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ABSTRACT
. —
g ‘ . SN

Two-phase flow in horizontal chanp€ls/Amas studied

+

<

using air-water flow in one-ifich lucite tubes at ambient temperature.

The flow pattern transitions were visually investigated, and flow

pattern maps were constrﬁctgd accordingly. Measurements of void

. . .
distribution, mean void fraction and pressure drop were carried out.
. . ]

I

t

Effects of .flow obstructions on flow pattern

«

transitions were obser#edm, Also, effects on Qoid distribution and
: i T .

pressune'drOp were investigated for bubbly, slug and annular flows.

Two types of obstructions were- used; central and perlpheral which

'covered an area equal to 25% of the total cross section area.

The obstruction changed flow pattern transition ,
boundaries, The void distri ution was shown to be most affected
for bubbly flo*. Pressure drop for all flows‘was higher with tﬁe
centgal obstruction. Several other observed phenomena are also

discussed such as;cﬁéngeé of bubble sizes, pressure -regeneration,

<A

etc,

-

The DISA 55352 optical proébe was used to measure

. the local void fraction with a st tic trigger level. This probe

proved to be adequate for the investlgated flow reglmes, howeveg),r~“’

there 'was a llmltation on its use for higher flow rates due t6
;‘ . ' // ™
pressure fluctuations. - (/
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CHAPTER 1

INTRODUCTION

* - .
Two-phase flow plienamena’ are receiving increasing

attention due to their imporf e in the petro-chemical industry
and nuclear reactors. Many studies dealing with two-phase flow

have been made in order to méét the pressing heed for improved

and reliable design procedures,

The presént thesis aims to {nvesti te two-phase
flow in horizonfél channels. As the Canadian Nuglear Reac:;r,
CANDU, has a horizontal core configf;;;;;n, t;o— ase flow in
horizontal channels is of’paréicular importance in the CANDU

design. Horizental two-phase flow is characterized by the .

gravitational effects leading to an asymmetric flow.

It is a well known fact that there are natural

patterns among existing flow configurations. Within each pattern

a4

the spatial location of each phase is more or less similar. As

a_resuit, one might expect a set of boundary conditions to be

peculiar to é particular flow pattern. In the current study,

* “Two—phase flow is a term covering the interacting flow of two
phases where the interface between the phases is influenced by
«their motion, while the geometrical boundary of single phase is
fixed,



drop respectively. i 5

the flow patterns were investig?ted,-and void distributi;n and
pressure drops were meésured, since thesé data are essential.to
<the study of two-phase flow. ‘
§pacing devices for nuclear fuel bundleé are knpwn
to have lérge effects on the CHF. 1In geqeral, heat transfer
coefficients are enhanced in the post-CHF reéion due to the
improved subchannel mixing and the extra turbulence generated by
the spacers, on the' other hand'ﬁ}essure drops af; increased
éignificantly. @ﬁﬂépgcers are used in the CANDU reactors, one

A ] oo

of the goals of‘thé present study is to investigate the influence

of flow obatructions on the flow pattérns, void distribution and

pressure drop. Two types of cbstructions were used %o simulate
the spacers, a central and a peripheral,
. ) ' »

In the current Studies, a two—pﬁase flow‘loop was
designed and commissioned'in'orﬂer to conduct the experimental
work. For void distribution measurements, a DISA 55552 optical
probe was used in conjunction with a phase indicator and void
fraction unit. Quick-closing valves and a multi-column differential

<

manometer were used to determine the mean void fraction and pressure

-1

~ R
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CHAPTER 2

LITERATURE SURVEY

The increasing importance of two-phase flow in °

+  industrial applications has induced extensive research, generating
a number of papers with a wide range of topics., In the present

, survey, some of the confpibutions are mention?d. relating to flow

pattern maps, void Ais%ributions-and pressure drops, which are

ﬁ\‘ the topics of the priéent thesis. ‘ ' A

b "

-

&

2.1. Flow Pattern Maps in Horizontal Co-current Flow,

It is well known that there_are‘natural groupings .

-among a wide variety of two phases distributions which are observed.

4

The configurations of the gas and liquid distribution are called

'FLOW PATTERNS' or 'FLOW REGIMES'., . The mﬁss flow rates of- the
/

/ ‘ ) ‘ oo '
two phases, .the channel size and geometry, and the physical properties
of the two phages "are the factors that havejbeeh found to influence -
flow patterns in adiabatic two-phase flow [i].

For horizontal flows, the liquid phake tends to be



displaced towards the bottom of the channel due to the gravitatignal

. \
force. This results in asymmetric flow patterns. As most of the . -
» . . P
classification is based on the_qua}itative and subjective judgement

—

of the observer, th¥fe are more than 60,names'gsfigpéﬁ/to the . '

particular configurations iﬁ horizont® co-current flow. Aﬁbng
them, six flow patterns are generally-accepted aé shown in Fig. 2.1.
[1,2,31-
1. Stratified Flow: The liquid flows along the bottom of the
channel and the gas'along the‘top. The interface between
them is smooth.
2. avy Flow: The liquid.aﬂd gas are segeféted as stratified
flow, but the interface is wavy. |
3. Bubby Flow: The gas is dispersed in tﬂe form ?f small
bubbles in a continuwim of the liquid. The bubbles tend to
" flow along the top of the channel., - . ‘ ) :

4; Plug Flow: The elongated bubbles tend to move in'a position

-

ad jacent to'the top of the channel‘in.a Eoﬁfinuﬁm of the
liquid. “
5. Slug Flow: The waves at.the interface are ﬁicked'up, fesulti;g )
- in frothy slugs which_aré propagafed along the channel at a
high velocity. - B ¢ T |
6. Anmular Flow: The gas flows in theréenter of the channel, ' s

while the liquid flows through an annular section. ¥ The liquid

~

B . .o )
film at the top is thinner than that at theé bottom.

¢
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x L

There are many parameters affecting the flow patterns
. r
as discusseéd. The controlling physical parameters differ in each
pattern, Hence, each of the patte}ns requires a different approach

. . ~ )
to modelling of the mechanism of pressure drop and-heat transfer.

[
2

i

o
As flow patterns are important to the analysis of .

-

- two-phase flow characteristics, numerous flow pattern maps have
been suggested in order to fépresent the transition from one patter;
to another, ‘In general, most of the cdordinates that have been
~ uged in two—diﬁensional maps can be divided into “wo groﬁps.
Qne ig bééed on the physicél‘para%etérs and the other on the
dimensionlégs group 6: influgncing var}ables. ngever. in both
cases, it is impossible to represent various transitions using
only a two—di?en§ional plot, because it is\unlikely that the same
parameter would affect different transitiops governed by different
forces tl,4] . : R ~

\ . - One of the first flow pattern maps was.propdsed by
Bergeiin and Gazley[5] using air-water in a one-inch pipe,

Baker [6] preftnted a map based on the daté obtained
by Jenkins[7]1, Gazley[8], Kosterin[9]and Alves[10]. He chose

GG GL1¢
a number of variables such as Rﬁf and _=__ ag the coordinates,

Here,

a:[( e ) (L )]1/2 (2.1)



and

73.0 [('#L ¢ 62.3 )2] 1/3
o 1.0 Pr .

'(_2.2)

o, . .
J.M, Mandhane et. al.[1l]] proposed a map using

xtenslve data contained in the UC " multiphase pipe flow data bank

The phy31cal parameters such as the EUperf1c1al velocities of the

A
liquid and gas were chosen as the coordinates.

Many other maps based on experimental daté ﬁave
been proposed by other investigétons: amongs? whom are Jenkins[7],
Gazley[8], Kosterin[9], Johnson and &bou—Sabe[la];¢A1vés[ld], White-
and Huntington[13], Hoégendron.[lzl] , Govier and Omer[i5], Scott [16]

and Eaton et. al.[17].

The maps resulting from experimental data have
limited ranges of validity according to the experimental conditions.
This is the reason why there is a growing trénd towards the
development of physical models, although empirical correlation

methods are widely used.

% UC: University of Calgary



o : b - 7=
A generalize@ flow patéern‘hap based on phyéicgl :
modeling of the transition mechanism was presented:by Tﬁitel énd
Dukler[18] . Five different dimeﬁsionless grqéps fesulted from
tﬁe ﬂ?thematical model used, because the mecﬁahism-forltransitiéa
. ‘ .

is different between each pair of flow patterns, - Théy_are:.“

- dp S /2
dx- L
= - - ‘ : (2.3)
dp ) -
dx G o L ‘ :

where X is the parameter introduced by Lockhart and Martinalli to

: be discussed in section 2.2.2. . : (ﬁfﬁhﬁ

- o 40 \S ' 1/2
' dx L

T =
| (pL-pG)gco_se

(2.4)

where T is considered as the ratio of forces caused by the

turbulence to forces of gravity acting on the gas.

