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ABSTRACT

A two-phase flow apparatus was designed and constructed
to generate phase-distribution data for steam-water flow
through a horizontal tee junction with a horizontal branch
of equal diameter (37.6-mm I.D.). For low system pressures
(100 - 200 kPa) and low inlet mass fluxes (15 - 50 kg/m2.s),
a wide range of inlet qualities (20 - 80 percent) and ex-
traction rates (0.2 - 0.8) were tested. These inlet flow
conditions led to the observation of stratified, wavy, semi-
annular-wavy and semiannular flow patterns at the tee junc-
tion inlet. The results showed that in general, the phases
did not distribute themselves evenly between the branch and
run sides. All stratified flow data were below the line of
even phase distribution; that is, the branch quality was
less than the inlet quality. Most of the wavy and semiannu-
lar-wavy flow data were above this line while the semiannu-

lar flow data were both above and below it.

The phase-distribution results were presented in a number
of ways in order to examine the individual effects of impor-
tant inlet flow parameters on the phase distribution. The
results indicate that for a fixed inlet mass flux, the ratio
of the branch to inlet quality decreased with increasing in-

let quality except, however, at the lowest inlet mass fluxes



in which case the reverse was true. For a fixed inlet flow
pattern and inlet quality, there was no apparent effect of
the mass flux on the phase distibution. For any constant
superficial vapor velocity, the fraction of the total vapor
that entered the branch increased with increasing superfi-
cial liquid velocity, irrespective of the inlet flow pat-
tern. These trends in the present data are similar to
trends observed by other investigators using different oper-

ating conditions and junction geometries.

The pheﬁomenological model developed by Azzopardi and
Whalley [7] for annular flow poorly predicted the present
data (which did not include annular flow). Predictions be-
came increasingly better, however, as the inlet guality and
the ratio of the superficial vapor velocity to the superfi-
cial liquid velocity increased. The empirical correlation
derived by Seeger et al. [14] predicted the present data re-
markably well for all inlet conditions and for extraction
rates greater than 0.3. This correlation failed to predict
any of the present data where the extraction rate was less

than 0.3.
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NOMENCLATURE

English

a Constant used by Seeger et al. [14],
defined by equation (4.5)

Co Specific heat of water, kJ/kg.K ,

D, Inside diameter of inlet tube, m

D, Inside diameter of run tube, m

Ds Inside diameter of branch tube, m

Eq Liquid fraction entrained by
the vapor phase

Fag Fraction of the total inlet gas (vapor)

entering the branch, defined by eguation (3.14)
FaL Fraction of the total inlet liquid

entering the branch, defined by equation (3.15)
G Inlet mass flux,

defined by equation (3.10), kg/m2.s
G, Run mass flux, kg/m?.s
Gs Branch mass flux,

defined by equation (3.11), kg/m?.s

g Gravitational acceleration, m/s?

h¢ Enthalpy of saturated liguid, kd/kg
hyg Latent heat of vaporization, ko/kg
hip Preconéenser inlet enthalpy, kJ/kg
hout Precondenser outlet enthalpy, kJ/kg
Pin Precondenser inlet pressure, kPa
Pout Precondenser outlet pressure, kPa

- xii -



Tew,in

IT'CW,out

Vre |

Wew

Pressure at tee-junction inlet, kPa
Pressure at tee-junction outlet

(run side), kPa

Pressure at tee-junction outlet

(branch side), kPa

Slip ratio, used by Seeger et al. [14],
defined by equation (4.6)

Cooling-water temperature at precondenser
inlet, °C

Cooling-water temperature at precondenser
outlet, °C

Precondenser inlet temperature, °C
Precondenser outlet temperature, °C
Superficial gas (vapor) velocity,

defined by equation(3.12), m/s

Nominal superficial gas (vapor) velocity,
Superficial liquid velocity,

defined by equation (3.13), m/s

Nominal superficial liguid velocity, m/s
Relative velocity, used by Seeger et al.
defined by equation (4.8), m/s
Cooling-water mass flow rate

into the precondenser, kg/s

Inlet mass flow rate, kg/s

Run mass flow rate, kg/s

Branch mass flow rate, kg/s

Inlet quality, defined by equation (3.5)

- xiii -

m/'s

[14],




Py

Run quality

Branch gquality, defined by eguation (3.6)

Density of gas (vapor), kg/m?
Homogeneous mixture density,
defined by equation (4.7), kg/m?3
Density of liquid, kg/m?

