL 0.72 Pr4
1.794 0.89 PL 0.83 IS
2.360 1.17 PL 0.81 Pls
3.304 1.63 SL 0.84 Siz2l
4,248 2.10 SL 0.93 SL22
5.664 2.80 SL- +0.97 SL23
6.604 3.26 SL 1.00 SL24
7.552 3.73 SL +1.00 SI25
8.968 4.43 SL .00 SL26
9.912° 4.89 SL 1.00 SL27
10.860 5.36 SL 1.00 S128
Liquid Flow Rate = 1.055 I/sec, Uig = 0.52 m/sec
0.802 0.40 PL 0.61 PL7
1.227 0.61 PL 0.75 PL3
l.888 0.93 PL 0.79 PLO
2.738 1.35 FL. 0.82 PL10
3.304 1.63 PL/SL -0.87 PI21
4.720 2.33 SL 0.96 S129
5.664 2.80 SL 1.00 S130
7.080 3.50 SL 1.00— SI31
8.024 3.96 SL 1.00 SL32
8.968 4.43 SL 1.00 SL33
9.914 4.89 SL 1.00 5134
10.860 5.36 SL/AN 1.00 S135
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Table II.2 Experimental Data for Anmulus Geometry of Inner-to-
Outer Diameter Ratio of 0.375 ( Pipe Diameter is
5.08 cm i.d., Rod Diameter is 1.905 cm)

Liquid Flow Rate = 0.094 L/sec, Ujg = 0.054 m/sec
Wy U, Flow Void Pressure File
( L/sec ) ( m?gec ) | Pattern | Fraction | Drop( kPa )
1.038 0.60 Ss 0.71 0.005 RIN1,
1.416 0.81 ss 0.71 0.005 'y
1.888 ©1.08 ss 0.71 0.005 r
2.832 1.63 Ss 0.73 -0.010 Ss1
4.248 2.44 SS 0.91 ~0.015 SS2
5.192 2.98 Ss 0.99 -0.010 sS3
6.230 3.58 ss 0.99 0.016 sS4
7.080 4.07 . 8S 0.99 0.019 - 885
8.024 ‘4,61 SS 0.99 0.021 Ss6
78.968 5.15 , SW 1.00 0.026 587
9.912 5.69 - SW 1.00 0.030 ss8
10.856 6.23 . SW 1.00 0.036 SW1
Liquid Flow Rate = 0.111 I/sec, Uig = 0.064 m/sec
0.708 0.41 SS 0.64 0.005 -
1.180 0.68 Ss 0.64 0,005 -
1.652 0.95 5S 0.64 0.005 -
2.360 1.36 sS 0.64 0.005 -
3.304 1.90 ss 0.64 0.005 -
4.719 2.71 SS 0.65 -0.015 -
5.758 '3.31 Ss 0.96 -0.005 559
6.608 3.79 1SS 0.99 0.019 5510
7.552 4.34 ss 1.00 - - -
8.496 4,88 SW 1.00 0.025 SW2
- 8,968 5.15 SW 1.00 0.028 SW3
9.912 5.69 SW 1.00 0.042 SW4
10.384 5.96 SW 1.00 0.041 SW5 -
10.856 6.23 SW 1.00 0.043 SW6

=
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Table II.2 ( Coritinued )
’ . -—..‘__.-/\
Liquid Flow Rate = 0.161 L/sec, Ujg = 0.093 m/sec
Wy U, Flow Void Pressure File
( IL/Sec ) ( m?gec )| Pattern | Fraction | Drop ( kpa
0.944 0.54 SS 0.53 0.005 ° -
1.888 1.08 Ss8 0.53 0.005 -
2.832 1.63 38 0.53 0.005 -
3.776 2.17 S5 0.53 0.005 -
4.719 2.71 SS 0.53 0.00 -
5.192 2.98 8s 0.61 =-0.020 -
5.662 3.25 SW 0.74 =0.010 -
6.136 3.52 Sw 0.74 0.0 -
7.174 4.12 SW 0.74. 0.020 SwW7
8.024 4.61 Sw 0.92 0.032 . SW8
8.780 5.04 Sw 0.97 0.044 SW9
9.534 5.47 SW 0.99 0.064 - SW10
10.384 5.96 WA 1.00 0.063 AN1
11.328 6.50 WA 1.00 0.068 ANZ
Liquid Flow Rate = 0.217 I/sec, Ui = 0.125 m/sec
0.944 0.54 55 0.42 0.005 -
1.416 0.81 355 0.42 0.005 -
1.888 1.08 55 0.42 0.005 -
2.832 1.63 55 0.42 0.005% -
3.776 2.17 58 0.45 0.0 -
4.719 2.71 85 0.45 0.015 -
5.192 2.98 SS 0.64 0.010 -
5.664 3.25 SW 0.67 0.021 -
6.136 3.52 Sw 0.65 0.021 SW1l
6.891 3.96 SW 0.69 0.025 SWiz2
7.600 4.36 Sw 0.78 0.026 SW13
8.024 4.61 sSW 0.86 0.032 SW14
8.968 5.15 SW 0.99 0.077 AN3
9.912 5.69 WA 0.99 0.099 AN4
- 10.384 5.96 WA 1.00 0.104 ANS
10.856 6.23 WA 1.00 0.118 AN6
11.328 6.50 WA 1.00 0.122 AN7
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Table IT.2 ( Continued )

Liquid Flow Rate = 0.283 I/sec, Upe = 0.163 m/sec

Vg Use- | Flow Void - Pressure | File

( I/sec ) { rrggec ){ Pattern| Fraction| Drop( kPa )

- 0.708 0.41 Ss 0.30 0.005 -
1.652 0.95 ss 0.30 0.005 -

- 1.888 1.08 ss | 0.30 0.005 -
2.832 1.63 ss 0.33 0.0 -
3.776 . 2.17 ss 30.42 0.0 -
4.719 2.71 8Ss 0.51 -0.015 -
5.664 3.25 SW 0.67 0.024 SW15
6.608 3.79 . SW 0.90 0.031 SIa
7.552 4,347 | swW 0.80 0.038 S12
8.968 5.15 SW 0.97 0.09 ANS
9.912 5.69 WA 0.99 0.126 AN9

10.856 6.23 WA 1.00 0.142 AN10

Liquid Flow Rate = 0.400 I/sec, U1g = 0.230 nysec ¢
0.708 0.41 ss 0.14 0.005 -
0.944 0.54 SS 0.14 0.005 -
1.274 0.73 SS 0.18 0.005 -
1.652 0.95 SS 0.23 0.005 -
1.888 1.08 ss 0.25 0.005 -
2.360 1.36 SS 0.32 -0.010 - -
2.832 1.63 PL 0.67 0.010 PL1
3.304 1.90 PL 0.73 0.014 PI2
3.776 2.17 SL 0.87 0.019 SI3
4,719 2.71 SL 0.93 0.025 . Si4
5.664 3.25 8L 0.88 0.035 S1Ss
6.608 3.79 " SL 0.87 . 0.049 S16
7.552 4.34 SL 0.92° | 0.067 SL7°
8.968 5.15 8L - 0.96 0.107 SIS .
9.912 5.69 WA 0.98 0.133 AN11

10.856 6.23 WA 0.99 0.171 AN12
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" Table II.2 ( Contimued )
Liguid Flow Rate = 0.500 I/sec, Upg =0.288 m/sec W
Wy Ugs Flow Void Pressure File .
( I/séc )| ( m/Sec )| Pattern |Fraction Drop( kPa ) .
0.944 0.54 PL . 0.42 - PL3
1.888 1.08 PL, 0.83 0.032 PLA
2.832 1.63 PL 0.86 0.031 PL5
3.776 2,17 SL 0.86 0.025 SI9
4.719 2.71 SL 6,90 0.031 SL10
6.136 3.52 st - | #.90 0.044 S1a1
7.080 4.07 .| sn 0.94 0.077 SL12
.8.496 4.88 SL 0.96 0.130 SL13
2 5.69 WA 0.98 0.165 . _SLil4
11339 6.40 WA 0.99 0.174 AN13

Liquid Flow Rate = 0.622 L/sec, Uig = 0.358 m/sec

0.614 0.35 PL 0.41 0.025 PL6
1.038 0.60 PL o.%- 0.036 - PL7
1.416 0.81 | . PL 0. 0.047 . I8
1.888 1.08 PL 0.73 0.035 PL9
2.832 1.63 PL 0.83 0.040 FL10
4,248 2.44 SL 0.86 0,035 SL15
5.664 3.25 SL  0.90 0.044 SIa6
7.080 4.07 SL 0.92 0.070 SI117
8.496 4.88 " SL -0.96 0.081 SLi18
9.912 5.69 WA 0.97 0.144 S149
11.328 6.50 WA 0.99 0.200 2N14
Liquid Flow Rate = 0.722 Iy/sec, Ujg = 0.416 m/sec
0.708 0.41 PL 0.47 0.059 PL11
1.180 0.68 . PL 0.61° 0.069 PI12
v 1.794 1.03 PL 0.71 0.074 . PL13
| 2.360 1.36 PL 0.78 0.049 PL14
3.304 1.90 SL 0.84 0.040 PL15
4.719 2.71 SL 0.86 0.034 ' SI20
5.664 | 3.25 SL 0.89 0.066 SI21
7.080 4.07 SL 0.93 0.049 SL22
8.024 4,61 - 8L 0.94 0.065 SI23
9.440 5.42 SL 0.96 0.097 SI24
10.856 6.23 WA . 0.98 0.173 AN15




\

)
Table II.2 { Cortinued ).

4

143

Liquid Flow Rate = 0.933 IL/sec, Ujg = 0.538 ni/ses

W
( 1yZec )

U,
( mjsec )

Flow
. Pattern

Void"
Fractiqn

* Pressure
Drop ( kPa )

File

0.708
1.274
1.888
2.832
4.059
5.192
'6.608
8.024
8.968

10.384

11.139 -

0.41
0.73 -
1.08
1.63
2.33.