. |
" ' (p, - ) g sing
BT b A < . (2.5)




v s

-

. -where Y -represents the relative forces acting on the liguid in
| the flow girécfionadue to gravitational forces and pressure drop.

o

(2.6)

.

where K is the product of:Froude number and the square root of

: <
the superficial Reynolds number of the liquid.

The particulér transitions were shown to be
contrelled by the following groups ras illustrated in Fig. 2.2,
The groups are as follows;

Stratified to Annular X.F.Y

Stratified to Intermittent X.F.Y.
Intermittent to Dispersed Bubble X.T.Y

Stratified Smooth to Stratified Wavy X.K.Y
Annular-Dispersed Liquid to Intermittent

and Dispersed Bubble XY



. ) 2
2.2 Pressure Drop for Two-FPhase Flow.

‘The accurate prediction of pressure head is
- important for the design of twb;phase flow systems. Proper’

pumping-powers are necessary to maintain a required mass flow

L4
~

rate. Howevenr, little information on generalized pressure drop
correlations has been'dbtained due to the ®existence of complex
behavior at the phases interface.

The pressure gfadient for two—phasé flow head in

a uniform channel is given by : . -

[oH

ap_ _Bp Py . (2.8)
dx dx dx dx

dpp. dp, dp g -

‘ . dx ' dx ' dx -~
are respectively the frictional, accelerational and gravitational

where %ﬁ is the pressure gradient and

components of the pressure gradient. Each component cén be derived
using a one-dimensional momentum and energy balance for slip
between the phases and for na‘slip betwéen the phases. -Thesg
components are shown in Table 2.1.[3]

Numerous gtudies have been carried oﬁt to
correlate the frictional component, since this component must be

determinéd empirically, whichever equation is used.
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LY . - ) o
Three basic models have been considered, tﬁat is, homogeneous

flow models, separated filow models and mixed flow ‘models.

2.2.1, Homogeneous Flow\Modgls. ‘ ' . P ]

These models are based on the assumption that 'S

. s

there is complete interaction between the gﬁases. The single \T\\\

phage equations are used with suitable mean physical properties. \\\\,/_
Since the friction factor is determined.as a function of |

homogeneous Reynolds number, the prediction for a two-phase

viscosity is of great importance for the successful use of this

model.

McAdams et. al.[19] propbsed the equation'

i

= +

1 B p.3 1-x , (2.9)
My Ha HL ' '

Cicchitti et. al.[20] -suggested the definition

Dukler et. al.[21] have used the equation

' . 2.11)
~“H=PH[va po+ (1 -x) v pL] ;.( )




2.2.2., Separated Flow Models.

LY

PR

These models are based on the assumption that
there is no 1nteraction between the phases. It is implled that
~ the pressure gradient in each phase when flowing together 1s
equal to the-pressure gradienf\pﬁédﬁqed when each phase flows
seﬁaratelj in a'channelvhéving the same éross secjional area as

*»

that occupled originally.

Lockhart and Mertinelli [22] introduced the two-

phase multiplier defined as

.
dpg dpp (2.12)
o2 _ dx /TP - &2 - ax /TP &
e = dpp\S L dp\S (2.13)
dx /G TN dx /L

By piottingcbc and @y, against X, ghown in Fig. 2.3.,
. a general correlation of.two;pﬁhse'frictional pressure gradient

‘'wad derived.

2.2.3. Mixed Flow Models.

1 Ea

_ These models are based on the .assumption that

,‘ ')j .
there iz a certain degree of interaction between the phases.
. A

oo



Baroczy[23] has intrdduced mass-velocity correction
factors to the frictional pressure drop correlation using the

parameters X and A . A is defined as

*

0.2 ‘ ’ -:.- 1..
AL te _('"L) |  (2.14)
.\ R

This was introduced because he was convinced that the deg}ee of .
, . ‘ A
interaction between the phases seems to depend on the flow rates
of each phase. A
Chisholm and Sutherland[24] improved Béroczy's
method in a simple way by d&efining a generalized ﬁaramefer r,

where I' is given by

2.2.4. Pressure Drop Across the Obstruction.

As the information on pressure drop across flow
obstruction is essential in the design of two-phase systems,
many studies have been carried out. It is difficult to'Obtain

reliable procedures to predict the pressure drop because of lack

of knowledge in analyzing the mechanism.

o dpp, dpy, T
r2=(dx )G/(dx )L' B - (28)



-13 -

o Pressure drop acro%s an orlflce plate was expressed

by Hoopes[25] and Thom[26] as

. Y - e . 2 e [2 v 2 -
S L AN . ((1-x ) G . x PR
e AD = 2’-[("6) 7‘ 1] [ et v ;;-] (2.18) .

'Tﬁis‘eqhatioﬁ wéé-derived under;the'aésumption of-ﬁomOgenebus flow

T and modifled by tns use of two-phase_ multlpller'., However, the -

s accuraCy of*predlctlon was + 50 per cent f" e o

- T . P
- N

AT ey L o . v LT

- . = i M

~ _Chigholm ahd hiétps;;;;kers[g7]propbsed'a‘cémbletely

'rdiffgrEnt and éupérior.metﬁbd;hnder théjaé%umption that there "
_'exlsts a shear force hetween the. phases. Momenfum balance across

- Y e 5 -

the orlflce was applled to the- two~phas§ flow. This resulted in

Jge relation T - L " SR
-ApTP ) ) (:-.., 1 o - .‘l* :
i - 1+ Tt - - (2.17)
L -
L “ =
' where -
. 1 . X
C=72 -
+ 7z ,
i A

Hoﬁever, a general procedure for predicting Z has not yet:beeqi

developéd.

Little information on pressure drop across a

-

central obstruction is.founqun the literature.
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- Studies on pressure drop through enlargements,
contractions and baffles have been carried d&t by many workers,

amongst whom are; Romie[28], Ferrel and McGee[29], Geiger and -

Rohner[30] , Fitzsimmens[31], and Couturier[32].

- - -
2.2.5. Analytical Method.

An attempt to solve the Navier—Stokes equations
to obtain thé ﬁressure-gradienﬁ analytically was made By Charles
ghd'Rgdburger[BB]. The finite difference equation was applied
using the-relaxation procedure. As the Reynolds number of
liyuid pﬁaée increased, the deviation_from the experimental data
obtained by Russel increased. This is probably due to the fact
that tﬁe analytical'method cannot correctly account for the
complex pheﬁomena which occur in two-phase boundaries.

T

2.3.° Void Fraction Correlations

The void fraction is defined as the ratio of the

gas phase’flow area to total flow area, and can be expressed as

~1 - ' (2,18)

=R
(]

™

where 7 is the slip ratio.[3] %
. \ N .. ‘
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In the homogeneocus flow model, ‘the void fraction

can be obtained by simply setting 7=1. Hence, ]

1 b -
-1l - % pG -
- 1l + " P
' : L .

In the separated flow model, Leckhart and Martinelli[22]
proposed a void'fractiéh correlation using the parameter X, shown v
in Fig. 2.3.. Tuner and Wallis[34] derived the void fraction

relation based on their separate cylinders concept. It can be,

shown as . ’ -

a = ' (2.20)

Zivi[35] suggested the slip ratio correlations rather than void

‘fraction correlations as

el | ( P, )1/3 ‘
LT M= f—— (2.21)
. | P

In the mixed flow model, Premoli et. al.[36]
corr%lated the slip ratio increment An equal to 7-1. The result

is expressed as a function of several parameters as follows.

_ Y _ (2.22)
an a‘/1+by by |



where )
y = ®H . . . (2.23)
1-a, . :
) ‘
' -0.19 0.22 2
S a = 1.578 Re. ( pL/ Pe )- (2.24)
o £
b = 0.0273 We Re;0*°1 { .oG/ P )0'08 (2.25)

L

”

Re =GD/FL

-

(2.26)

We = G° D lop, - (2.27)

~Bankoff [37] , Hughmark [38], and Armand[39] correlated the void
fraction and the volumetric quality given by

5 = (2.28)

x
T

It'was suggested that & increased with pressure and § was a weak o

fupcfion of mass velocity.

et !

§

Various types of two-phase flow instrumentation

- L -]
2.4. The Measurement of Vold Fraction.

have beén developed and utilized to determine the average and/or

Average measurement techniques provide

local void fractio
1ine, area or vdlume averages, while local methods provide

measurements at a-specific location.
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. .
The local instruments require the insertion of a probe, which
detects changes in the physical properties inherent in the two-

phases at the point of interest[40}. . .
2.4.1. Isokinetic Praobe.