Ligquid surface tension, N/m

- xiv -




Chapter 1

INTRODUCTION

Two-phase flow 1is a topic of rapidly increasing impor-
tance, particularly in its application to the power and pro-
cess industries. Two-phase flow is present in systems such
as conventional steam power plants, evaporators and conden-
sers of refrigeration systems, boiling-water nuclear reac-
tors, pressurized-water nuclear reactors, and a wide variety
of chemical and petroleum applications, = to name a few.
Quite often, the complex piping networks in these systems
require the two-phase flow to pass through branching junc-
tions (e.g. wyes and tees). Until very recently, a commonly
made assumption was that the phases were distributed evenly
through the junction; that is, the quality 1in each down-
stream side of the junction was eqgual to the inlet gquality.
Observations have shown that this can be very far from the
actual situation, even in a junction as simple as a tee.
Under certain inlet conditions single-phase vapor may be
present in the branch section, while other conditions can
lead to single-phase liguid in the branch. This severe mal-
distribution can lead to serious consequences in many appli-
cations, one being the main cooling system of light-water
nuclear reactors during hypothetical loss-of-coolant acci-

dents.
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In regards to the problem of phase distribution at
junctions, a great deal of attention has been focussed on
attempting to develop generalized mathematical models, capa-
ble of predicting the downstream side gualities in a wye or
tee junction, for any inlet flow pattern. A truly general-
ized model (not flow pattern specific) would accommodate any
combination of inlet pressure, mass flow rate and guality
for any fluid combination, junction orientation and dimen-
sions, as well as any extraction rates. A review of the
literature (Chapter 2) indicates that, to date, noc model has
been published which satisfies the above reguirements. Fur-
thermore, there is no complete agreement amongst researchers
in this field as to the important parameters that influence
the physics occurring at the junction itself. A fundamental
prerequisite to the development of such a mathematical model
is the availability of a wide range of experimental data
against which to test any proposed model. Unfortunately,
only a small amount of phase-distribution data has been pub-
lished, and of these data most exist for air-water (two-
phase, two-component) flow at low pressures. Few studies
using steam-water (two-phase, one-component) £flow have been
carried out, none of which involved low system pressures and
low flow rates. It is the intent of this work, therefore,
to generate a data base at these last-mentioned conditions
to aid in the understanding and model developmentbof phase

distribution during two-phase flow through tee junctions.
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The following is a list of objectives which the present

investigation has undertaken:

1.

To design and construct a two-phase flow apparatus,
in the existing two-phase flow laboratory located on
the University of Manitoba campus, capable of gener-
ating steam-water phase-distribution data through a
horizontal tee junction with a horizontal branch of
equal diameter (37.6-mm I.D.).

To generate phase-distribution data for a system
pressure of about 150 kPa, a range of 1inlet mass
fluxes between 15 and 50 kg/m?.s, an inlet quality
range from 20 to 80 percent and extraction rates be-
fween 0.2 and 0.8.

To investigate the influences of the inlet mass
flux, inlet quality, extraction rate and inlet flow
pattern on phase distribution through the tee junc-
tion.

To compare some of the existing phase-distribution
correlations against the generated experimental re-
sults to test their prediction capabilities at the

present conditions.



Chapter 2

LITERATURE REVIEW

Figure 2.1 shows a schematic diagram of a tee junction
with the relevant geometrical and flow parameters. These

include: the inlet, run and branch pressures (P;, P; and Ps,

respectively); the inlet, run and branch mass flow rates
(Wy, Wz and W3, respectively); the inlet, run and branch
qualities (x:, x2 and x3, respectively); the inlet and run

(main) tube diameters (D; and D,, which have been egual in

most investigations) and the branch tube diameter (D3).