- 2.98

3.79
4.61
5.15.
5.96.
6.40

PL
PL
PL
PL
.SL
SL
SL
SL
SL
_SL
WA

.28
.52
.67
.73

OO0 00O0O0O

0.117
0.101
0.096
0.073
'0.073
0.075
0.06
0.07
0.087
0.151
0.166

PLl6
PL17
PL18

. Prag9
SI25 -

5126

8127

SL28

8129

SL30

ANle .
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| ‘Table IT.3 Experimental Data for Anmilus Geametry of Inner-to-Outer
' . Diameter Ratio of 0.500 ( Pipe Diameter = 5.08 cm i.d.,
Rod Diameter = 2.50 cm ). - - |

»

Liquid Flow Rate = 0.10 I/sec, Ujg = 0.066 m/sec.
_ Wg U Flow Void: Pressure. | File
4 Ly/sec ) ¢ rn?gec ) -| Pattern | Fraction | Drop( kPa?) )
0.708 0.47 gs 0.68 .. 0.001- -
1.416 0.93 Ss 0.68 - 0.001 -
1.888 1.24 _8s 0.68 0.0 -
2.832 1.86 ss 0.65 -0.001 -
3.776 2.48 ss 0.69 ~0.022 -
4,719 3.10 ss 0.80 -0.013 -
5.664 3.72 - 88 0.86 0.020 -
6.608 4.34 Ss 0.87 0.022 -
7.552 4.96 ss 0.96 0.034 o
8.024 5.27 swW 0.99 0.046 SWl
8.968 5.89 sw . 1.00 0.133 Sw2
9.912 6.51 SW 1.00 0.152 SW3
10.856 7.13 WA 1.00 6.168 Swa
Liquid Flow Rate = 0.155 L/sec, Ujg = 0.10 m/sec.

0.708 0.47 ss 0.54 0.003 -

. 1.416 0.93 ss 0.54 0.003 -
'1.888 1.24 Ss 0.53 0.003 -
2.832 1.86 ss 0.54 0.002 -
3.776 2.48 - 55 0.56 0.0 -
4.719 3.10 Ss 0.65 0.015 -
5.664 3.72 SW 0.75 0.028 -
6.136 4.03 SwW 0.75 0.031 -
7.080° 4.65 SW 0.81 0.075 * SWS
8.024 5.27 sw 0.98 0.147 SWe
8.968 5.89 WA 1.00 0.186 AN1
9.912 6.51 WA 1.00 0.210 .. AN2
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Liquid Ficw Rate = 0.217 Ly/sec, Ujg = 0.142 m/sec.

Wy Ugs Flow Void Pressure File
( L/Sec ) |( m/Sec ) | Pattern | Fraction Drop{ kPa )
0.708 0.47 ss 0.42 0.007 -
1.416 0.93 ss 0.42 0.007 -
1.888 | 1.24 SS 0.42 - 0.006 -
2.832° 1.86 Ss 0.44 0.004 -
3.776 2.48 8s 0.53 -0.002 -
4.719 3.10 SW 0.68 0.00 -
" 5.664 3.72 - SW 0.74 0.073 SW7
6.608 < 4.34 SW 0.77 0.082 SW8
7.552_ 4.96 SW 0.95 0.116 SWo
8.024 . 5.27 | SL- 0.96 0.168 SI1
9.062 5.95 WA 0.99 0.229 AN3
10.950 7.19 WA 1.00 0.282 AN4
Liquid Flow Rate = 0.278 L/sec, Ujg = 0.183 my/sec.
0.708 0.47 Ss 0.27 0.010 -
1.416 0.93 Ss 0.27 0.010 -
1.888 1.24 ss 0.31 0.008 -
2.832 1.86 S5 0.43 0.006 -
3.776 2.48 Ss 0.51 -0.015 -
4.719 3.10 SW 0.77. 0.086 SL2
5.664 3.72 SL 0.94 0.090 SI3
6.608 , 4.34 SL 0.92 0.130 SL4
7.552 4.96 SL 0.96 0.164 515
8.496 5.58 SL 0.98 0.213 SL6
9.440 ' 6.20 SL 0.99 0.280 ANS
10.384 6.82 WA 1.00 0.316 AN6
11.328 7.44 WA 1.00 0 AN7

kd |

.345
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Liquid Flow Rate = 0.339 I/sec, Ujs = 0.223 m/sec.

Wy Ugs Flow Void Pressure File
( I/Sec ) |( my/Sec ) | Pattern | Fraction Drop( kKPa )
0.708 0.47 ss 037 | 0.027 -
1.558 10.93 Ss . 0.37 0.027 PL2
1.888 1.24 PL 0.51 0.032 PL3
2.832 1.86 PL 0270 0.040 PLA
3.776 2.48 PL 0.92 0.066 - PL5
4.719 3.10 SL 0.93 0.078 SL7
5.664 3.72 SL 0.94 0.120 SL8
6.608 4.34 SL 0.94 0.145 SI9
7.552 4.96 SL 0.96 0.167" S110
8.496 5.58 'SL 0.97 0.225 SL11
9.912 6.51 SL 0.99 0.319 - | SIA2
10.856 7.13 - WA 1.00 0.340 ANS
11.328 7.44° WA 1.00 0.369 AN
; _ N
— 1)
Liquid Flow Rate = 0.433 IL/sec, Uyg = 0.285 my/sec.
1.416 0.93 PL 0.70 0.093 PL6
1.888 1.24 PL 0.82 0.096 PL7
2.832 1.86 PL 0.89- 0.074 PL8
4.059 2.67 SL 0.89 . 0.076 .SL13
4.719 3.10 SL 0.93 0.092 SL14
5.664 3.72 SL 0.91 0.139 SL15
6.608" 4.34 SL - - -
7.552 4.96 SL 0.95 0.162. SL16
8.496 5.58 SL 0.96 0.219 SL17
9.440 . 6.20 SL 0.97 '0.298 AN10
10.384 - °| ~ 6.82 SL - - -
11.328 . 7.44 WA 0.99 0.369 AN11
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Liquid Flow Rate = 0.555 Iy/sec, Ujg = 0.365 m/sec.

Wy Uys .| Flow Void Pressure ile
{{ I/Sec )} |( m/Sec ) | Pattern | Fraction | Drop( kPa )
0.708 0.47 PL 0.57 0.099
1.416 0.93 PL 0.80 0.114
1.888 1.24 _PL 0.81 0.124 PL1
2.832 1.86 PL - - -
3.776 - - 2.48 SL- 0.87 0.082 S1a8 -
4.719 3.10 5L - - -
. 5.664 3.72 SL 0.92 0.105 - SL19%
6.608 4.34 SL 0.94 0.113° SL20
8.024 5.27 SL 0.96 0.175 SI21
8.968 5.89 SL - - -
- 9,912 6.51 WA 0.97 0.307 AN12
11.328 7.44 WA 0.99 0.373 2AN13
Liquid Flow Rate = 0.700.I/sec, Ujg =.0.460 m/sec.
0.708 0.47 PL 0.54 0.159 FL12
1.180 0.78 PL - PR =
1.888 1.24 "~ PL 0.81 0.140 . PIA3
2.832 1.86 PL - - -
3.776 2.48 SL, 0.89 0.117 S122
4.719 3.10 SL - - C - -
5.664 3.72 SL . 0.91 0.089 SI23
6.608 4.34 SL B T - -
8.024 5.27° SL 0.95 0.158 SI24
8.968 5.89 .SL - - Co-
10.384 6.82 WA 0.98 0.363 AN14
11.328 7.44 WA - - -
Liquid Flow Rate = 0.890 Iy/sec, ¥ = 0.584 m/sec.
0.708 0.47 PL 0.38 0.183 PL14
1.416 0.93 PL 0.68 0.217 PL15
1.888_ 1.24 " PL 0.70 0.166 PL16
3.021 1.98 PL 0.84 0.132 PL17
4.248 2.79 SL 0.82 0.129 SI25
5.192 3.41 SL - - -
6.136 4.03 SL 0.89 0.135 S126
7.080 4.65 SL 0.93 0.168 S1.27
8.496 5.58 SL 0.95% 0.169 S128
9.440 6.20 SL - - -
10.384 6.82 SL, - - -
11.328 7.44 WA - -
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Table IT1.4 Experimental Data for Annulus Geometxy
Diameter Ratio of 0.625 ( Pipe Di

3175cm)

~

ameter—SOBc:mJ.d
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of Imer—to—Oute.r

Liquid Flow Rate =

0.009 I/sec, Ujg = 0.072 m/sec.

/1 oo.

‘ Ugs . Flow Void Pressure File

( I,/sec ) |( m/Sec ) | Pattern | Fraction Drep( kPa )

0.472 0.38 ss 0.63 0.0 -
2,360 1.91 ss. 0.63 0.0 -
2.832 2.29 ss 0.65 0.0 -
13.304 2.67 ° ss 0.68 ~0.018 -

- 3.776 3.06 ss 0.70 -0.015 -
4.248 3.44 ss 0.79 0.0 -
4.719 3.82° sw 0.80 0.020 SW1
5.192 . 4.20 SW 0.80 . 0.022 SW2
5.662 4.58 SW 0.79 0.024 SW3
6 136 4.97 SW 0.79 0.028 Swa
6.608 5.35 SW 0.83 0.047 SW5
7.080 5.73 A 0.98 0.075 AN1-

7.552 6.11 .. WA 1.00 0.074 AN2
8.496 '6.88 WA + 1.00 0.084 AN3
9.912 8.02 WA . 1.00 .11 AN4

Liquid Flow Rate = 0.111 Lysec, Ujg = 0.09 m/sec.
0.472 0.38 SS 0.56 0.0 ss1
2.360 1.91 Ss 0.56 0.0 -
2.832 2.29 sS 0.57 0.0 -
3.776 3.06 Ss 0.65 -0.015 -
4.106 3.32 SW 0.74 -0.006 -
4.248 3.44 SW . 0.75 0.020 SWe
4.719 3.82 SW 0.74 0.024 SwW7
5.192 4.20 s 0.75 0.027 SW8
6.136 4.97 SW .0.78 0.036 SWo
6.608 5.35 SW 0.81 0.055 SwW10
7.080 5.73 WA - 0.95 0.077 BANS .
7.552 6.11 WA 0.99 0.104 SI1
8.024 6,49 WA 1.00 0.117 AN6
8.968 7.26 - WA 1.00- 0.129 - ‘| AN7 .
0.384 8.40 - WA 0.162 " . AN8
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‘Licuid Flow Rate = 0.139 L/sec, Ug = 0.112 n/sec. °