An isoﬁinetié probe samples the tﬁo—phase mixture

under isokinetic condltlons, that is, when the statlc pressure
at the entrance of the 'probe 1s kept equlvalent to the static

pressure of the test section. This was deslgn;d to measure not
only the local void fraction, but thg velocities of gach”phase
in certain flow regime. However, it is very ﬁifficult to obtain
the isokinetic conditions because of the inherent pressure.
ﬂuctﬁation's *3f the two-phase flowl4l,42].

2.4.2. Hot Film and Hot Wire Anemometers.

The probes make use of the féct that the heat
traﬁsfep coefficient is different in tﬁe two- phase fléﬁ. The
probes.can be used in two-component two-phase flow, or in one-
component two-phase flow with Qﬁbsg change to measure the local
void fracti;n. It is also possible to measure the velocities,

since heat transfer rates vary according -to the velocities

[43,44] . . '
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2.4.3. Optical Probe.

The optical probe detécts changes in the ref;actiﬁe-
indices of the two‘phase mixtures, enabling measurements of local‘
void fractions. The opti;al probe is probably the simplegtAdevice
for obtaining information-oﬁ'phésé distéibutions. Also, the small
size of the U-shaped fiber sensor gi@es the least disturbance to

the flow[43,45].

2.4.4. Electrical Probe’ ,‘ I

[

The electrical probe detects the significantly

different electrical conductivity of each péoh3;‘°Hence, the liquid
should be conducting and continuous, if this probe is to be used to .
measure the local void fraction. - For D.C. excitation mode,

electrochemical effects tend to alter the response time. Also,
it is necessary for an A.C. supply to have a current frequency

gignificantly different to that of the physical phenomenon under

observation [43].
2.4,5. Photon Attenuation Techniques. \n_\
This method makes use of the principles that a

gtationary, homogenecus material will absorb a monochromatic beam

of constant intensity. Using this method mean void fractions can
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be measured without disturbing the flow[43].

2.4.6. Quick-Closing Valves.

One of the simplest ways of obtaining the mean void.

fraction is to stop the two-phase flow in a restricted volume hy

closing two gate valves simultaneously [46] .

ot
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CHAPTER 3

EXPERIMENTAL APPARATUS AND PROCEDURES

-

3.1, Loop.

A two—phasé flow loop was designed and built as

shown in Fig, 3.1. in order to carry out the experiments.

*

The inlet section, test gection and exit section
were 6 m long and were supported in a horizontal position. To
enable flow visualization, 25.4 mm I.D. lucite tubes were used.

3.1.1. Air-Water Mixer.

As illustrated in Fig. 3.2, schematically, the air
and water flowed through a honeycomb mixer at the inlet of the
test sections. ' '

3.1.2, Test Sections.

The main test section was located at 120 hydraulic
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-

.

diameters downstream from the air-water mixer. Along this section,
W"’ . B
provisions were made for measurements of the mean void fractions,

local void fracfions and pressure drdps. Also, it was possible

\

to rotate the test section. Flow obstructions with different
shapes and sizes could be changed in the test section, Fig. 3.3.
ie a schematic diagram showing the locations of the optical prcbe

and the; obstruction, while Fig. 3.4, shows the locations of the

pressure Yappings and the obstruction.

3.1.3. [Quick-Closing Valves.

Two quick—closing valves, 1.218m apart, were v4;
™~

installeq to hold up the flow over the length of the tube enclosed

by the valves. \Sliders connected by a mechanical linkage were-

operated simultaneously by a spring tension of 175 Newtons.

Fig. 3.5. shows this mechanism. - .

3.1.4. By-Pass .System
A by-pass system was devised in order to prevent .
damage to the experimental set-up by the high pressure resulting

from the rapid flow interruption.
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3.1.5. Throttling Valves.

Two ball valves were installed at the inlet and
outlet of the test section. The inlet valve reduced the
fluctuation of the two-phase flow, whereas fhe outlet valve
.controllied fhe static pressﬁfe of the test section,

3.2. Air and Water Supply System.

Air was supplied from a WAS-75 Airscrew type
compressor at about 0.83 MPa, with maximum flowrate capadity of
0.2 kg/sec. This compressor was commissioned and installed for
the prgsent project. To measureathe air flow rate, three
rotameters and an orifiée plate.were installed in parallel. The
ranges of the meters were 0.002-0.02 kg/sec, 0.015—0.13‘kg/sec,
0.02-0.2 kg}sec and 0.00028-0.0024 kg/sec respectively.
A Bourdon type pressu£e gauge was used to measure the static pressure
at the entrances of the rotametérs, whereas a U-tube manometer
filled Qith mercury was used for the orifice plate. The calibration
chart for the rotameters was supplied by the manufacturer, and’is_
shown in Table 3.1.. However, the orifice plate was calibrated
;ith a precise wet volume test meter, and the result is shown in

Fig. 3.6..

-

s
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R

Water was drawn from a building service line at

~about 1.03 MPa. A rotameter having a range of 0.16-1.7 kg/sec

was installed to meter the water flow rates. By collecting the

!

water, low flow rates were measured,

T
-t

Commerc1al K-type thermocouples menitored the

temperatures of each phase

3.3 Instrumeptation

!
3.3.1. Optical Probe System

The DISA 55852 mlnlature optical probe in conjunction
with the DISa 55801 phase 1nd1cator unit and the DISA 55S11 void

fraction unit was used to Mmeasure the local void fractions.

~ The optical probe comprises the probe body, the
stéinless steel tube and fhe probe tip, The probe body contains
a light source placed at -the end of the optical fibre and a photo
transister at the other end. an optical fibre is beﬂt at the tip
to form a U-shaped sensor and mounted on. the 0.003 meters diameter
stainless steel tube. ‘The fibre is 40 micrometers in diameﬂﬁ?

- ﬁ
cxq
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of the liquid phase.
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, The probe signal is amplified in the probe body"
and £he'output is normalized so that liquid phase at the tip gi;es
5 volts and the gas phase giyes 4.4 volts., Thus the modulation
is approximately 600 * 50 mV peak-to peak and this level ia.preget

for Air-Water measurement.

The phaée indicator provides-a regulated 5 volts ﬁ.C.'“
and 12 volts D.C. to the probe and the void fraction unit respectlvely.
This converts the probe signal’ 1nto a loglcal SLgnal representlng
the presence of the phase at the tip. Two kinds of tnigger level

are used; a static level and a dynamic level,

For the static output, as shown‘in Fig., 3.7., a
fixed trigger level typically set at 4.6 volts is used. The
amplitude of the input signal is compared with a fixed level in
a compérator. When the probe signal is higher than 4.6 volts the

phase indicator unit gives 0 volt outpﬁt, representing the presence.

Fig. 3.7. also shows the Aynamic signal which is
obtained by using two trigger levels, a high and a low level.
The two trigger levels are determined as a percentage of the
differeﬁce between the average maximum and the minimum values of

the probe signals,
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The void fraction is -integrated in the void fraction

-

unit and displayed as a percentage.

As shown in Fig., 3.8., a micrometric transverse
mechanism was designed to engure the radial displacement of the
optical probe to an accuracy of + 0.02mm. Also, g;large'ahgre

divider was installed to disp the probe by angular increments

of 10 degrées. . Y
3.3.2. Pressure Drop Measurement System.

In order to measure the pressure drop, a,pressure

drop measurement system was built as shown in Fig. 3.9..

'
.

The. Mariam 33KB35 8 tubes manometer was connected -
to the pressure tappings, and tﬁe pressure reservoir which was
connegted to the pressure tépping downstream of the test séction.
.Mariam ¢il(S.G. 2.95) columns show the pressure differences betweeﬁ
each meaguring poiﬁt and the reference pdint, that is the pressure
reaervoir. Toggle—operated valves were installed between tﬁe
columns and the pressure tappings and also befween the colum

and the pressure reservoir to freeze the pressure fluctuatic

A precise Bourdon type preésuré gauge wasg mounﬁed on the pres

reservoir to measure the static pressure at the reference
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By-pass lines were provided to remove the air bubbles inside the

connecting lines as this minimized the errors in the pressure

readings.

3.4.

3.4.

Experimental Procedures.

~

r

1. Local Void Fraction Measurements.,

The desired flow rates of air and ;ater were fixed. The
desi;edipreasure wag built up with the gid of a throttling -
valve at the.end of the test section. Fluctuations due to
throttling were reduced using a valve at the outlet of the
air-water mixer.