The design engineer is often faced with the following
guestions: Given the junction geometry (D;, Dz and D3), the
inlet flow conditions (Py, W; and x;) and one of the flow
parameters in the run or branch (e.g. W3), what would be the
value of the remaining flow parameters in the run and branch
(i.e. Wz, X2, %3, P, and P3)? So far, there is no complete
answer to this question over the whole range of inlet flow
conditions, geometry and extraction rates (W3/W;). Previous
investigations have succeeded in providing answers only over
narrow ranges of conditions and it is hoped that the present
investigation increases our understanding of the flow phe-
nomena by examining previously wuntested flow conditions.

Emphasis in this study is directed towards phase distribu-



Fig. 2.1 Geometry and relevant parameters of a tee junction
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tion at the tee junction, i.e. values of x, and x3 relative

to x¢ at different operating conditions.

Table 2.1 summarizes the previously published data for
phase distribution at tee junctions. Inspection of this ta-
ble indicates that, to date, only a limited range of geome-
trical and flow conditions have been covered. For example,
most of the data correspond to air-water at 150 kPa. For
the sake of completeness, Table 2.1 includes data obtained
for both horizontally and vertically orientated main tubes.
Only studies where the main tube was horizontal will be re-
viewed later in this chapter unless the results have some
relevance to a horizontal main tube. A Dbroader review of
literature which includes wyes and tees with different ori-

entations was recently published by Azzopardi [1].

Quite often in the literature, if particular terminology
has not been clearly defined, ambiguities between authors
can arise. As well, the method by which authors present
their data can differ from one to another. It is often the
case that the method by which data are presented depends
upon the parameters of interest to that particular investi-
gation. In the following discussion, an attempt will be
made to define clearly the terminology used throughout this
thesis. The term "phase distribution" refers to the redis-
tribution of the incoming vapor and ligquid in the inlet pipe

between the run and branch pipes, after the junction has
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been encountered. Figure 2.2a illustrates one method which
is used to present phase-distribution data. In this figure,
the ratio of the branch guality to the inlet quality (x3/x:)
appears as the ordinate. The ratio of the branch mass flow
rate to the inlet mass flow rate (W3/W;), or the "extraction

1

rate," appears as the abscissa. Line BC represents the lim-
iting case where single-phase liquid is flowing in the run
(x = 0) and all the incoming vapor (plus some liquid) is
diverted into the branch. From a simple mass balance on the

vapor phase the equation of this line c¢an be written as:

x3/%xy = W;/W3z. Line AB represents the limiting case of sin-
gle-phase vapor in the branch (x3 = 1) and all the incoming
liquid (plus some vapor) continuing into the run. Point B
corresponds to "total phase separation"; that is, single-

phase vapor in the branch and single-phase liquid 1in the
run. These limiting flow conditions are useful to identify
since they represent upper limits on the value of x3/x;. 1In
other words, no data can exist above the line ABC in Fig.
2.2a. The horizontal line CD at x3/x:= 1 1is the "even-
phase-distribution” line (branch quality is equal to the in-

let quality).

Figure 2.2b illustrates another form of presenting phase-
distribution data with points A, B, C and D labelled. In

this figure, the fraction of inlet vapor entering the branch

(

FBG) is the ordinate and the fraction of the inlet liquid

entering the branch (FﬁL) is the abscissa.
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One of the earliest experimental investigations was con-
ducted in 1959 by Tsuyama and Taga [2]. They reported their
findings on the pressure differences (P, - Py;) and (P, -
P3), as well as the phase distribution for two-phase flow
through a horizontal tee junction with egual tube diameters
(23.4-mm I.D.). Tests were performed with an air-water mix-
ture at 1isobaric and isothermal conditions. The results
showed that the phase distribution after the junction could
be classified into three categories: one in which both the
branch and run contained a two-phase mixture, one in which
the branch contained single-phase liquid, and one in which
the run contained single-phase ligquid. Since the investiga-
tion was qQuantitatively concerned with the pressure differ-
ences at the tee junction and only gqualitatively concerned
with the phase distribution, the authors did not discuss the

conditions which led to each of the three categories.