Yy Uq_fs Flow Void Pressure .| File
( L/Sec') |( m/Sec ) | Pattern - Fraction | Drop( kPa )
0.472  0.38 'Ss 0.48 0.0 -
1.888 1.53 . Ss 0.48 0.0 -
2.360 1.91 Ss 0.50 0.0 -
2.832 2.29 SS 0.51 0.0 -
3.304 2.67 SS - 0.58 0.0 -
3.776 3.06 88 0.73 -0.01 -
4.059 3.29 SW 0.72 0.0 . -
4.248 3.44 SW 0.72 0.024 SW1l
4.719 3.82 SW 0.73 0.028 SW12
5.192 4.20 " SW 0.74 0.032 SW13
5.665 4.58 SW - 0.75 0.037 SWl14
"6.325 - 5.12 SW. 0.81 0.059 SW15
6.608 5.35 SW 0.88 0.067 SW16
7.363 5.96 WA 0.98 0.086 AN9
8.496 6.88 R 1.00 '0.149 AN10
9.912 8.02 .- | wa 1.00 0.174 AN11
Liquid Flow Rate = 0.178 I/sec, Ujg = 0.144 my/sec.
1.888 1.53 SS . 0.43 0.015 -
2.832° 2.29 sS .0.48 0.017 -
3.304 2.67 SS 0.56 0.009 -
3.587 12,90 | LsW 0.68 0.006 -
3.870 3.13 SW- 0.68 " 0.014 SW17
4.248 3.44 SW 0.69 0.039 SW13
4.719 " 3.82 SW 0.73 10,047 5W18
5.003 4.05 ~ SW 0.74. 0.047 SW19
- 5.664 4.58 SW -0.80 0.059 SW20
16.136 4.97 SW 0.89 0.070 SL1
6.608. |  5,35- - SW 0.94 '0.095 . SL2
7.080 | . 5.73 . | sW’ 0.97 0.098 SI3
7.552 6,11 L WA 0.98 - 0.124 SL4
8.213 .6.65 WA 0.99 0.153 AN12
"8.968 7.26- WA 1.00 0.174 AN13
9.912 ' 8.02 WA 1.00 - AN14
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Table II.4 ( Continued ). /

Liquid Flow.Rate = 0.222 I/sec, U1g = 0.180 mysec.
Vg Ugs Flow Void Pressure File

( I/Sec ) [( mySec ) | Pattern | Fraction Drop( kPg )

0.472 0.38 SS 0.37 0.006 -
2.360 1.91 Ss 0.37 0.006 -

2.832 2.29 SS 0.51 -0.010 Sw21
3.304 2.67 SW 0.65 - SW22
3.776 3.06 SW 0.76 0.034 SI5
4.248 3.44 SL 0.86 0.040 SL6
4.719 3.82 SL 0.89 0.037 SL7
5.664 4.58 SL 0.90 0.073 . SI8
“6.608 5.35 SL 0.95 0.111 'SI9
~7.552 6.11 SL 0.98 0.120 SL10
8.496 6.88 WA 0.99 0.179 AN15
9.440 7.64 WA 1.00 0.215 "AN16
10.384 8.40 WA 1.00 0.235 AN17

Liquid Flow Rate = 0.255 I/sec, Ujg = 0.208 m/sec.
0.614 0.57 PL 0.33 0.013 PL1
0.708 0.76 PL 0.43 0.010 P2
0.944 .. 1.15 . PL 0.60 0.015 PL3
1.416 1.53 PL 0.57 0.023 FL4
1.888 1.91 PL 0.72 - PLS
| 2.360 - 2.29 SL 0.80 0.017 PL6
L 2.832 3.06 SL 0.90 0.029 SL11
3.776 3.82 SL 0.91 0.036 SL12
4.719 4.58 SL 0.92 0.081 SL13
5.664 - 5.35 SL 0.96 0.098 SL14
7.552 6.11 SL. 0.98 0.124 SL15
8.496 6.88 WA 0.99 0.198 AN18
9.440 7.64 WA 0.99 - 0.209 AN19
10.384 8.40 WA 1.00 0.237 AN20
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Liquid Flow Rate = 0.333 I/sec, Ulg = 0.270 m/sec.
Wg Ugs Flow Void Pressure File
( IySec ) |( mw/Sec ) | Pattern | Fraction | Drop( kPa )
0.708 0.57 giaf 0.61 Q. 030 PL7
1.180 . 0.96 - 0.79 0.029 FL8
1.652 1.34 PL 0.84 0.031 PIS
2.360 .1.91 SL 0.91 0.028 SI16
3.304 2.67 SL 0.90 0.028 SL17
4,248 3.44 SL 0.91 0.029 SIA8
5.192 - 4.20 SL 0.90 0.083 SL19
6.136 4.97 SL 0.94 0.090 SI20
7.080° 5,73 sL 0.96 0.113 Sr21
8.024 6.49 SL 0.97 0.156 BN21
9.440 *7.64 0.99 0.241 BAN22
. 10.384 8.40 1.00 0.256 _ AN23
Liquid Flow Rate = _0.4}4.1/5&0, Ujg = 0.360 m/sec.
0.708 0.57 PL 0.69 0.061 PL10
1.416 1.15 PL 0.84 0.057 PL11
1.888 1.53 PL 0.87 0.036 -~ PL12
2.360 1.91 SL 0.89 £.025 S1.22
3.304 2.67 SL 0.89 0.027 SI23
F.719 3.82 SL 0.88 0.067 SL24
5.664 4.58 SL 0.93 0.061 SID5
6.608 5.35 SL 0.95 0.102 SI26
7.552 6.11 SL 0.96 0.140 2N24
8.496 6.88 SL 0.97 0.228 AN25
9.440 7.64 VA 0.99 C.243 AN26
10.384 8.40 WA 1.00 0.268 AN27
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Liquid Flow Rate = 0.611 L/sec, Uy = 0.494 m/sec.

W,

o Ugs Flow Void Pressure File
( I/Y'Sec ) |( my/Sec ) | Pattern | Fraction Drop( kPa )
0.472 0.38 PL 0.48 0.102 PI13
0.944 0.76 DL 0.65 0.109 Pri14
1.888 1.53 PL 0.84 '0.047 PL15
2.832 2.29 SL 0.84 0.042 SL27
3.776 3.06 SL - - -
4.719 3.82 SL - - -
6.136 4.97 SL - - -
7.080 5.73 SL - . - -
8.024 6.49 SL - - -
8.968 7.26 WA 0.98 0.216 AN28
9.912 7.64 WA 0.99 0.266 AN29
Liquid Flow Rate = 0.822 I/sec, U1z = 0.665 ny/sec.

0.472
0.944
1.888
2.832
3.776
4.719
5.664
7.080
8.024
8.496
9.440
10.384

0.38
—0.76
1.53
2.29
. 3.06
3.82
4.59
5.73
6.49
6.88
7.64
8.40
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Table II.5 Experimental Data for the 37-Red Bundle Geometry

(Pipe i.d. = 10.16 cam, Rod Diameter = 1,27 cm) .
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Liquid Flow Rate = 0.111 I/sec, Ujg = 0.052 m/sec.

—

Wy Ugs Flow Void Presure File
( L/Sec ) |( m/Sec ) | Pattern | Fraction Drop( kPa )
0.472 0.14 55 ¢ 0.92 0.184 -
1.416 0.41 58 0.92 0.184 -
.2.360 0.69 S5 0.92 0.184 -
3.304 0.97 S8 0.92 0.184 -
4.248 1.24 Ss 0.92 - 0.167 -
5.192 1.52 S8 0.92 0.167 -
6.136 1.79 S5 0.92 0.131 -
7.080 2.07 8s 0.92 0.114 -
8.024 2.35 55 0.94 0.149 -
8.968 2.63 58 0.94 0.149 -
9.912 2.90 58 0.94 0.078 -
11.328 3.31 SW 0.96 0.078 -
A" Liquid Flow Rate = 0.222 I/sec, Ujg = 0.064 m/sec.
_ Wy - Ugs Flow Void Presure File
( L/Sec ) |( m/Sec ) | Pattern | Fraction Drop( kPa )
0.472 0.14 S5 0.84 0.0%86 -
1.146 - 0.41 S5 0.83 0.096 -
2.360 0.69 SS 0.83 0.114 -
3.304 0.97 58 0.83 0.114 =
4.248 1.24 S8 0.83 - 0.096 -
5.192 1.52 S5 0.84 0.096 -
6.136 1.79 58 0.86 0.096 -
7.080 2.07 SS 0.86 0.096 -
8.024 2.35 S8 0.86 0.096 -
§.968 2.63 S5 0.86 0.096 -
9.912 2.90 SW 0.88 0.096 g
11.328. 3.31 SW 0.92 0.149 .-




Table II.5 ( Continued )..

Liquid Flow Rate = 0.333 L/sec, Ujg = 0.097 m/sec.

Wg ' Ugs Flow Presure
(LySec) |(my/Sec ) | Pattern Drop( kpa )
0.472 0.14 55 0.70 0.184_
1.416 0.41 ss 0.72 0.184
2.360 0.69 85 0.74 0.184
3.304 0.97 (=] 0.74 0.184
4.248 1.24 Ss 0.76 0.202
5.192 1.52 - S5 0.78 0,202
6.136 1.79 8s 0.78 0.202
7.080 2.07 Ss 0.78 0.202
8.024 2.35 SwW 0.72 0.219
8.968 o 2.63 SW 0.72 0.184
9.912 2.90 SW 0.80 0.202
11.328 3.31 Sw 0.82 0.219
Licuid Flow Rate = 0.444. Iysec, Ujg = 0.129 my/sec.
Wy Ugs Flow Presure
( Wsec ) |( m/Sec ) Pattern Drop( kPa )
0.472 .0.14 55 0.361
1.416 0.41 FL 0.343
2.360 0.69 “PL 0.325
3.304 - 0.97 PL 0. 0.325
4.248 1.24 EL 0. 0.325
5.192 1.52 5L 0. 0.219
6.136 1.79 - SL 0. 0.237
7.080 2.07 SL 0. 0.219
8.024 2.35 sw 0. 0.219
8.968 2.63 SW 0. 0.237
9.912 2.90 sW 0. -0.237
11.328 3.31 SL 0.219
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Licuid Flow Rate = 0.555 I/sec, Ujg = 0.161 m/sec.