The probe was positioned radially with a micrometric
transverse mechanism, and angularly with a large angle
divider. Undeﬂ the assumption that the void distribution ]
was symmetric about the vertical center line of the cross
section, 95 points were located across half of the cross
section. At each point, 6 readings were taken.

The air and water temperatures were close to the room
temperature, and were sufficientiy constant during the
experiments. When a large variation was detectéd in flow

rates, an additional measurement was taken. .o
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3.4.2. Mean Void Fraction Measurements.

I

Flow conditions were set as previously stated.
By rotating a rod which connected the triggers of each valve,

two quick-closing valves were closed simultaneously. A bypass

system was opened after activating the quick-closing valves to
prevent damage to the experimental setup. The amount of water
poured into the test section to fill the poftion previously
occupied by the air was metered. Three measurgments were taken’

- £

.

for' each flow condition. ‘ -
3.4.3. Pressure Drop Measurements.

To reduce the experimental errors, air bubbles
in the pressure lines were removed. Following closure of the
drain valves, the desired flow conditions were set. When the
pressure differences were built up in the manometer, the quick

shut—-of'f valves between the pressure tappings and the manometer,

" and between the reference pressure reservoir and the manometer

were closed simultaneously. The pressure differences were kept

frozen in the manometer free from pressure fluctuation.

Ty
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3.5. Data Reduckion

©3,5.1. Void Fraction.

o | ‘

For a given angle, the local void fraction was

interpolated linearly between 6 experimental points for the’

desired void fractions such as'99%, 90%, 75%, 60%,50%, 40%, 30%,
20%, and 10%. By connecting thé points with ‘he same void values

across half of the cross-section,.ng—void“lines were drawn.tA

A
N

- “ J

- ;
The integrated void fraction(IVF) can be expressed

as

. R ‘-'41 ”
rﬁ\_\}VF = —25 S SW al(r,8) r 48 dr \\Hix;y (3.1a)
TR ;
0do L |

-

. . h_"-
For the purpose of obtaining an integrated void fraction, the

section was divided into 95 segments. 1In.the center of each of

these 95 segments, the void fraction was obtained experimentally.
‘ 3
This experimental Yg%pe/ s assumed to be representative of the

e
void fraction in the whole segment, The IVF can be obtained

L

numerically as

Z(“i.x Ai) : S (3.1b)
o, ) .
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The mean void fraction can be easily evaluated by
e’
dividing the volume of water poured into the test section by the .

total test section volume.

The quality is expressed as //ﬁfv
- W
X —_-‘—-G—_‘; (3.2)
\

using N
” TN
W ? — (3.3)
G 3
. Vg=———, U =— " &

L At (3.4)

The slip ratio is
7= Ve X A Ll-ae (3.5)

=" o \ -
- UL 1 b4 I&

The superficial mass flux is defined as the mass flow
L rate of the phase divided by the total cross sectional area, and is

[=3149] sed as

(3.6)

p (3.7)



J

The readings of local void fraction for Fig. 4.12.

]

and the sample calculation is presented in the Appendix.

3.5.2. Pressure Drop.
¥

The pressﬁre drop can be calculated by considering

-

the difference between the column heights. This is given by

P =( Pvarian'® pWater) g Ah (3.8)

where Ah is the difference between the column heights. 3

A

‘The two-phase frictional multiplier is given by [22]

. d "
| ( . )
dx
2 P
| <bL = < . (3.9)

( dpF )
vdx L

. : |
The head loss coefficient for water acros® the

bbstruction is defined as -

(aP),

k = 2 (3.10)
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The two-phase multiplier for the head loss coefficient

is calculated with the relation

‘ (AP).I',P . :

-

2 ' .
tbLH = (3.11)

The frictional coefficient for single phase flow is

expressed as

AP D 2g
f = 3 (3.12)
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CHAPTER 4

DISCUSS'IOND OF RESULTS

4.1, Flow Pattern Map, ' ~

Although there are some widely used flow pattern
.maps for air-water flows in.0.0254 m I.D. tubes, a flow pattern
map for the plain tube was constructed using a visual investigation
methoa to enable consistent decision making for the various flow

pattern transitions, in order to evaluate flow obstruction influence

more accurately.

A strobe light was used to freeze the movement of

hubbles, so ﬁEﬁ; the sizes and numbers of the bubbles could be
easily investigated. Also, some photographs were taken, and the
photographs for each regime is shown in Fig. 4.1.. Void

- redistribution for bubbly flow past a peripheral obstruction is

+

shown in Fig. 4.2.. The superficial velocities of water and air

were used as coordinates. ' ~
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4.1.1, Flow Pattern Map for Plain Tube,
o
In the transition boundary regions, 152 points
were invéstigated, and are shown in the form of a flow pattern
.mép in Fig. 4.3.. Table 4.1. shows the superficial velocities

of air and water at 152 experimental points,

In the figure, this map is compared with others
which have been proposed by Mandhane ét. al. [11] and Dukler
et.-al. [13] . . - Stratified and wavy to mixed{(plug and slug)
transition occurs in lower 1iéuid velocities. Also, mixed to
bubbly transifion appears in lower liquid velocities. In the

(}case of slug to annular tranéition, there is a fairly good
agreement for lower liquid velocities with Mandhane's results,
but in higher liquid velocities there are some discrepancies. Nﬂ?
However, stratified to wavy and wavy to annular transitions show
very good agreement with their results. -The observer's criteria
on transitions would probably cause the discrepancy in plug to

slug transition. .
4.1.2. The Effects of Flow Obstructions on Flow Pattern Transitions.

Figs. 4.4. and 4.5. show the flow pattern maps for

the test sections with peripheral and central obstructions respectively.
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The flow obstruction ratio was 25% and visual investigation for
152 points in the transition boundaries was conducted in the
region following the obstruction. Tables 4.2. and 4.3. show the
superficial velocities of air and water at 152 experimental points

for central and peripheral obstructions respectively.

Fig. 4.6. illustrates the comparisoh of the

transitions with those in the plain tube.

1. Stratified to wavy transition: ‘ : .
This occurs at lower gas velocities, since obsfructions =
disturb the two-phase flow resultiﬁg inaa wave at the sufféce
of the water. The peripheral obstruction mainly disturbs
the water flow, while the central obstruction inéreaseé.the
gas velocity and disturbs the interface between the gagxénd
liquid. The results show that the central obstruction has,

- a stronger effect.

2. Wavy to slug transition:

This takes place at lower liquid velocities. As the flow is
disturbed by the obstruction, the waves are generated at lower
liquid_velocities and are consequently picked up to form a
frothy slug. The central obstruction has a sironger effect

as previously explained.
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3. Slug to annular trénsition:
This appears at lower gas velocities. It can be explained
by observing that liquid phase is pushed out to the wall
after it passes the obstructions, so that an annulus can he
easily formed. 1In this-fransition, the peripheral 6bstruction
shows a stronger effect, because the central obstruction helps
the flow homoginization and raduces -its effect on transition

boundardes. ~

4.2, Optical Probe Performance.

Using an optical probe, local void fractions were
measured for nine different inlet conditions. These measurements
were carried out in the 1.218 m‘long test section enélosed by the
guick—closing valves. The probe was mounted at the middle of the
test section. The distance between the probe and the air-water
mixer was kept at 144 hydraulic diameters under the assumption
that there was little evolutiom of two-phase flow compared to the

development near the mixer.
4.2.1. Dynamic Trigger Level,
Table 4.4. and Figa. 4.7., 4.8. show the result

of measurements using the dynamic trigger level.

4
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1t was fo;nd that with the d;;amic trigger level the obtical probe
gave a considerably lower void fraction than that obtained using
the quick-closing valves.i It is believed that the disagreement
was caused by the fact that the dynamic trigger level is not
suitable for the flow regimes under consideration,. According to
the system description, the dynamic trigger level could’cause
difficulties in cases where there are peri;ds longer than one

second with the gas phase at the probe tip. As flow separation

{hcreases; a larger discrepancy occurs.
4.2.2. Static Trigger Level,

The static trigger level, however, gave pgood
agreement between ‘the integrafed void fractions, obtained using
an optical probe, and the mean void fractions, obtained using
the quick—closing va%ves, as shown in Tablé 4.5.. Fiés. 4,9.-4.15,
show the obtained void distribution. The iso-voidage lines are
fairly horizontal throughout ;he cross section and tend to move
upwards near the wall. As expected, the water film at the bottom
of the channel was thicker than that at the top due to the force
of gra%ity. As the air flow rate was increased, the air phase

tended to flow through the middie of the the cross section

resu%iing in a more symmetrical void distribution.