Collier [3], in 1964, obtained phase-distribution data
for a horizontal main tube (38-mm I.D.) with a horizontal
branch (25-mm I.D.). For a fixed inlet mass flux (136
kg/m2.s), wide ranges of inlet qualities (2.1 to 50 percent)
and extraction rates (0.05 to 0.9) were investigated. Col-
lier's [3] objective was to study the effect of inlet quali-
ty on the phase distribution. The data showed that except
for very low extraction rates, the gas tended to flow pref-
erentially into the branch; that is, x3/x; > 1. Also, val-

ues of x3/x; depended on the inlet quality in a complex man-
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ner. The values of x3/x; were first seen to increase and

then decrease with increasing quality.

Hong [4] studied phase distribution of air-water through
a tee junction with equal (9.5-mm I.D.) branch and main tube
diameters. In his investigation, the inlet and run (main)
tube was horizontal with the branch orientated vertically
upwards, horizontal and vertically downwards. The range of
inlet mass flux was 15 to 80 kg/m2.s and the inlet qQuality
ranged between 25 and 97 percent. These 1inlet conditions
led to the observation of wavy and annular flows. During
each set of inlet conditions, the extraction rate ranged be-
tween 0.1 and 1.0. The intent of his investigation was to
examine the effect of superficial gas velocity (for fixed
superficial liguid velocity), superficial 1liguid Qelocity
(for fixed superficial gas velocity), liquid viscosity, 1in-
let flow pattern and branch orientation on the phase distri-
bution at the tee junction. Most of the data that Hong [4]
obtained showed the ligquid phase ﬁlowing preferentially into

the branch. The results indicated that for a fixed superfi-

tth

cial gas velocity (Vgs) the fraction of gas entering the
branch (Fgg ), for a certain fraction of liguid in the branch
(FgL), increased with increasing superficial liquid velocity
(Vis). Conversely, for a fixed Ve, Fgg f(at a certain Fg_ )
decreased with increasing Vgs . The results also showed that

Fgg decreased (at a fixed Fg ) with increasing liquid vis-

cosity. Hong [4] also concluded that the inlet flow pattern



12
had no clear effect on phase distribution. Finally, the
data showed that for a fixed combination of inlet superfi-
cial gas and 1liquid velocities and at a given Fg ;r  Fgg
was dependent on the branch orientation. The maximum Fgg
occurred when the branch was orientated vertically upwards
and decreased to a minimum for the vertically downwards ori-

entation.

Johansen [5] performed an experimental investigation us-
ing an air-water mixture flowing through a tee junction.
The tee junction consisted of a 51-mm I.D. horizontal main
tube with two different branch diameters. A 51-mm I.D.
branch diameter was orientated vertically upwards, horizon-
tal and vertically downwards whereas a 38.1-mm I.D. branch
was orientated only horizontally. The 1inlet mass flux
ranged between 69 and 841 kg/m?.s with 1inlet éualities be-
tween 0.5 and 99.9 percent. These inlet conditions led to
stratified, slug and annular-mist flows being observed at
the junction inlet. The results showed that all data points
at low mass fluxes fell below the line of even phase distri-
bution (x3 = x;). At the highest mass flux, all data points
were above this line, although very close to it. Unfortu-
nately, the author did not discuss the individual effects of
inlet flow pattern, branch diameter and extraction rates on