Wy _ Ugs Flow Void Pressure File
( Iysec ) |( m/Sec ) | Pattern /| Fraction |Drop( kPa )
0.519 0.15 PL 0.61 0.219 PL1
1.416 0.41 PL, 0.52 0.202 P2
2.360 0.69 PL 0.61 0.219 PL3
3.304 0.97 PL 0.52 0.219 4
4.248 1.24 PL 0.60 0.219 P15
5.192 1.52 SL 0.76 0.237 SIS
6.136 1.79 SL 0.72 0.237 S5Ls
7.080 2.07 SL 0.75 0.255 SL7
8.024 2.35 SL 0.76 0.255 SL8
8.968 2.83 SL 0.54 0.237 S19
9.512 2.90 SL 0.56 0.237 SL10
11.328 . 3.31 5L v.62 0.237 SL1l
Liquid Flow Rate = 0.666 L/sec, Uyg = 0.193 m/sec
Vg Ugs Flow . Void Pressure File
( L/sec )} |( m/Sec ) | Pattern | Fraction |{Drop( kPa )
0.472 0.14 PL 0.22 0.202 L6 -
1.416 0.41 PL 0.21 0.202 PL7
2.360 0.69 L, 0.29 0.219 FI3
3.304 0.97 PL, 0.30 0.219 PLO. _
4.248 1.24 SLr 0.42 0.219 SL12
5.192 1.52 SL 0.52 0.237 + 8143
6.136 1.79 SL 0.52 0.272 SIa4
7.080 2.07 5L 0.60 0.272 SL15
8.024 2.35 SL 0.52 0.272 SL16
8.968 2.63 SL 0.56 0,272 SIa7
9.912 2.90 - SL 0.54 0.272 SL18
11.328 3.31 ‘3 SL 0.80 0,290 SL19
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Liquid Flow Rate ='0.777 I/sec, Ui = 0.225 m/sec.
wg Ugs , Flow Void Pressure File
( I/Sec ) |( mySec ) | Pattern | Fraction Drop( kPa )
0.472 0.14 PL # o.22 0.202 PL10
1.416 0.41 PL 0.29 0.219 Fra1
2.360 0.69 PL 0.48 0.219 PL12
3.304 0.97 PL 0.62 0.219 PI13
4.248 1.24 SL 0.72e 0.237 PL14
5.192 1.52 SL 0.73 0.255 SI20
6.136 1.79 SL 0.72 0.272 SI21
7.080 . 2,07 SL 0.76 0.290 SI22
8.024 2.35 SL 0.79 0.290 S123
8.968 2.63 SL 0.76 ©0.290 SI24
9.912 2.90 SL 0.79 0.308 SI25
11.328 3.31 SL 0.77 0.308 S126
Liquid Flow Rate = 0.944. I/sac, Uiy = 0.274 m/sec.
Wg Ugs Flow Void Pressure File
( I/Sec ) |( m/Sec ) |.Pattern | Fraction |Drop( kpa )
0.472 0.14 EB 0.11 0.237 EB1
0.944 0.28 EB 0.16 0.237 EB2
1.888 0.55 PL 0.35 0.255 PL1S
2.832 0.83 PL 0.48 0.272 PL16
3.776 1.10 SL 0.65 0.290 PL17
4.719 1.38 SL 0.68 0.255 S127
5.664 1.66 SL 0.69 0.272 SI28
6.608 1.93 SL - 0.70 0.290 S129
7.552 2.21 SL 0.72 0.308 S130
8.496 2.48 SL 0.76 0.308 SI31
9.440 2.76 SL 0.75 0.290 S132
10.384 3.04 WA 0.74 0.325 SI33
11.328 3.31 WA 0.75 0.325 AN1




Table I1.5 (Contirmed ).

157

Liquid Flow Rate = 1.110 L/sec, Ujg = 0.322 m/sec. .
Yg Ugs - Flow Void Pressure File
( I/Sec } |(m/Sec ) | Pattern | Fraction |Drop( kPa )
0.472 0.14 EB 0.08 0.218 EB3
1.416 0.41 EB 0.15 0.237 EB4
2.360 - 0.69 EB 0.24 0.255 EBS .
3.306 0.97 PL 0.30 0.255 FL18
4.248 1.24 L 0.54 0.272 S134
5.192 1.52 SL 0.60 ¢.290 5135
6.136 1.79 SL - 0.61 0.2%0 SL36
7.080 - 2.07 SL 0.62 0.290 S137
8.024 2.35 » SIL, 0.67 0.308 S138
8.968 2.63 SL 0.66 0.308 SL39
9.912 2.90 WA 0.68 0.343 - SLAD
11.328 3.31 Wa, 0.66 - 0.325 - AN2
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APPENDIX III ~
COMPUTER PROGRAMS LISTING

PROGRAM REGIM .

DAT® DENSL/1.0/,DENSG/0.001185/,VISCL/0.01/
DATA VISCG/0.155/,D/5.08/,EPS/0.0001/,G/981.0/
OPEN (3,FILE='PIPEL.DAT',STATUS='NEW')

REWIND 3 :

2=99999

PROGRAM REGIME DETERMINES THE FLOW REGIME TRANSITIONS
FOR AIR/WATER TWO-PHASE FLOW IN A HORIZONTAL PIPE.

GEOMETRICAL DATA

50

PI=4.0*ATAN(1.0) : -
A=PI*(D**2)/4.0

S=PI*D

SIGMA=72.0

CONTINUE

CALdULATION OF SS TO SW TRANSITION

100

175

PRINT*, 'ENTER A 1 TO DETERMINE THE SS TO SW TRANSITION'
READ*  IWANT I )
IF{ INANT.NE.1)GO TO 300

PRINT*, 'ENTER VALUE OF SHELTERING COEFFICIENT'
READ*,5J :
PRINT 1000

DO 200 I=1,899

K=0

K1=0

H=FLOAT(I)*D/100.0

CALL SHAPE(H,AL,AG,SL,SG,SI,D)

UL=2.00

JL=2

JG=2

UL1l=UL

UG2=4.0*VISCL* (DENSL-DENSG)*G/(SJ*DENSG*UL) .

. UG=SQRT(UG2)

CALL SPEED(AL,AG,SL,SG,SI,UL,UG,RL,RG,JL,JG)
DIFF=ABS(1.0-UL/UL1)

K=K+1

IF{K.GT.1000)GO TO 200

CALL LAMTURB(RL,RG,JL,JG, ICEANG,K1)
IF(ICHANG.EQ.1)GO TO 100

IF(DIFF.GT.EPS)GO TO 100

ULS=UL*AL/A
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UGS=UG*AG/A .

VOID=AG/A : : . -

DIMH=H/D

DIMSI=SI/D’ . - : o

WRITE{3,*}UGS,ULS . S : : -
200 PRINT 1500,ULS,UGS,JL,JG, H VOID

WRITE(B *y2,2 ‘

CALCULATION OF SS TO I TRANSITION <

'300 PRINT*,'ENTER A 1 TO DETERMINE THE SS TO I TRANSITION' T
READ* , IWANT
IF(IWANT.NE.1)GO TO 880 -

PRINT 1000

DO 500 J=1,99

KK=0

K1=0

. H=FLOAT(J)*D/100.0 B
JL=2 ‘

JG=2 -
CALL SHAPE{H,AL,AG,SL,SG,SI,D)
C2=1.0-H/D

UL=2.0
DADH=D*SQRT(1.0~(2.0%H/D-1.0)**2)

_ UG=C2*SQRT(2. 0* ( DENSL-~ DENSG) *G*AG/ ( DENSG*DADH) )

350 -UL1=UL R
CALL SPEED(AL,AG,SL,SG,SI,UL,UG,RL,RG,JL,JG) ~ ' '
DIFF=ABS(1.0-UL/UL1) )
KK=KK+1
IF(KK.GT.1000)GO TO 500
CALL LAMTURB(RL,RG,JL,JG, ICHANG,K1)
IF(ICHANG.EQ.1)GO TO 350
IF(DIFF.GT.EPS)GO TO 350

ULS=UL*AL/A
UGS=UG*AG/A
VOID=AG/A
WRITE(3,*)UGS, ULS
500 PRINT 1500,ULS,UGS,JL,JG,H,VOID
o WRITE(3,*)Z,2 _ oo

CALCULATION OF SS TO I TRANSITION ALLOWING FOR SURFACE TENSION
IN SMALL DIAMETER PIPES

880 PRINT*,'ENTER A 1 TO DETERMINE THE S TO I TRANSITION'
PRINT*, 'DUE TO CAPILLARITY FORCE IN SMALL PIPES'
READ* , IWANT
IF({IWANT.NE.1)GO TO 153
PRINT 1000
THETA=SIGMA/(DENSL*G*(1.0-P1/4,0))
HG=PI*SQRT(THETA) /4.0
IF{HG.LE.D)GO TO 525
HG=PI*D/4.0



525

550

700

* CALCULATION OF I TO DB TRANSITION

453

CONTINUE

H=D~-HG .

CALL SHAPE(H;AL,AG,SL,SG,SI,D)
DGAS=10.0

bQ 700 J=1,9%9

RS5=0

K1=0

JG=2

JL=2

UL=2.0

UG=DGAS*FLOAT(J)

UL1=UL .