J,’}
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The void fractions were calculated according to
A3

_the homogeneous model, Zivi model and Premoli model for the .

corresponding inlet conditions. As shown in Table 4.5.,
experimentally obtained values were closé to those prédicted by
tﬁe models of Zivi and Premoli, so that one can conclude th?t the
homogeneous model does ot represent the observed flow. These

models have been proposed based on the mixed flow model and are

discussed in section 2.3..
4,2.3. Limitation on the use of Opticai Probes.

There were several féilures of the probe tip
for considerably high flow rates; air: 59,2 kg/mzsec:
water: 592 kg/mQSec. This seems to be due to the preséure
fluctuations of two-phase mixture, since the tip performed properly
in an equivalent single phase flow, either air or water.

4,3. Effects of Flow Obstructions on the Void Distributions.

{'—ﬁ\\_,/’~

4.3,1. Bubbly Flow.. N

In bubpbly flow, void distributions and the

integrated void fraction were considerably changed due to the

flow obstructions.




Fig. 4.16. illustrates the change of void distribution aleng

Peripheral obstruction.

the test section. Void distribution at Tap 1 where the flow
is not yet disturbed is characterized by the air phase tending

to move along the top of the chanmel.

As the flow approaches the obstruction, the increase of voidage

.can be found. This is probably due to the following mechanism;

the air bubbles ‘are slowed down by the obstruction more than
the liquid phase, since the air bubbles have smaller kinetic
energy per unit volume. As é result, the slip is decreased,
and the voidage is increased.

-~
Following the obstruction, considerable flow homogenization
can be observed at the bottom of the channel resulting in an
increase of voidage. The change of the paths of air bubbles
causes the decrease of their momenta in the direction of
flow, and consequently the ratio of inertial forces to the
surface-tengion %orces is decreased. qﬁ?is introduces a larger
number of bubbles with smaller diameéers, resulting in an
increase of voidage;‘f?pg obstruction also introduces

+
turbulence which is known to produce bhreaking up of the bu?i}es

-

because of momentum redistribution.
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At 12 hydraulic diameters downstream from the obstruction,
the iso-voidage.lines become similar to those at Tap 1.
However, air phase was still detected at the lower part of

2
the channel. It could be observed that the length of

disturbed flow was about 20 hydraulic diameters.
Central obstruction.
The general influence of the obstruction is similar to the
peripheral_case; but the effect is much stronger as shown in
Fig. 4.17. because of the following reagons.
Although the ratios of obstruction are the same for both .
cases, the area affecting the two-phase mixtures is larger in
the case of the central obstruction. This caused the slowing

: "
down of bubbles, resulting in a slip ratio of less than one.

Also, the central obstruction increases the,bubble breakdown,

therefore smaller sizes of air bubbles we}e observed. In addition,

three supporting bars, required to hold the obstruction, help

o

the flow homogenization. .

P

.
L4

At Tap 3, the voidage distribution was still quite far from
the non-disturbed distribution observed at Tap 1, since the
~

flow homogenization was largely achieved by the central

obstruction. The flow was recovered at -about 30 hydraulic

o
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diameters dbwnstream from the obstruction.

One can thus conclude that for bubbly flow the central

obéﬁ}ﬁction has a stronger effect.

4.3.2. Annular Flow.

The gffects of flow obstruction on the annular
flow were less pronounced than on the bubbly flow. The reason
for the decreased effect of the obstruction is due to the lesser
impoftance of surface tension phenomena when compared to bubbly
fléw. However, changes of wvoid dis?ribution could be observed.
1, Peripheral obstruction.

Fig. 4.18. shows tﬁe change of wvoid distributién along the
test section. In the undisturbed void distribution, the air
phasg flows in the centrailbart of the test section and the
liquid phase forms an annulus. The dist?;bution is asymmetric,
g8ince air phase tends tq\ggfgiapward. Many sﬁall aif-bubbles

were entrained in the water film at the top of the channel.

For the peripheral obstruction, two contrary trends can be

.llli'j'}/':
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i. Because of its compressibility and the geometry of the
obstruction; the air phase is accelerated more rapidly
through the obstruétion. This increases the slip ratio
and leads to decrease of voidage. On passing the
obstruction, two-phase.fiéw also';ncounters the mixing
procedure. As a result, a great number of small air
bubbles are entrgined in the water.film. This decreases
the area available for the flow of air in'the separéted

central core. Hence, the voidage is decreased.

ii. -On the other hand, the air entrainment in the water fiilm
results in homogenization in the region close to the wall

.Due to this homogeni;ation, the slip’is lowered and voidage

is increased.

Between the two trends, the voidage decrease seems to be

sligﬁ%{g stronger as illustrated in Fig. 4.18.

At Tap 3, the two—phase mixture ig recovering the original
phase distribution. Howe&er. the water film at the top of the
chanﬁel is still thicker than in the undisturbed case, resulting
in decrease of voidage. The void distribution was recovered

within 15 hydraulic diameters.



}I
2. Central obstruction. 1ﬁj

_Central obstruction has stronger effects on both void fractioﬁ
and void distribution as shown in Fig. 4.19..
As the obstruction is located in the middle of the channel,

it introduces ﬁuch stronger separatioﬁ of ThE mixture,
'resulting“in a decrease of voidage and'more symmetric phase

distribution compared to the peripheral obstruction.

4,3.3, Slug Flow.

Figs. 4.20. and 4.21. show-the changes of void
distribution aloég the test section for peripherdl and central
obstructions respectiveli: The behavior of the slug flow is
closer to the annular flow than to the bubbly flow. The reason _
is that the surface tension forces are correspondingly lower as

w

compared with the inertial forces.

As the slggs are formed in the upper part of the
test section, the-‘peripheral obstruction shows é stronger effect
On passing_both obstructions, clear separation o;curs. Thus, S:\\\
air flows in the core of the test section, and water is present

in the uppér part of test aection continuously.

\
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'Approaching Tap 3, the flow tends to have initial

void distribution, that is, air forms slugs in the upper part of

the test section.

4.4. Pressure Drop.
i Pressure drops were measured in a plain test

section and a test section with central and peripheral obstructions,

The areas of flow obstruction were 25% of the cross sectional area.

To verify the method of obtaining preSsure drop measurements for

two-phase flow, single phase flow was also investigated.

. .~ ’

e ’

Fig. 4,22, illustrates the,single'phése pressﬁre
drop for a plain tes? section and for test sections with central
and peripheral obstructions., Using Eq.(s,lg ) y pressure.drop
coefficients were calculated to be 00,0231 and 0.030 as compared

" with the values of 0.0225 and 0.028 obtained from Moody diagram

respectively’ -

The pressure profile across the obstruction shows
an increase in pressure before the obstruction que to curvatures
of the streamlines. Followiﬁg the obspructibn, %he pressﬁre
reached a minimum value. As the velocity decreases, the pressure

regenerates then continues to drop linearly.



Head ioss coefficients for central and peripheral
obstructions were‘calculated udng Eq.(3.;b) and are given in
. - Table 4.6.. The central obstruction which causes distrubances
at the core of the flow pas a sfronger effect, because the higﬁer
momentum region is disturbed. S

N - In fhe two—phase flow experiments, two different

water flo; rates were set and the air flow rates w;re varied
accordingly. The typical pressure distributions for bubbly and
En?ular flows are shown in Figs. 4.23. and 4.24, respectively.

Two-phase multipliers for\i?near pressure drops{___
upstTeam and downstream from the obstructiéns were obtained
using Eq.(3.9) and are given in Table 4.6:3 agd two—phase
multipliers for pressure drop across obstructions were calculated
using Eq.3.11) and°a;e shown in Table 4.6..

iy

Fig. 4.25. shows the comparison of two-phase
multiplierd{a,for linear pressure drop with Baroczy's correlation.
For the investigéted flow region, there was a fairly good

. agreement. Fig, 4.26, shows a graph of the two-phase multiplier -

Lﬁ versus the superficial gas velocity for each of the various

obstructions. As quality increases, the multiplier increases.

3

‘ . | -
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An analysis of the data leads to the following

results: - o ' . -

1. The head loss‘doeff?cients of ebstructions were higher
* for central obstructions than for periphéral obstructions
fof a}l flows. This is because of the fact that the
higher velccity region waé affected by the central
obstructions. Mére turbulence was generated for the
central obstrudtioﬁs. while ‘in the case of periphgral

obstructions higher velociyy fluid continued to flow

"as 'vena contracta'.

2

2. The pressure drop profile in two-phase flow sSeems to
be affected strongly by the void distribution, It was
found tha£ the length of pressure regeneration following
the obstruc%ion was larger in the Bubbly flow. As
Qiscussed_in the previous section, the effect of the
obstruction on the void distribution was stronger in
the bubbly flow. For bubbly flow, central obstruction
caused a longer regeneration region, while peripheral
obstruction introduced a>longer regeneration region in
the case of aﬁhular\flow. Also, different void

distributions resulted in the changes of pressure drop

upstream and downstream from the obstruction,
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CHAPTER 5 \L

CONCLUSIONS AND SUGGESTIONS

5.)l. Conclusions.