the phase-distribution results.
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Later, Henry [6] published phase-distribution data for an
air-water mixture flowing through a horizontal tee junction
with a 100-mm I.D. main tube and a horizontal branch of
20-mm I.D. The inlet mass flux ranged between 200 and 850
kg/m2?2.s and the inlet quality ranged between 10 and 60 per-
cent. There was a maximum of only 6 percent of the total
inlet mass extracted through the branch during the experi-
ments (i.e. W3/W, < 0.06). The results that Henry [6] ob-
tained, indicated that the branch quality increased with in-
creasing extaction rate and eventually reached a plateau.
This plateau occurred at an extraction rate approximately
proportional to the inlet mass flux. The data also indicat-
ed that an even phase distribution was more likely to occur
at high inlet mass fluxes. A low mass flux, on the other
hand, resulted in severe maldistribution of the phases with
air preferentially entering the branch. The value of x3/x;
was seen to approach unity as the flow became more homogene-
ous; that is, dispersed. This same trend was found to occur
as the extraction rate increased. Based on the collected
data, Henry [6] proposed an empirical correlation to predict
the branch quality. This correlation was found to predict
his data, and the data of Collier [3], favorably considering
the simplicity of the method of correlation. The author
suggested caution when the correlation is to be used at con-

ditions outside those from which it was derived.
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In 1982, Azzopardi and Whalley [7] published results
which combined the works of Whalley and Azzopardi [8], Whal-
ley and Fells [9] and Azzopardi and Baker [10]. The inves-
tigations included an air-water mixture flowing in both ver-
tical (Py = 150 kPa) &and horizontal (P; = 250 kPa) main
tubes of 31.8-mm I.D. Horizontal branch diameters of 6.35,
12.7 and 19 mm gave branch diameter ratios (D3;/D,) of 0.2,
0.4 and 0.6, respectively. The range of the inlet mass flux
was between about 80 and 180 kg/m2.s with a range of inlet
quality between about 10 and 80 percent. The experimental
investigations studied the effect of 1inlet flow patterns on
the fraction of ligquid in the branch (Fg. ) as a function of
the fraction of gas in the branch (Fgg)-. For the range of
inlet conditions investigated, annular and churn flow pat-
terns were present at the Jjunction 1inlet. The results

showed that the ligquid preferentially flowed into the branch

during annular and churn flow conditions. Azzopardi and
Whalley [7] suggested that in annular flow, there exists
three levels of momentum flux: the liquid film where the
momentum flux is low (high density but low velocity), the

gas core which has a low momentum flux (high wvelocity but
low density) and the entrained drops which have a high mo-
mentum flux (high density and high velocity). Therefore,
during annular flow, the liguid from the film can be expect-
ed to be diverted while the entrained drops by-pass the

branch. In bubbly flow, on the other hand, there exists a
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ligquid layer near the wall which possesses a momentum flux
close to that of the bubbles. Since the liquid core has a
much higher momentum £lux, the slow ligquid layer near the
wall could be expected to enter the branch with the bubbles.
The experimental data also showed that the liquid flow rate
in the branch was approximately linearly dependent on the

branch gas flow rate except at low gas flow rates.

Based on the above results, Azzopardi and Whalley [7] de-
veloped a simple phenomenological model for annular flow,
where the liguid flow rate through the branch was dependent
on both the branch gas flow rate and the apparent angle over
which the £film flow rate had been extracted. This model
will be discussed 1in more detail in Chapter 4 and compared

to the present experimental results.

Later, Azzopardi [11] proposed a correction term to take
into account the branch-to-inlet-diameter ratio (D3/D;).
For the same inlet conditions as above, the experimental re-
sults were extended to include diameter ratios of 0.8 and
1.0 for extraction rates between 0.0 and 0.5. The data
showed that although no <c¢lear cut branch-to-inlet-diameter-
ratio dependence was evident, in general, the greater Di3/D;
was, the greater the liquid take-off was (i.e. the lower the

branch quality was).

Azzopardi and Baker [10] developed a phenomenoclogical

model applicable to various inlet flow patterns for a verti-
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cal main tube which reduced to that of Azzopardi and Whalley
[7] during annular flow. The approach was based on observa-
tions which showed that the fluid taken through the branch
comes from the segment of the tube closest to the branch.
The probability that the liguid will enter the branch de-

pends on the ratio of the gas and liguid momentum fluxes.