CALL SPEED(AL,AG,SL,SG,SI, UL, UG,RL, RG,JL,JG) Lo
-DIFF=ABS(1.0- -UL/ULL) ) © e ‘

KS=KS+1 .
IF(KS.GT.1000)GO TO 700 . i
CALL LAMTURB(RL,RG,JL,JG, ICHANG, Kl)
IF(ICHANG.EQ.1)GO TO 550 '
IF(DIFF.GT.EPS)GC TO 550 -

ULS=UL*AL/A

UGS=UG*AG/A

VOID=AG/A

WRITE(3,*)UGS,ULS .

_PRINT 1500,ULS, UGS JL,JG,H, VOID
.WRITE(3, *)y2,z
153

CONTINUE

PRINT*, 'ENTER' A 1 TO DETERMINE THE I 'TO DB TRANSITION'
READ* , IWANT

IF{IWANT.NE.1)GO TO 288

PRINT 1000 .

DO 353 J=1,99

H=FLOAT(J)*D/100.0

CALL SHAPE(H, AL,AG, SL 5G,SI1,D)

KK=0

- JL=2

JG=2 : ' :
XL=0.2

CL=0.046

UG=0.2
DL=(4.0*AL/(SL*VISCL) ) **XL,
EXP=1.0/(2.0~XL)
UL={4.0*G*AG* (DENSL- DENSG)*DL/(SI*CL*DENSL))**EXP
UGl=uG

CALL SPEEDG({AL,AG,SL,SG, SI,UL,UG,RL,RG,JL,JG)
DIFF=ABS(1l.0~UG/UG1)

‘KK= KK+1 ) .

IF(KK.GT.1000}G0 TO 353
CALL LAMTURB(RL,RG,JL,JG,ICHANG, K1)
IF{ICHANG.EQ.1)GO TO 453
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IP{DIFF.GT.EPS)GO.TO 453 -
ULS=UL*AL/A _ . '
UGS=UG*AG/A
VOID=AG/A
WRITE(3,*)UGS,ULS

353 PRINT 1500,ULS,UGS,JL,JdG,H, voip

WRITE(3 *}2,2

CALCULATION QF I TO A TRANSITION -
888 PRINT*, 'ENTER A 1 TO DETERMINE THE I TO A TRANSITIOH'
‘READ* , IWANT
- IF{IWANT.NE.1}GO TO 850
PRINT 1000
H=0.50*D
CALL SHAPE(H,AL,AG,SL,SG, SI, D)
UG=450.0
DO 800 J=1,99
KA=0 o o o -
K1=0 ~ -
JG=2 ‘
JL=2
UL=2.0 . ' _
750 UL1=UL : ’ -
CALL SPEED(AL,AG,SL,SG,SI,UL, us RL,RG,JL JG}
.DIFF=ABS(1.0-UL/ULL) .
KA=XA+1
IF(KA.GT.1000)GO TO 800
CALL LAMTURB(RL,RG,JL,JG, ICHANG,K1)
IF(ICHANG.EQ.1)GO TO 750
IF(DIFF.GT.EPS)GO TO 750 e
ULS=UL*AL/A
. UGS=UG*AG/A
VOID=AG/A
UG=1000.0*FLOAT(J)} . .
WRITE(3,*)UGS,ULS ) s
800 PRINT 1500,ULS,UGS,JL,JG,H,v0ID = * ,
WRITE(3,*)Z,%
850 CONTINUE

-

FORMAT STATEMENTS

1000 FORMAT(/,4X,'ULS',5X,'UGS',5X,'JL',3X,'JG',4X, 'H',4X, 'VOID!,/)
1500 FORMAT(2X,F6.1,2X,F8.1,4X,11,4X,I1,2X,F5.2,2X,F4.2)
.2000 FORMAT(2X,7(F6.1,2X))

REWIND 3

STOP . )

END . )
SUBROUTINES

SUBROUTINE SHAPE(HT,AAL,AAG,SSL,SSG,SSI,DD)

. - f-
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* SUBROUTINE SEAPE CALCULATES THE GEOMETRIC
* CORFIGURATION IN THE TUBE BASED ON WATER LEVEL

*

* * ¥ » ¥ *

* ¥ ¥ * F *

SUBRDUTINE SPEED CALCULATES THE WATER SPEED WITH
GAS .SPEED AND GEOMETRIC PARAMETERS GIVEN

SUBROUTINE SPEEDG CALCULATES THE GAS SPEED WITH
THE LIQUID SPEED AND GEOMETRIC PARAMETERS GIVEN

PY=4.0%ATAN(1.0)

AR=PY* (DD**2) /4.0
SS=PY*DD ‘
ARG=(2.,0*HT/DD}-1.0
AAL={PY- ACOS(ARG)+ARG*SQRT(1 0- ans**z))*(nntﬂz)/q 0
AAG=AA-AAL

SSL=(PY-ACOS (ARG) ) #DD
SSG=5S-SSL
SSI=DD*SQRT(1.0-ARG**2)
RETURN ‘ -
END

*
\

. SUBROUTINE SPEED(AAL,AAG,SSL, SSG §5I,UUL,UUG,REL,REG,JJL, JJG)

DIMENSION C(Z) X(2) -

. DATA ROHL/1.0/,ROHG/0.001185/, VISL/U 01/,vViSG/0.155/ '

DATA¥(C(I},I=1,2)/16.0,0.046/
DATA (X(I),I=1,2)/1.0,0.2/

ITERATE

HDG=4.0*RAAG/(SSG+SSI)
REG=HDG*UUG/VISG
HDL=4.0*RAL/SSL
REL=HDL*UUL/VISL :
Tl= ROHG*C(JJG)*SSG*AAL*(REL**X(JJL)) : -
T2=ROHL*C{JJL}*SSL*AAG* (REG**X(JJG))
T3=SSI*(1.0+AAG/AAL)/SSG
UULZ=(T1/T2)*(1.0+T3)*(UUG**2)
UUL=SQRT{UUL2)
RETURN ‘ “
END -

~
SUBROUTINE SPEEDG(AAL AAG,SSL,SSG,SSI,UUL,UUG,REL,REG,JJL +JIG)
DIMENSION C(2),X(2)
DATA ROEL/1.0/;ROHG/0.001185/,VISL/0.01/,VISG/0G.155/
DATA (C(I),I=1,2)/16.0,0.046/
DATA (X(I),1=1,2)/1.0,0.2/

1 TERATE
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*

HDG=4,0*AAG/(SSG+SSI) . j | , ~

REG=HDG*UUG/VISG
HDL=4,0*AAL/SSL . . A
REL=HDL*UUL/VISL \ '
T1=ROHG*C(JJG)*SSG*AAL* (REL*4X{JJL))

T2= ROHL*C(qu)*SSL*AAG*(REG**K(JJG))
T3=SSI*(1.0+AAG/AAL)/SSG - .
UUG2=(UUL**2)/((T1/T2)*(1.0+T3)} g
UUG=SQRT (UUG2)

RETURN

END

SUBROUTINE LAMTURB (REL, REG, JJL,,JJG, IGHANGE, KK1)

SUBROUTINE LAMTURB DETERMINES WHETHER THE TWO
FLUIDS ARE IN LAMINAR OR TURBULENT FLOW AND
ADJUSTS THE FRICTION FACTORS ACCORDINGLY.

JGOLD=JJG -
IF(REG.GT.ZODOiD)JJG=2 -
IF(REG.LE.2000.0)3JG=1

JF(JGOLD.NE.JJG) ICHANGE=1
-KE1=KK1l+1

RETURN
ERD

SUBROUTINE SPEEDL({AAL,AAG,SSL, S5G,S8SI,UUL,UUG,REL,REG,JJL JJG)
DIMENSION C(2),X(2)

DATA ROHL/l.0/,ROHG/0.0012/,VISL/0;01/,VISG/0.15/

DATA C/16.0,0.046/,%X/1.0,0G.2/

SUBROUTINE SPEEDL CALCULATES GAS SPEED WITH ’
LIQUID LEVEL AND SPEED GIVEN

HDG=4.0*AAG/(SSG+SSI) .
HDL=4,0*AAL/SSL ‘
REL=HDL*UUL/VISL

FL=C(JJL)/(REL**X{JJL))

F1=SSL*AAG/(AAL*SSG).

P2=SSI*(1.0+AAG/AAL)/SSG

TAUL=FL*ROHL* (UUL**2) /2.0 s

F3=TAUL*F1 .

IT=0

* ITERATE

*

6200 REG=HDG*UUG/VISG
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" FG=C{JJC)/{REG**X{JJG))

6500

7000

TAUI=FG*ROHG* { (HUG-UUL)**2)} /2.0
UUG2={F3-TAUI*F2)*2.0/(FG*ROHG)
IF(UUG2.GT.0.0.AND.UUGZ.LT.10L00000.0)GO To 6500
PRINT*,UUG2

PRINT*, 'ERROR IN_ SPEEDL'

GO TO ‘7000 e

IT=IT+1 \
UUG1=SQRT (UUG2)

ERROR=ABS (1. 0-UUG/UUGL)

UUG=UUGL

IF(IT.GT.1000)GO TO 7000 ‘
IF{ERROR.GT.0.001)GO TO 6200 - L
CONTINUE

RETURN -«

END

,
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'APPENDIX I (continued)

a OPEN (3,FILE='DATA1.DAT',STATUS='NEW')

PROGRAM BNDL37

DIMENSION TTA(37),R{(37),TITA(37)
DATA (R(I},I=1,37)/1.49,1.49,1.49,1.49,1.49,1.49,2.88,2.88

—,2.88,2.88,2.88,2.88,2.88,2.88,2.88,2.88,2.88,2.88,4.33,4.