Two-phase flows were studied experimentally in
horizontal channels using air and water. The effects of flow
obstructions were,investipated, and the results obtained lead
to the following conclusions:

1. The flow pattern transition boundaries were chanéed
noticeably with the addition of oiaétructions.
The transitions affected were those between stratified
and wavy, wavy to slug, and slug and annular flow.
The central ébstruction showed more influence than

the peripheral one.

2. Void distributions were changed due to the effects of
. the flow obstructions. Although the distribution was
affected in all flow patterns, the bubbly flow proved

to be affected most. The central obstruction had a
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stronger effect on bubbly and annular flow, while the
peripheral oBstruction showed a stronger effiect on

slug flow.

The presgure drop was higher in the region upstream
from the obstruction as compared to the downstream:- -
region. As the 1ength'of disturbed flow increased,
the length of pggssure regeneration increased. The
two-phase multipliers increased with incre;sing gas
superficiai velocities,
The DISA 55852 opticml probe used for the measurements
of void distributions proved to be adequéte using the
static trigger level. In the investigated flows, the
dynamic trigger level could not be used. The optical
probe had serious limitations for higher flow rates as

it could not withstand the pressure fluctuations

inherent to two-phase flow.
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Suggestions for Further Research, ) C/‘)
h \

. - .
The obstructions used in this work covered an area
equal to 25% of the total cross section area: Further

study is suggested for different obstruction ratios,

* to investigate the effect of the obstruction areas on

the flow.

Further work is required fgr the different types of

obstructions.

In the present experimental set—up, air and water were

supplied from the building service lines directly.

‘Pressure regulators need to be installed at the inlets

of each phase,
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Fig.2.1. Flow patterns in horizontal co~current flows

£ '



c.,)

- 56 —

et — 10"
ANNULAN - DISPERSED i
LIQuip {AD) DISPERSED BUBBLE (DB) o
—_— , 10 Py
b.
\..\ T
2 -1
10 SYRATIFIED- 10 or
K wavy lSWl‘ INTERMITTENT (1) F
10+ | _ s v 1072
B
100 ";s::;;ltrtlc?ssl \f' \ ) ' o 10‘3 :
15° 152 100 i1o° 100 102 10° 10
X
Curve: A &B c D
{
Coordinate: Fvs X Kve X T vse X
Fig. 2.2. -Generalized flow pattern map, horizontal flbw.
— — 1.00
.\ a
l - o
// ' . \,0.10
e
.\/
100 R& 4 0,01
d)
L PLtt ®
N Pt Gt
X1 _ :
\ )
N
10 -
"":'d":, ’
]
1 be==m—rr : 1 :
0.01 0.10 1,00 10 100

Fig. 2.3.

Faired curves showing relation

'@ for all flowAmechanisms.

between ch, D,



- 57 = ' _ . v

g - .
11 - 10 8 .
g || S v —
18 -
< 3 &
4
9
15 19
—Dg— .
- 15
17
14
\_/ 19

1. Thermocouple
- 2. Pressure Gauge
3. Rotameter (Air)
.4, Orifice Plate (Air)
5. Rotameter (Water)
6. Check Valve
7. Air-Water Mixer
8. Throttle Valve ,
9, By-pass Line for Test Section .
10, Quick-closing Valve
11. Test Section v
12. Optical Probe
13. Electronics for Optical Probe
14. Manometer
15. Quick Shut—off Valve
16, Pressure Gauge
17. Pressure Reservoir
18. By-pass Line for Pressure Line
19. To Drain \K

Fi%. 3.1. Schematic diagram of the loop. 1| -
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Fig. 3.7. Input and output for static and dynamic signals
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Fig. 3.8. Transverse Mechanism
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Flow Rate (kg/sec)
Water 0.4

v
Air 0.0091"

Void Fractions (%)
In%eg{gted 37.8
Mean 66.6

Iso-voidage Lines (%)
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1. Flow Rates (kg/sec)

Water 0.4

Air 0.019
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Uz for wafer of 0.592 m/sec'
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Fig. 4.25. -Two-phase pressure drop multiplier
Comparison with Baroczy's.
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Ug for water of 0,532 m/sec
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TABLE 4.1.

Co-ordinates fortTransition Boundaries of

&

.. Flow Map shown in Fig. 4.3.

Transition Boundary UL m/sec

Stratified to Wavy  # 0.0165
0.033

““Wavy to Annular (i’/ 0.033
‘ 0.0478
0.0626

wavy to Stug 0.0478
0.0626

Plug %to Slug - 0.0755
0.0884

0.103

0.118

0.128

0.138

0.154

0.170

. 0.196
“ 0.227
0.269

0.341

0.353

0.393

3

'3.709'

2.465

9,498
’

8.583

8,983

4.354
4,680

1.190
1.430

1.132

1.076
1.182
1.182
l.déS
1.179
1.312
1.124
1.226
1.171
1.251
1.214

m/sec

4.837
3.411

217574

20,700
18.467

4,992
5.947

2.118
1.930
1.508
1.901
1.992
1.835
1.765\£)
1,759
1.835
1.904

11,973
1.629
1.882
1.728



(continued)

Transition Boﬁndary

Plug to Slug

Slug to Annular

- 95 —

0.0755
. 0.0884
0.103

~0.118

0.128

0.138
N

0.154

0.170
0.196
. 0.227

%

1.214

1,157

1.203
1.146
1.146
1.140

- 0.955

1.133
1.198
1.120
0.943

1.014

1.037
0.879
0.827
0.718

~1.088

14.358

12.846

12,991
11.831
12,307
11.538
10.940
11.340

10.256—

11.573

—

-m/sec -
1.744 |
1.581
1.703
1.698

.1.735 -

. 1.563
1.458
1.498
1.541
1.205
1.566
1.398
1,393
"1.270
1.162

1,378

8.714
o
22.328
24,890
19.827
17.824
17,661
18,235
17.983
18.440
19.748
17.542
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> - (continued) =~ R = | -
Transition Boundary T v ‘
‘ o . L m/sec . G . m/sec
Slug to Annular .. 0.269 ~ 9.637 -.15.806
‘ - S 0,314 ‘ 9.637 - 15,982
' 0.353 - | 11,442 - 16.883
.. 0.393 /////q 11,182 - 18,360
| 0.4353- 12,042. - 19.021
0,471 11.290 - 19.124
| 0.511 B 11.187 -'19,047
0.550 11.667 — 18.790
} 0.589 - 10.610 — IB.525
0.628 . 11,509 - 20.621
. 0.668 9.293 -~ 19,126
0.707 i 9.922 - 19.878
| 0.746 11.947 - 21.425
- ~ i 0785 . ' 10,613 ~ 19.692
' ~ 0.825 10.809. — 22.024
,0.864 10,807 - 22.324
0.903 - 9,978 - 20,109
¥ 0.982 . 10.942 - 21.641
) 1.060 10,597 - 23.175
v ' 1139 " 10.591 - 24.845
) | * L. 8.714 - 23,259
L 1.296 . 8.798 - 25.534
3 1.375 7.644 5
1,453 . 9.379 {628
1.582 8.257 — 20.746
‘1.0 . 8.257 - 221387
.1.689 6.178 - 21,185

1,767 . 6.276 — 21.288



—

(continued)

Iransition Boundary u

Slug to Annular ';1.866
) 1.963

Bubbly "to Slug - 1.532
‘ 1.610

1.689

o 1767
1.866
1.963

6.881

6.472 -

0.477
0.632
0.627
0.664
0.902
1.038

.-0.868

© 0.864

1.477
1.363
1.346
2.831



- 98 - *
TABLE 4.2.