In 1984 Saba and Lahey [12] reported phase-distribution
data for air-water bubbly flow through a horizontal tee
junction with equal diameter tubes (38.71-mm I1.D.). Inlet
mass fluxes of 1355, 2041 and 2711 kg/m2.s were used with a
maximum inlet quality of 1.0 percent. For each inlet condi-
tion, extraction rates of 0.3, 0.5 and 0.7 were tested. The
experimental investigation also included branch and run
pressure losses due to the tee junction. The phase-distri-
bution results indicated that air preferentially entered the
branch; in fact, the data closely followed line BC of Fig.
2.2a. Although the extraction rate had a great effect on
the phase distribution (x3/x1 increased with decreasing
W3/W,), the results showed little dependence on the inlet
mass flux. Saba and Lahey [12] also proposed a physically
based model, with some empirical coefficients, for predict-
ing the phase distribution at the tee junction. This model
was later shown to be suitable only for bubbly flow with ex-

traction rates greater than 30 percent [13]..
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Seeger et al. [14], in 1985, presented phase-distribution
data during air-water and steam-water flows through a tee
junction. The tee junction consisted of equal diameter
tubes (50-mm I.D.) with the main tube horizontal. During
steam-water flow the branch was always horizontal, while the
branch orientation was horizontal, vertically upwards and
vertically downwards during air-water flows. Very high in-
let mass fluxes (1000 - 7000 kg/m2?.s) were used during air-
water tests with a system pressure of 0.7 MPa. The system
was designed to allow extraction rates between 0.0 and 1.0
as well as inlet qQualities between 0 and 100 percent. Over
the tested range of inlet mass flux and 1inlet quality, it_
was possible to have annular, slug and dispersed-bubble
filows present at the tee-junction inlet. During steam-water
flow, the system pressure ranged between 2.5 and 10 MPa with
inlet mass fluxes between 1000 and 2500 kg/m?.s. Similar to
the air-water experiments, a full range of extraction rates
and inlet qualities were tested; however, only annular and

slug flows were present at the tee-junction inlet.

The results from the above investigation showed that for
a vertically upwards orientated branch, high values of x3/x;
occurred. When the quality ratio (x3/x;) was plotted
against the extraction rate (W3/Wy), all data points fell
very close to line BC of Fig. 2.2a, except however, when the
inlet flow pattern was dispersed bubble in which case devia-

tions from 1line BC were the greatest. The authors found
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little phase-distribution dependence on the inlet parameters
for a vertically wupwards orientated branch and did not,
therefore, investigate a wide range of 1inlet conditions.
For a horizontal branch, both air-water and steam-water data
points fell quite close to line BC at high values of W3/Wi.
After reaching a maximum at about W3/W; = 0.3, a sharp de-
crease occurred in x3/x; with decreasing Ws/W;. The authors
speculated that during annular flow, the extrapolated value
at W3/W, = 0 is x3/xy = 0. For a constant superficial lig-
uid velocity, x3/x: was found to decrease with increasing
superficial gas velocity, which cor:esponded to an increas-
ing gas momentum flux. In comparing the phase-distribution
data between air-water and steam-water flows, the authors
presented data with close superficial gas and liguid veloci-
ties. The results showed that x3/x; decreased with increas-
ing pressure, again corresponding to an increasing gas mo-
mentum flux. For a downward orientated branch, high values
of Wz/W, gave, 1in general, values of x3/x; higher than the
even-phase-distribution line, indicating that the inertia
effect is greater than the gravity effect. At lower values
of W3/W,, x3/x; was below the even-phase-distribution line
and reached x3/x; = 0 at some finite value of W3/W,. The
intercept was found to increase as the inlet £flow pattern

became more stratified.

Based on the above experimental data, empirical correla-

tions for the phase distribution, for each branch orienta-
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tion, were derived. As vwell, the expressions took into ac-
count the different inlet flow patterns. The equation de-
rived for a horizontally orientated branch will be discussed
in more detail in Chapter 4 and compared to the present ex-

perimental data.