—33,4.33,4.33,?.33,4.33,4.33,4.33,4.33,4.33[4.33,4.33,4.33,

-4.33,4.33,4.33,4.33,4.33,0.0/

DATA (TTA(I),I=l,37)/0.0,12.0,24.0,36.0,48&0,50.0,3.0,9.0;

—15.0,21.0,27.0,33.0,39.0,45.0,51.0,57.0,63.0,@9.0,0.0,4.0,
¢8.0,12.0,16.0,2D.U,24.0,28.0,32.0,36.0,40.0,44_0,48.0,52.0
-:56.0,60.0,64.0,68.0,0.0/

, DATA DENSL/l.0/,DENSG/0.001185/,VISCL/U.01/,VISCG/U.155/
DATA D/lU.lﬁ/,DR/l.27/,NN/37/,EPS/1.DE14/,G/981.0/,RT/0.0/

-

REWIND 3
- 2=99999
RN=FLOAT(NN) C- .
* PROGRAM BNDL37 DETERMINES THE TWO-PHASE FLOW REGIME TRANSITIONS
* IN A HORIZONTAL ROD BUNDLE GEOME}IRY. :
*
* GEOMETRICAL DATA
PI=ATAN(1.0)}*4.0 *
GA=PI*((D**2)-RN*(DR**2))/4.0
 S1=PI*(D+RN*DR)
SIGMA=72.0
ROT=RT*PI/36.0
DO 112 I=1,37 .
"TITA(I)=PI*TTA(I)/36.0
TITA(I)=TITA(I)+ROT
112 CQNTINUE
DH=D/100.0
50 CONTINUE

*

. * CALCULATION OF §5 TO SW TRANSITION

*

PRINT*,'ENTER A 1 TO DETERMINE THE/SS TO SW TRANSITION' -
READ* , IWANT . ro _
IF(IWANT.NE.1)GO TO 300 t
PRINT*, '"ENTER VALUE OF SHELIERING COEFFICIENT'
READ*,SJ —
PRINT 1000 )
DO 200 I=1,99
H=FLOAT(1)*DH L .
CALL SHAPE(H,AL,AG,SL,SG,SI,D,DR,R,TITA,RN)
K=0 .
JL=2
JG=2
UL=2.0
100 UL1=UL
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200

e

uG2=4. O*VISCL*{DENSL—DENSG)*G/(SJ*DENSG*UL)
UG=SQRT(UG2)

CALL SPEED(AL,AG,SL,SG,SI,UL,UG, RL RG,JL,JG)
DIFF=ABS(1.0-UL/UL1)

K=K+1

IF(K.GT.1000)GO TO 200

CALL LAMTURB(RL,RG,JL,JG,1CHANG, Kl)
IF(ICHANG.EQ.1)GO TO 100

IF(DIFF.GT.EPS)}GO TO 100

ULS=UL*AL/A

UGS=UG*AG/A = .

_ VOID=AG/A..

DIMH=H/D . ¥
DIMSI=SI/D

WRITE(3,*)UGS,ULS -
PRINT 1500,ULS,UGS,JL,JG,H,VOID
WRITE(3,*)2,2

.-

* CALCULATION OF SS TO I TRANSITION- ' ‘ R -

300

350

.DIFF=RABS(1.0-UL/UL1) : | )

PRINT*, 'ENTER A 1 TO.DETERMINE THE SS TO I TRANSITIQN"
READ* , IWANT .

IF(IWANT.NE.1)GO TO 880

PRINT 1000 -

ALL=0.0 :

.DO 500 I=1,99

H=FLOAT(I1)*DH

CALL SBAPE(H,AL, AG SL,SG,SI,D,DR,R,TITA, RN)
KK=0

JL=2

JG=2

C2=1.0-H/D o L
DADH=ABS( (AL-ALL) /DH) _—
ALL=AL ' i
UG=C2*SQRT( ( DENSL- DENSG)*G*AG/(DENSG*DADH))

UL=0.01

UL1=UL )

CALL SPEED(AL,AG,SL,SG,SI,UL,UG,RL,RG,JL,JG)

KK=KK+1 . e . s
IF(KK.GT.1000)GO TO 500 T

CALL LAMTURB(RL,RG,JL,JG,ICHANG,K1) - \ Y
IF(ICEANG.EQ.1)GO TO 350

IF(DIFF.GT.EPS)GO TO 350

ULS=UL*AL/A

. UGS=UG*AG/A

VOID=AG/A ) ‘ -
DIMH=H/D - ) 5
DIMSG=SG/S1 ‘

o
* WRITE(3,*)uGs,uls

500

PRINT 1500,ULS,UGS,JL,JG,H,VOID
WRITE(3,*)2,2
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& . . .
. ' _
* CALCULATION OF I TO DB TRANSITION
880 PRINT*,'ENTER A 1 TO DETERMINE THE I TO DB Tnansxraon'
READ* , IWANT :
IF(IWANT.NE.1)GO TO 888 .
PRINT 1060 -
DO 433 I=1,99
H=FLOAT(I)*DH
CALL SHAPE(H AL,AG,SL,SG,SI,D,DR,R,TITA,RN)
KK=0
JL=2 ! .
JG=2 ) ‘
XL=0.2 ' <
CL=0.046 : '
UG=0.1 ] : ™ )
DL={4,0*AL/(SL*VISCL) ) **XL
EXP=1.0/(2.0-XL)
UL=(4.0*G*AG* (DENSL- DENSG}*DL/(SI*CL*DENSL))**EXP
400 UGl=UG
- CALL SPEEDG(AL,AG,SL,SG,SI,UL,UG,RL,RG,JL,JG) .
DIFF=ABS(1.0-UG/UGL) T
KK=KK+1 :
IF(KK.GT.1000}GO TO 433
CALL LAMTURB(RL,RG,JL,JG,ICHANG,K1)
~IF({ICHANG.EQ.1)GO TO 400
IF(DIFF.GT.EPS)GO TO 400
ULS=UL*AL/A
UGS=UG*AG/A
VOID=AG/A-
. WRITE(3,*)UGS,ULS
433 PRINT 1500,ULS,UGS,JL,JG,H,VOID
NRITE(3,*)2,2, & |
* . .

* CALCULATION OF I TO A TRANSITION

L

-

888 PRINT*,'ENTER A 1 TO DETERMINE THE I TO A TRANSITION'
READ* , IWANT °
IF(IWANT.NE.1)GO TO 850
PRINT 1000
H=0.50*D
CALL SHAPE(H,AL,AG,SL,SG,SX,D,DR,R,TITA,RN)
UG=600.0 .
DO, 800 I=1,99
KA=0
JG=2
JL=2
UL=2.0
750 UL1=UL : .
CALL SPEED(AL,AG,SL,SG,SI,UL,UG,RL,RG,JL,JG)" _ !
DIFF=ABS(1l.0-UL/UL1) ‘
KA=KA+1

-l



: 5
IF(KA.GT.1000)GO TO 800
CALL LAMTURB(RL,RG,JL,JG,ICHANG Kl) ’

. IP{ICHANG.EQ.1)GO TQ 750 .
IF(DIFF.GT.EPS)GO TO 750 - > e
ULS=UL*AL/A N . ' Y
UGS=UG*AG/A" ’ : : S
VOID=AG/A

. UG=1000.0*FLOAT(X)

WRITE(3,*}UGS,ULS
800 PRINT 1500,ULS,UGS,JL,JG,H,VOID
> WRITE(3,*)Z,Z
850" PRINT*, 'ENTER A 1 TO RUN AGAIN'.
READ* , IRUN
IF(IRUN.EQ-1)GO TO 50
*
* FORMAT STATEMENTS
» 1buo FORMAT(/,4X, 'ULS',5X, 'UGS ", 5%, 'JL', 3%, 'JG', 4X, 'H',4X,'VOID',/)
1500 FORMAT(2X,F8.3,2%, F9.2;4X,11,4X,11,2X,F6.3,2X,F6.3)
2000 FORMAT(2X,7(F6.1,2X)) . - -

REWIND 3 ' . :
STOP Co oo S
END o < . v
* A ' - . . ‘
.* SUBRDUTINES LT . . .
* L. _“ )
i ‘SUBROUTINE snapE(nT,AaﬁEAAG;SSL,sss,ssr.Dn,npn}n,TTA,RN)
DIMENSION ‘BDL(37),BDH(3M),ARL{37),ARG{37),PL(37) = . . "
» DIMENSION TTA(37),BAY(37),PG(37),PPI(37),R(37) S0
* AN S ' R
* suanour:na SHAPE cnncu%aqzs THE GEOMETRIC e TN .
*. CONFIGURATION IN THE ROD BUNDLE BASED on WATER LEVEL
* . 1}

" PY=4.0*ATAN(1.0) %F LT e
RAY=(2.0*HT/DD)-1.0 3 )
AAG1=(ACOS (RAY)-RAY*SQRT(1.0- (anvttz)))-(nnr*z)/4 0
AAL1=(PY-ACOS (RAY)+RAY*SQRT(1.0~ (RAY**Z)))*(DD**Z)/G 0
S§G1=DD*ACOS (RAY) ' }
SSL1=(PY-ACOS{RAY))*DD
SSI1=DD*SQRT(1.0- (RAY**Z)) ) .

AREAL=0.0 -

AREAG=0.0 : o
SUMPL=0.0 * -
SUMPG=0.0
SUMPI=0.0
90 17 1I=1,37 /
BAY(I)=((2.0*HT)-DD-(2. U*R(I)*SIN(TTA(I))))/DDR
BDL(I)=(DD-DDR+(2.0*R{I)*SIN(TTA(I))})/2.0

BDE(I)=(DD+DDR+{2.0*R(I)*SIN(TTA(I)})))}/2.0 —

IF(HT.LE. BDL(I))THEN . '
ARL(I)=0.0 o
ARG(I)=PY*(DDR**2)/4,0
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" PL(I)=0.0 - s .
PG(I)=PY*DDR o
PPI(I)=0.0
END IF ' - .
IF(HT.GE.BDH( I-}) THEN . - : o .
ARL{I}=PY*(DDR**2)/4.0 S S . : T
ARG(I)=0.0 L o
PL(I)=PY*DDR -
PG(I)=0.0 , . : .
PPI(I)=0.0- . E e T
END IF o St

. .IF(BT.GT.BDL(I).AND.HT.LT.BDH(I))THEN E S :
= ARL(I)=(PY- ACpS(BAY(I))+BAY(I)*SQRT{1 o— '
(BAY(I)**2)))*(DDR**2} /4.0
. ARG(I)=(ACOS(BAY(I)) BAY(I)*SQRT(I .0- (BAY(I)**Z}))*{DDR**Z)/d 0
" PL(I)=(PY- ACOS{BAY(I))})*DDR -
PG{1)=DDR*ACOS(BAY(I))
kPPI(I)=DDR*SQRT(I?E:(BAY(I)**Z){
END\ IF ) -
AREAL=AREAL+ARL({I) )
. AREAG=AREAG+ARG(I) -
. SUMPL=SUMPL+PL({ I} '
SUMPG=SUMPG+PG(I) ] _
- SUMPI=SUMPI+PPI(X) ‘ : ‘ -
- .17 .CONTINUE -~ N o
AAL=AAL1-AREAL
v ~ AAG=AAG1-AREAG
; " SSL=SSL1+SUMPL
. SSG=SSG1+SUMPG .
SSI=SSI1-SUMPI . ¢
RETURN v
END

SUBROUTINE SPEED(AAL,AAG,SSL,SSG,SSI, UUL,UuUG,REL, REg JJL JJG}
DIHENSION C{2),x(2)

DATA ROHL/1.0/,ROHG/0. 001185/(VISL/0 01/,VISG/0.155/

DATA (C{I),X=1,2)/16.0,0.046/

DATA (X(IX},I=1,2}/1.0,0.2/

.
* .