Co-ordinates for Transition Boundaries. of

Flow Map shown in Fig. 4.5,

Trgnsition'Boundary Ui m/géc; Uz
Stratified to Wavy . 0.0165 0,945
0.083 : 1.081
Wavy to Annular 0.0165 . 9.536
' 0.033 8.873
. Plug to Siug - - 0.478 1,244
0.0626 1,269
0.0755 . . 1.322
0.0884 1.110
0.103 0.996
'0.118 . 1.110
0.128 0.996
0.138 1.076
0.154 1.130
0.170 0.938
g 0.196 0.993
0.227 0.938
'0.269 0.772
N\ 0.314 0.932
0.353 0.877
0.393 - - 0.767

-0.432 0.763

—_—

m/sec

1.817
1.542

26.190
21.663

1.831
2.240
2.009
2.267

+1.738
1.794.
2,261
1.922
2.045
2.057
2.038
2,082
-1.246
1.893
1.893
1.340
2.037
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(continued)

Transition Boundary i Ui m/sec U(S; n/sec

. =
Plug to Slug | 0.471 ~ 0.763 - 1.786
| : - 0.511 0.734 - 1.755
P N . 0.850 . 0.733 - 1.766
| 0.589 0.756 — 1.563
0.628 ' 0.596 - 1.674
0.668 5 0.594 — 1.454
) . o.707 © 0.746 - 1.583
) ' 0.746 0.590 — 1.416
. - ) . . 0.785 ©0.588 - 1.165
. Siug to Annulgr“ "k=;; 0.0478 14.037 - 21.574
b 0.0626 12.296 - 22.077
. 0.0755 B 12,737 - 20.006
: ' 0.088a 12.809 — 18.338
' 0.103 . 10.542 - 19.501
- . 0.118 ' 11.798 - 20.231
_ | 4 0.128 11,124 - 18.235
’“\\a\lij 10,787 — 16.925
0.1 9.010 — 16.557
0.170 10.113 - 16.005
. 0.196 ‘ 9.831 - 15.822
' 0.227 - 8.814 — 16.333
- 0.269 g.888 ~ 15.992
0.314 10.119 - 17.429
- 0.353 ! 9,118 - 16.389
- 0.393 '9.376 - 16.903
0.432 10.670 - 17.628

0.471 11.290 — 17.960




(continued)

.Transitibn Boundary

Slug to Annular

- Bubbly to Slug

[l V2]

m/sec

RN

0.511
0.550
0.589
0.628
0.668
0.707
0.746
0.785
0.825
0.864-
0,903

" 0.982

1.060
1.139
1.217

1.296

1,375
1.453

1.532

1.610
1,689
1,767
1.866

1.453
1.532
1.610
1.689

%

10.161
11.667

" 10.302 -

11.400
11.619
9.827
11.458
11.429
9.706
8.814
8.897
8.572
8,481
5.769
7.067
5.715
6.833
4,407
4.324
4,273

3.606 -
3,674

2.778

0.360
0.427
0.473
0.715

m/sec”

16.736
18.624
18.201
18.525
17.633 -
17.512
18.828
17.619
19.698
18.630
18.891
16.884
16.057
16.986
15.530
12.110
11.644
11.334
8.403
8.132
6.672
6.227
6.325

0.989
1,026
1:384
2.693



A

%
N,
p (continued)

’

Transition Boundary

S rnyy

Bubbly to Slug

-
Bubbly to Annular

»

- 101 -

L m/sec

1.767
1.866

m/sec

2.752
2.778

6.239
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TABLE 4.3.

| I
Qo-—ordinates for Transition Boundaries of

Flow Mep ‘shown in Fig. 4.4.

s )

Transitior; Boundarg ‘ UL .'m /sec _" USG . m/gec
Stratified to Wavy . 0.0165 “2.773 = 4.005
: 0.033 ' 1.585 — 2.274
0.0478 . 1.245 - - 1.782
Wavy to,Annular ‘ 0.0165 ° . Fﬂa.s.as&’- 19.931
0.033 8.138 - 19.640
Wavy to Slug 0.478, 3.697 - 4.621
Slug to Annular - 0.475 o 14.289 - 19.776
| 0.0626 " 12.446 - 20.006
< 0.0755 11.895 — 18.112
S 0.0884 11.631 - 19.279
0.103 11.299 - 19.869
0.118 | 11.798 - 18.397
- 0.128 10.634 - 17.862
0.138 '9.969 - 16.925
0.154 - 10.450 — 17.293

0.170 9.172 - 16.925

0.196 8.972 - 16.557 .
0.227 - 7.976 - 17.311
0.269 8.547 - 17.504
0.314 8.205 - 16,434

0.353 8.311 - 17.112

-



{continued)

Transition Boundary

Slug to Annular

Plug to Slug

- 103 =

0.393
0.432
0.471
0.511
0.550
0.589
0.628
0.668
0.707
0.746
0.785
0.825
0.864
0.903
0.982
1.060
1.139
1.217
1.296
1,375
1.453
1.532
1,610
1.689
" 1.767

0.755
0.0884

8.878 -
8.523 -
7.458 -
7.103 -
$.095 -
8.559 -
7.874 ~
7.903 -
6.698 —
7.230 -
7.778 -
6.540 —
6.088 —
6.155 —
6.222 —
5.445 —
4.900 -
4,232 -
3.387 -
3,462 —
3.078 -
3,145 -
3.145 -
30145 -
2.772 -

1.324 -
0.276 —

m/sec

16.903
15.724
16.026
15.225
14,963
15.654
14.830
15.661
15.801
16.199
15.323
15.323
15.004
15.242
15.070
14.792
15.693
13.979
11.010
11.178
9.036
9.175
7.352
7.228
6.227

1.907
0.388



{continued)

" Transition Boundary

Plug to Slug

Bubbly to Slug

- 104

0.103
0.118
0.128
0.138
0.154
0.170

0.196

0.227

0.269°

0.314
0.353
0.393
0.432
0.471
0.511
0.550
0.589
0.628
0.668
0.707
0.746
0.785
0.825

1.453
1.532
1.610
1.689

1.186
1.076
1.182
0.938
1.131
1.182
0.990

0.772

1.175
0.985
0,982
1,115

0.924

0.924

© 0.969

0.915
0,753
0.753
0.702
¢.751
0.824
0.846
0.742

0.550
0.615
0.682
0.629

m/sec

1.803
1.798
1.645
1.787
1.916
1.765
1.575

1,749

1.678
1.794
1,760
1.595
1.546
1.423
1.533
1.441
1.730
1.657
1.335
1.428
1.424
1.408
1,019

0.950
1.138
1.0586
1.057
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(continued)
Transition Boundary

Bubbly to Slug

Bubbly to Annular

- 105 -

1.767

1.866
1.963

S o
UG m/sec
0.661 -  2.772

!

0.832 - 6.811
1.083 - 6.521
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-

TABLE 4.4,

=

Compaﬁison of Void Fractions '

o
obtained from the Optical Probe and Q.CsV.

- ' ,‘//I\

Experimental Water Alr Void Fraction (%) Reference

Flow Rate Flow Rate Optical Probe  Q.C.V.
(kg/sec) (kg/sec)

1 - 0.4 0.0091 - 37.8 66.6 Fig. 4.7,

2 0.4 0.019 ‘ 51.0 83.0 TFig. 4.8,
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APPENDIX

SAMPLE CALCULATION



’

Position of

the Probe

*
Radial
(mm) (@)

10
20
30

40

: " 50

60
70

80

' 90

100

110

120

130

140

150

160

. 170

- 180

Angular

1

99.§

99.9
99.9
29,9
99.9
99.9
99.9

99.9

99.8
99.8
99.8
99.7
99.4
99.0

98.1
97.4 .

96.9
96.0
97.1
96.6

)

i
2 3
99.9  99.9
09,9  99.9
99.9  99.9
99.9 99.9
99.9  99.9
99.9 99.9
99.9  99.9
99.9  99.9
99.9  99.9
99.8 99.8
99.8 99.8
99.5 99,5
"99.4  99.3
. 98.9 98.8
98.5 98.3
97.5 97.4
97.3  97.5
96.4 96.5
96.2 95.7
96.6 96.4

Void Fractigns

a

99.9
99.9
99.9
99.9

99.9

99.9
99.9
99.9
99.9
99.8
99.8
99.5
99.4
99,2
98,2
98.0
97.6
96.4
96.5
96.6

5

.'99.9

-99.9
99,8

1. Readings of the Local Void Fractions

I

99.9,

99.9
99{9
99.9
99.9
99.9
99.7
99.8
99.6
99.4
98.4
98.3
97.9
96.6
96.4
96,1
96.3

!

~

6

. 99.9

99.9

99.9

99.9
99.9.
99.9
99.9
99.9
99.9

99.8

99.7
99.6
99.6
99.1
98.5
98.0
97.0
97.1

- 96,5

96.0

Average

99.9
99.9
99.9
899.9
99.9
e 99.9
89,9
99.9
99.9
99.8
899.8
99.6
99.4
98.9
98.3 -
97.7
97.2
96.5
96.4 |
96.4

.\'-

* ™ This is the distance from the center.