* SUBROUTINE SPEED CALCULATES THE WATER SPEED WITH

* GAS SPEED AND GEOMETRIC PARAMETERS GIVEN A
. .
* ITERATE -
* &
HDG=4.0*AAG/ (SSG+SSI)
" REG=HDG*UUG/VISG ) .
HDL=4.0*AAL/SSL : © ‘

REL=HDL*UUL/VISL

T1=C(JJIG)CROHG*SSG*AAL* {REL**X(JJL))
T2=C(JJL)*ROBL*SSL*AAG* (REG**X(JJG) )
T3=SSI* (3. 04AAG/AAL)/SSG .



[ * -
. 7 - - N .
' i ' ) . '-‘;_ ) - .
UUL2= (Tl/TZ)*(l 0+T3)*{UUG**2) Co e T el
. - UUL=SQRT(UUL2) , . IR S L
- RETURN LT T R T
END ' . . R ; oy ) h,}-e' N
; » . . ?‘ .:. y T . -y - \;' .. _ .
. ‘ ' suBROUTIAE SPEEDG(AAL|AAG,SSL,SSG,SSI + UYL UG, REL, REG, JJL JJG) r.
-~ . DIMENSION C(2),X(2) . | g‘
: ‘ DATA ROHL/1.0/,ROHG/0. DDllBS/,VISL/p 01/,v153/0 155/ N t
DATA (C(I),I=1,2)/16.0,0.046/. J -
_ ‘DATA (X(1),1=1,2)/1.0,0.2/ SN -
ok N
- - % SUBROUTINE SPEEDG CALCULATES THE GAS. SPEED WITH ° o
. * WATER SPEED AND GEOMETRIC PARAMETERS GIVEN ~ 3
*
* ITERATE
. _

. HDG=4.0*AAG/{SSG+SSI) . jf
REG=HDG*UUG/VISG - . S .
HDL=4.0*AAL/SSL : . ‘
REL=HDL*UUL/VISL
T1=C(JJG)*ROHEG*SSG*AAL* (REL**X{JJL))

T2=C(JJL)*ROHL*SSL*AAG* (REG**X{JJG) } .
_ - -T3=SSI*(1.0+AAG/AAL)/SSG
. UUG2=(UUL**2) /{ (T1/T2)*(1.0+T3))
UUG=SQRT(UUG2)
RETURN . ‘
END : C - :
. * -
. *

* ] -
SUBROUTINE LAMTURB(REL,REG,JJL,JJG, IGHANGE,KK1)

*

* SUBROUTINE LAMTURB DETERMINES WHETHER THE TWO

* FLUIDS ARE IN LAMINAR OR TURBULENT FLOW AND

* ADJUSTS THE FRICTION FACTORS ACCORDINGLY ”

P * . 3
f JGOLD=JJG
: IF(REG.GT.2000.0)JJG=2
.+ IF(REG.LE.2000.0)JJG=1 _
- IF(JGOLD,NE.JJG)} ICHANGESL -
! ' RETURN

. . END

-  -' ' S : : 182
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APPEND;X! III (continued) - _ | | o ' )

SO -+ PROGRAM anunus
RTNE DATA DENSL/1.0/,DENSG/0. 001185/,VISCL/0 01/ , .

DATA' VISCG/0.155/,D/5.08/,EPS/0.0001/,G/981. 0/ ' L
! ‘ "DATA RSTA/0.625/ ' '
ASEE : OPEN (3,FILE='ANULUS3.DAT',STATUS="NEW')

R REWIND 3 _ "

R _ - . '2=99999 y . R
PROGRAM ANULUS DETERMINES THE FLOW REGIME TRANSITIQNS L
FOR AIR/WATER. TWO-PHASE FLOW IN A HORIZONTAL ANNULUS

FLOW GEOMETEY

b
* % % * ®»

; GEOMETRICAL DATA
A PI=4,0*ATAN(1.0) : :
L =PI*(D**2)*(1,.0-(RSTA**2))/4.0 , CEE
S=PI*D*{1.0+RSTA)
BD1=D*(1.0~RSTA)/2,0 -
BD2=D*(1.0+RSTA)/2.0 . .
SIGMA=72.0 : ‘
. 50 CONTINUE

CALCULATION OF SS TO SW TRANSITION

. _ \\,,pRINT* "ENTER A 1 TO DETERMINE THE SS TO SW TRANSITION'
- READ* , IWANT
IF(IWANT.NE.1)GO TO 300
PRINT*, 'ENTER VALUE OF SHELTERING COEFFICIENT' ‘ ,
READ*,SJ :
_PRINT 1000 ‘
DO 200 I=1,99
K=0
¥ . K1l=0 -~
H=FLOAT(I)*D/100.0
IF(H.LE,BD1)THEN
CALL SHAPEl(H,AL,AG,SL,SG, s: D,RSTA DADH)
END IF
S ‘ IF(H.GT.BDI.RND.H.LT.an)THEN
4 ] CALL SHAPE2(H,AL,AG,SL,SG,SI,D,RSTA,DADH)
END IF ' . ,
IF({H.GE.BD2)THEN .o
CALL SHAPE3(H,AL,AG,SL,SG, sr D,RSTA, DADH)
END IF
UL=2.00
. 4 ' JL=2
: JG=2
100 UL1=UL
UG2=4.0*VISCL* (DENSL- DENSG)*G/(SJ*DENSG*UL)
UG=SQRT(UG2)
CALL SPEED(AL,AG,SL,SG,SI,UL,UG,RL,RG,JL,JG)
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200

*

300

DIFF=ABS(1.0-UL/GL1) '
K=K+1 , '
IF(K.GT.1000)GO TO 200

CALL LAMTURB(RL,RG,JL,JG,ICHANG,K1) :
IF(ICHANG.EQ.1)GO TO 100 '

IF(DIFF.GT.EPS)GO TO 100
ULS=UL*AL/A

UGS=UG*AG/A

VOID=AG/A s
WRITE(3,*)UGS,ULS

PRINT 1500,ULS,UGS,JL,JG,H,VOID

WRITE(3 *)2,2 R .

' * CALCULATION OF SS TQ I TRANSITION

PRINT*, 'ENTER A 1 TO DETERMINE THE SS TO I TRANSITION'
READ* , IWART °

IF(IWANT.NE.1)GO TO 880

PRINT ‘1000 '

DO 500 J=1,199 - C e

KK=0 ‘

K1=0

H=FLOAT(J)*D/200.0

JL=2 '

JG=2

-IF(H.LE.BD1)THEN

CALL SHAPEI(H,AL,AG,SL,SG,SI,D,RSTA,DADH)

"END IF

IF(H.GT.BD1.AND,.H.LT.BD2) THEN .
CALL SHAPEZ(H,AL,AG,SL,SG,SI,D,RSTA,DADH)
END IF

IF(H.GE.BD2)THEN

CALL SHAPE3(H“AL AG,SL,SG,S1,D,RSTA, DADH)

" END IF

350

400

500

C2=1.0-H/D
UG=C2*SQRT( 2. D* ( DENSL- DENSG)*G*AG/(DENSG*DADH))
UL=2.0 -

UL1=UL"~

«CALL SPEED{AL,AG,SL,SG,SI,UL,UG, RL RG,JL,JG)
DIFF=ABS(1.0-UL/ULL)

KK=KK+1 _

IF(KK.GT.1000)GO TO 500

CALL LAMTURB (RL,RG,JL,JG, ICHANG,K1)
IF(ICHANG.EQ.1)GO TO 350 : -
IF{DIFF.GT.EPS}GO TO 350 ‘

ULS=UL*AL/A

UGS=0G*AG/A

VOID=AG/A

WRITE(3,*)UGS,ULS

PRINT 1500,ULS,UGS,JL,JG,H,VOID
"WRITE(3,*)z,2 *

184
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\

* CALCULATION OF I TO DB TRANSITION S e
PRINT*, 'ENTER A 1 TO DETERMINE THE I TO DB TRANSITION ' .
READ* [WANT ' - P :

. IF(IWANT.NE. 1)Go To 866 : -
PRINT 1000

. DO 440 J=1,99 ' : .
H=FLOAT(J)*D/100,0
IF(H.LE.BD1)CALL SHAPEL(H,AL,AG,SL,SG;SI,D;RSTA, DADH)
IF(H.GT.BD1.AND.H.LT.BD2Z)THEN _
CALL SHAPE2(H,AL,AG,SL,SG,SI,D,RSTA,DADH)
END IF
IF{H.GE.BD2)CALL saapas(n AL,AG,SL,SG,51,D,RSTA, DADH)
KK=0 .
JL=2

. JG=2 ’

XL=0.2
CL=0.046
UG=0.2"
DL=(4.0*%AL/{SL*VISCL})**XL - &
EXP=1.0/(2.0-XL) )
UL=(4.0*G*AG* (DENSL-DENSG) *DL/{SI*CL*DENSL) ) **EXP