Pogition of
Void Fractions

the Probe
Radial Angular 1 2 3 4 5 6  Average
(mm) - (9) _. ‘ ' ' =

6 \0 99.9 99.9 99.9 99.9 99.9 99.9 99,9

' 10 99.9 99.9 99.9 99.8 93.9 99,9 = 99.9

20 99.9 99.9 99.9. 99.9 99.9 99.9  99.9

30 99.9 99.9 99.8 99.9 99.9  99.9  99.9

40 99.9 99.9. 99.9 99,9 99.9 99.9 99.9

50 99.9 99.3 99.9  99.9 99.9 99.9  99.9

60 99.9 99.9 ©99.9 99.9 99.9 99.9 99.9

70 99.8 ©99.9 99.8 99.9 99.9  99.9 99.9

) 80 99.8 99.8 99.8 99.8 99.8 99.8  '99.8

90 99.6 99.6 99.6 99.7 99.6 99.6 99.6

100 99.2 99.3 99.1 99.2 99.0 .99.1 99.2

110 98.2 98.4 98.5 98.5 98.2 98.1 98.3

, 120 97.2 96.8 96.9 96.8 987.0 97.3 97.0
* 130 94.4 94.9 95.3 9570 94.2 94.7 94.8

140 01.4 91.6 9l.1 90.1° 90.7 9L.2  91.0

150 8s.3 88.4 89.9 88,3 88.0 87.1 88.3

* 160 83.2 84.1 839 86.1 850 86.0 84.7

" 170 g3.8 84.4 83.3 84,5 85,9 83.3 84.2

180 83.0 84.0 83.5 83.8 85.2 84,3  84.1

]
T~
T\




i e

Position of

the Probe

Radial

(mm)

Angular
(°)

10
20
30
40
50
60
70
80
90

100

110

120

130

140

150

160

170

180

- 998.7

s

99.8
99.6
99.7
99.6
99.3
99.2
98,9
98.3
97.1
95.4
91.6
87.5
78.4
69.6
54,2
53.0
45.6
44,7

99.7
99.7
99.7
99,7
99.7
99.5
99.5
98.8
98.2

. 97.5

94.9
92.3
87.2
79.4
69.1
56.0
48,8
43,2
45.8

Void Fractions

99;5
99.6
98.6
99.7
99.7
99.3
89.3
8.8
98.5
97.4
96.1

92,7 -

B6.9

78.5-

67.5
55.1
48.4
43,5
44,2

99.6
99.8
99.7
99,7
99.6
99.6
99,2
99.1

.97.9
96.9
95.1
92.4

. 87.5

70.6
56.6
48,2
43.6
43.3

79.4

99,5 "

99.7

- 99,7

99.7
99.5
99.5
99.1
99.1
98.3
97.4
95.6

91.7 .

87.1
80.2
67.7
55.9
48.7
a4.7
43.6

6

99.8
99.4
99.6
99.7
99.6
99.5
99,5
98.9
97.8
97.1
94.9
9l.6
87.3
77.6
67.0
55.6

47.4

44.4
44.0

-
Average

99.6
99.7
99.7
99.7
99.6
99.5
99.3
98.9
98.2
97.2 -
95.2
92,1

' 87.3
78.9
68.6
55.6
49.2
44.2
44.3




Position of

the Probe

Radial

(mm)

10.5

Angular
(°)

10
20
30
40
50
60
70
80
90
100
ilo0
120
130
140
150
160
170
180

1

85.6
95.9
95.8
95.2
94.6
84.0
93.0
91.8
90.4
86.9
B1.8
74.3
59.4

50.8

37.1

31.3

26.5
4.4
25.7

96.4
96.0

96.6
95.1

94.7
94.7

93,5

92.6
90.1
86.3
81.9
74.2
62.2
49,9
37.7
30.9
27.2
25.9
24.2

96.0
95.9
95.5
96.4
94.9
94.6
92.8
91.8
89.7
86.1
81.7
74.5
61.7
50.3
37.0
31.1
27.7
24.8
25.6

Void Fractions

96.0
96.2
94.9

95.7

95.3
94.4
93.6
91.3
89.4
87.0
83.0
74.3

62,4
48.9
37.6
30.8
27.3
25.0
24,9

5 6

96.6 96.7
96.1 96.1
95.8 96.0
95.4 96.2
94,9 94.5
94.6 94.0

Average

96.2
96.0
95.8
95,7
94.8

94.4 -

93.2
92.0
80.0
86.6
82.0
74.6
61.9
50.1
37.4
30.3
27.0
25,2
25.1



Rad
(

12

Eid

Position of
the Probe

ial Angular

mm ) (9)

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

oo 160

170
180

1

57.1
59.1

55.8 .

56.5
55.3
54.1
49.1
48.0
40.9
33.3

‘23.9

15,0
11.1

9.6.

6.9
6.3
4.9
4.3

59.0
57.1
57.4
56.9
55.6
52.3

50.6

47.3
40,3
33.4
24,2
15.2

11.6

8.7
7.0
6.0
5.0
4.0
4.4

Void Fractions

58.6
57.6
55.9
56.0
56.2
53.6
49.2
45,6

42.3

32.4
24,2
i8.7
11.4

8.6

6.6
'6.1
4,7
4.5
4.0

57.0
57.6
56.8
56.3
55.1
53.4
49.8
47 .8
43 .4
31.4
23.6

15,9
8.6.

6.5
6.3
4.8
4.8

3.9

]

5

58.2
57.8
56.6
58,2
55.9
52.1
52.5
47,1
41,2
34,0
23.5
16.2

10.9

8.5
6.8
6.0
5.1
4,1

4.2

6

58.6

58.7 -

57.5
59.0
55.9
53.1
50.8
47.3
42.5
33.5
24.5
16.3
11.3
8.6
7.3
6.0
4.9
4.5
3.9

Average

58.1
58.0
56.7
57.2
55.7
53,1
50.3
47.4
41.8
33.0
24.0
15.9
11,3
8.8
6.9

6.1

4.9
4.4
4‘1



2, Calculation of Integrated Void Fraction.

7.069 1.571
a’i xAi = 99,9 XT+ {99.9 + 96.4) x--2—'-+

(99.9 + 99.9 + 99.9 + 99.9 + 99.9 + 99.9 + 99.9 +
99,8 + 99.8 + 99.6 + 99.4 + 98.9 + 98.3 + 97.7 +
97.2 + 96.5 + 96.4) x 1.571 + {99.9 + 84.1) x

( 3142
: 2

+ (99.9 + 99.9 + 99,9 + 99.9 + 99.9 + 99.9 +
ﬁb 99.9 + 99.8 + 99.6 + 99.2 + 98.3 + 97.0 + 94.8 +

91.0 + 88.3 + 84.7 + 84.2) x 3.142 + (99.6 + 44.3) x

4,71
2

98,9 + 98.2 + 97.2 + 95.2 + 92.1 + 87.3 + 78.9 4

+ (99.7 + 99.7 + 99.7 + 99.6 + 99.5 + 99.3 +

68.6 + 55.6 + 49.2 + 44.2) x 4.71 + (96.2 + 25.1) x
A

2.749
2

92.0 + 90.0 + B86.6 + B2.0 + 74.6 + 61.9 + 50.1 +

+ (96.0 + 95.8 + 95.7 + 94.8 + 94.4 + 93.2 +

37.4 + 30.8 + 27.0 + 25.2) x 2,749 + (58.1 + 4.1) x

2.722
2

47.4 + 41.8 + 33.0 + 24.0 + 15.9 + 11.3 + 8.8 + 6.9 .+

+ (58.0 + 56.7 + 57.2 + 55.7 + 53.1 + 50.3 +

6.1 + 4.9 + 4.4) x 2,722 = 20893.6

Ai = 271.627



IR ——— S 4

dy

\’rﬁ

3-

4,

Yobm Eq.(3.1b)

(ox Ay)
oA

20893.6
271.827

i

76.9 %

From Eq. (3.2), the quality is

0.0215
0.0215 + 0.4

0.051

I

From Eq. (3.5), the slip ratio is

, e
g ) P 1
X . L - ¥
= .
- a
1 x IE
_ 0,051 0.9982 1l -0,769
1l - 0.051 0.002847 0,769
= 5.66




e

5. From Eq. (3.4), the real velocity of water is

WL.

A (L-a)a

400

]

0.9982 x (1 - 0.769) x 5.43

319.5 cn/ sec

From Eq. {3.5), the real velocity of air is

Uu,.= 1

ﬂ

il

6. From Egs. (3.6) and (3.7), the superficial mass fluxes of each

phase are
-

I

Uy . .

5.66 x 319.5

1808.4 cm/sec

0.769 x 2.847 x 18.04 x 3600

1.42 x 10° kg/m?hr '



and

l-e) pp Uy

(1 -"0.769) x 998.2 x 3.195 x 3600

2.65 x 10° kg/mohr