444 UGl=UG
CALL SPEEDG(AL,AG,SL,SG,SI,UL,UG, RL RG,JL,JG)
DIFF=ABS({1.0-UG/UG1) : 1
KK=KK+1 ) _ . : 2
IF(KK.GT.1000)GO TO 440 . ' ‘
CALL LAMTURB(RL,RG,JL,JG, ICHANG,K1) -
IF(ICHANG.EQ.1)GO TO 444 )
IF(DIFF.GT.EPS)GO TO 444
ULS=UL*AL/A
UGS=UG*AG/A
VOID=AG/A. R
WRITE(3,*)UGS,ULS

- 440 PRINT 1500ULS,UGS,JL,JG,H,VOID
WRITE(3,*)}2,2

866 CONTINUE

*

* CALCULATION OF I TO A TRANSITION
- PRINT*, 'ENTER A 1 TO DETERMIHNE THE I TO A TRANSITION'
READ* , IWANT
IF(IWANT.NE.1)GO TO 850D
PRINT 1000
DGAS=10.0
H=0.5*D
IF(H.LE.BD1)THEN ,
CALL SHAPE1l{H,AL,AG,SL,SG,SI,D,RSTA,DADH) .
END IF Core
IF(H.GT.BD1.AND.H.LT.BD2) THEN
CALL SHAPE2(H,AL,AG,SL,SG,SI,D,RSTA,DADH)
END IF
IF(H.GT.BD2) THEN
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s

CALL SHAPE3(H,AL,AG,SL,SG,SI,D,RSTA DADB)
END IF
UGe=450.0
DO 800 J=1,99
KA=0 - : -
K1=0 S R o .
“JG=2 '
JL=2 "
UL=2.0
750 UL1l=UL
CALL SPEED(AL,AG,SL,SG, sr UL,UG,RL,RG,JL,JG)
DIFF=ABS(1.0-UL/UL1) —
KA=KA+1
. IF(KA.GT.1000)GO TO 800 :
CALL LAMTURB(RL,RG,JL,JG,ICHANG,K1) - . " t : ,
775 IF(ICHANG.EQ.1)GO TO 750 , t ' o
. IF{DIFF.GT.EPS)GO TO 750 ™~ '
ULS=UL*AL/A
UGS=UG*AG/A . _—
VOID=AG/A : .
,UG=100.0*DGAS*FLOAT(J) —
WRITE(3,*)UGS,ULS
t 800 PRINT 1500,ULS,UGS,JL,JG,H, VOID .
WRITE(3,*)2,2
850 .CONTINUE
R J
* FORMAT STATEMENTS - .
1000 FORMAT(/,4X,'ULS',S5X,'UGS',5X, 'JL',3X, 'JG',4x,'n',4x 'voIp',/)
1500 FORMAT(2X,F6.1,2X,F8.1,4X,I1,4X,11,2X,F4. 2,2X,F4.2)
2000 FORMAT(2X,7(F6.1, 2x))
REWIND 3 _
" STOP - :
END - ™~ *
. :

* SUBROUTINES. - .

.-

SUBRQUTINE SPEED(AAL,AAG,SSL,SSG,SSI,UUL,UUG,REL, GfJJL,JaG)
DIMENSION C{2),X(2) S
DATA ROHL/1,0/,ROHG/0.001185/, vxsn/o 01/,YIs6/ 155/ ,

DATA (C(I),I=1,2)/16.0,0.046/ T

DATA (X(I),I=1,2)/1.0,0.2/ .

'y

* SUBROUTINE SPEED CALCULATES THE WATER SPEED WITH

* GAS SPEED AND GEOMETRIC PARAMETERS GIVEN, S ¢

* »

* ITERATE -

x .' : Ln:-'ft . .- .
HDG=4.0*AAG/{SSG+SSI) '
REG=HDG*UUG/VISG - fl o
_HDL=4.0*AAL/SSL ’

REL=HDL*UUL/VISL r . e
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T1=ROHG*C(JJG)*SSG*AAL*(REL**X(JJL)) ) (,
T2=ROHL*C(JJL)*SSL'AAG*(REG**K(JJG)) . :
T3=SSI*(1.0+AAG/AAL)/SSG o ) ~
UUL2=(T1/T2)*(1.0+T3)*(UUG**2)
UUL=SQRT(UUL2)

RETURN

END

* * ¥

SUBROUTINE LAMTURB(REL,REG,JJL,JJG, IGEANGE,KK1)

SUBROUTINE LAMTURB DETERMINES WHETHER THE TWO . -
FLUIDS ARE IN LAMINAR OR TURBULENT FLOW AND ‘ -
ADJUST THE FRICTION FACTORS ACCORDINGLY ¢

¥ ¥ %

* ¥

f
. JGOLD=JJG

* IF(REG.GT.2000.0)JJG=2 » _ "
IF(REG.LE. 2000.0)JJG=1 ) . e T
IF{JGOLD.NE.JJG) ICHANGE=1 " : -
KK1=KK1+1' v ' ’
RETURN _ ' - I
END ' )

SUBROUTINE SPEEDL(AAL,AAG,SSL,SSG,SSI,UUL,UUG,REL,REG,JJL,JJG)
DIMENSION C(2),%(2) .

DATA ROHL/l.0/,ROHG/0.0012/,VISL/0.01/,VISG/0.15/

DATA C/16.0,0.046/,X/1.0,D.2/

SUBROUTINE SPEEDL CALCULATES GAS SPEED WITH
LIQUIP LEVEL AND SPEED GIVEN

* ¥ % »

HDG=4.0*AAG/(SSG+SSI) o S LS
HDL=4,0*AAL/SSL ' ' o
REL=HDLAUUL/VISL | .
FL=C(JJL)/(REL**X(JJL})
F1=SSL*AAG/(ABL*SSG)
F2=SSI*(1.0+AAG/AAL)/SSG
TAUL=FL*ROHL* {UUL**2) /2.0 , e
- FI=TAUL*F1 S : _ '
IT=0 .
* ' - —
* ITERATE .
*
6200 REG=HDG*UUG/VISG
FG=C{JJG)/(REG**X(JJG))
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7000

&8

L ]
TAUI=FG*ROHG* { (UUG-UUL)**2) /2,0 : ——
UUG2=(F3-TAUI*F2)*2,0/(FG*ROHG)
IF(UUG2.GT.0.0.AND.UUG2.LT. 10000000. 0)GO TO 6500
PRINT* ,UUG2 . ‘
PRINT*, 'ERROR IN SPEEDL' ) o
GO TO 7000 _ :

IT=IT+1 .

UUGl=SQRT(UUG2) '

ERROR=ABS(1.0- UUG/UUGI)

UUG=UUG1 : .
IF(IT.GT.1000)GO TO 7000. '

IF{ERROR.GT.D.001)GO TO 6200 : .
CONTINUE g
RETURN '

END

SUBROUTINE SHAPE1 {HT,AAL,AAG,SSL,55G,551,DD,RSTAR, DADEL)

PY=4.0*ATAN(1.0)

AA=PY*(DD**2)*(1.0-(RSTAR**2))/4.0

SS=PY*DD*(1.0+RSTAR) . .
ARG=1.0-{2.0*HT/DD) ' _ _ ' :
5SL=DD*ACOS(ARG) '
‘SSI“DD*SQRT(1.0—(ARG**2))
SSG=SS-SSL . i
AAL=DD* (SSL- (ssz-ané))/q 0 .
AAG=AA-AAL '
DADHL=DD*SQRT(1.0~ (ARG**2))‘
RETURN

END

SUBROUTINE SHAPE2(HT,AAL,AAG,SSL,SSG,SSI,DD, RSTAR DADHL)
PY=4.0*ATAN(1.0)

AA=PY* (DD**2)*(1,0-(RSTAR**2))/4.0

SS=PY*DD* (1.0+RSTAR)

ARG=1.0-(2.0*HT/DD)

SSL=DD* (ACOS (ARG ) +RSTAR*ACOS { ARG/RSTAR) )
SSI=DD*{SQRT(1.0-ARG**2)-SQRT(RSTAR**2-ARG**2) )
S8G=SS-SSL

AAL={DD**2)* (ACOS(ARG) - (RSTAR**2)*ACOS(ARG/RSTAR) -SSI*ARG/DD
+)/4.0

AAG=AA-AAL ‘
DADBL=DD* { SQRT(1.0-{ARG**2)) SQRT(RSTAR**Z-ARG**z))
RETURN

END

SUDROUTINE SHAPE3 (HT,AAL,AAG,SSL,SSG,SSI, DD, RSTAR, DADHL)

188
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PY=4.0*ATAN(1,0)
AR=PY*(DD**2)*(1,.0-{RSTAR**2))/4.0
SS=PY*DD*(1.0+RSTAR)
ARG=(2,0*HT/DD)-1.0
SSG=DD*ACOS (ARG) ' ’
SSI=DD*SQRT(1.0-(ARG**2)) ’
{ - SSL=SS-SSG

AAG=DD*{SSG-{SSI*ARG))/4.0 , ¥

- AAL=AA-AAG : '
DADEL=DD*SQRT(1.0-{ARG**2))
RETURN S
END

'SUBROUTINE spEEnG(AAL.AAG,ssn,ssc,ssx,uun,hUG,REL,REG,JJL,JJG)
DIMENSION C(2),X(2) :

DATA RouL/i;O/,RouG/u.001135/,vrsn/0.01/,vrsc/o.155/ .
DATA (C(1),I1=1,2)/16.0,0.046/ .
DATA (X(I),I=1,2)/1.0,0.2/ -

HDG=4.0*AAG/(SSG+SSI)

REG=HDG*UUG/VISG

HDL=4.0*AAL/SSL

. REL=HDL*UUL/VISL .
T1=ROHG*C(JJIG)*SSG*AAL* (REL**X(JJL)) . . _
-T2=ROHL*C{JJL) *SSL*AAG* (REG**X{JJG)) s
T3=SSI*(1.0+AAG/AAL)/SSG "

" UUG2=(UUL**2)/((Tl/TZ)*(1.0+T3))_
' UUG=SQRT(UUG2) .
RETURN
END