From the above discussion, it is evident that no general-
ized model has yet been developed to predict accurately the
phase distribution through a tee junction. As well, there
is no complete understanding of the phenomena, or the impor-
tant parameters affecting two-phase flow at tee junctions.
Since the parameters of importance are not fully known,
there is also no accepted method for presenting phase-dis-
tribution data, although either Fig. 2.2a or Fig. 2.2b has
been used by most authors. Finally, to date the available
phase-distribution data does not cover a very wide range of
inlet conditions against which to test any proposed phase-
distribution models. It is necessary, therefore, to widen
the range of experimental phase-distribution data in order
to improve our understanding of the phenomena occurring at
tee junctions and to aid in the development of models used

to predict the phase distribution at tee junctions.



Chapter 3

EXPERIMENTAL INVESTIGATION

The objective of the present experimental investigation
was to generate phase-distribution data for two-phase, one-
component flow through a horizontal tee junction. The appa-
ratus required to obtain this data incorporated a horizontal
branch, eqgual in size to the main tube (37.6-mm I.D.), and
was designed for the following operating conditions: steam-
water mixtures at pressures ranging between 100 and 250 kPa,
inlet mass fluxes between 15 and 50 kg/m2.s, inlet gqualities
ranging between 20 and 80 percent, and extraction rates from
0.2 to 0.8. 1In this chapter, the design and construction of
the required apparatus 1is discussed and the test procedure

and method of data reduction are presented.

3.1 Qverview of Experimental Facility

The test apparatus which was constructed for this inves-
tigation is shown schematically in Fig. 3.1. The following
description is a brief overview of the flow through differ-
ent components of the test apparatus. A more detailed pres-
entation of the design, construction and operation of the

major components will be provided later in this chapter.

- 20-
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A controllable amount of steam was generated in the boil-
er from distilled water. Building steam, at a regulated
pressure of 8500 kPa, was used as the heat source in the
boiler. The generated steam was first passed through a su-
perheater which allowed control on the degree of superheat
at its exit. After measuring the pressure and temperature,
the superheated steam was passed through a precondenser
where cooling water was used to partially condense the steam
to any desired quality. The pressure and temperature were
again measured at the exit of the precondenser. The two~
phase mixture was then allowed to develop in a straight adi-
abatic length for 37 tube diameters after which the inlet
flow pattern was observed through a specially designed visu-
al section. A further 56 tube diameters of straight adia-
batic developing length was provided before the flow reached
the tee junction. Throttling valves, located far downstream
in both the branch and run sides, controlled the fractions
of the two-phase mixture entering each side. After the flow
patterns in both the branch and run had been observed

through visual sections, each of the two-phase mixtures en-

tered its respective separation tank. In these tanks the
steam and water were separated, while maintaining a steady
liquid level 1in each tank. The steam from each tank was

passed through an aftercondenser and the resulting conden-
sate flow rate was measured by the appropriate (one or any

combination of a possible four) flowmeters, arranged in par-
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allel. The liquid phase from each separation tank passed
through an aftercooler and the flow rate was also measured
by one or more of four flowmeters in parallel. The two
lines of condensate and two lines of ligquid were then re-
joined and collected in a 1liquid receiver tank before re-

turning back to the boiler to complete the cycle.

3.2 Cooling-Water Circuit

All condensing units used in this apparatus were double-
pipe, counter-current flow heat exchangers with the test
fluid flowing through the inner pipe and the cooling water
passing through the jacket. The following is a description
of the cooling-water circuit which 1is illustrated 1in Fig.

3.1.

A steady level of water was maintained in a 0.2 m3 reéer—
voir tank. The water was circulated by a 7.5 kW centrifugal
pump which had a maximum capacity of 0.142 m3/min. and a
maximum head of 155 m. A by-pass line, located downstream
of the pump, was used to control the total amount of cooling
water supplied to the cooling-water circuit. A fraction of
this cooling water was sent to the precondenser with the
flow rate being measured by either one of two variable-area
flowmeters arranged in parallel ("Brooks" 0.025 m3/min.
maximum capacity and "Brooks" 0.15 m3/min. maximum capaci-
ty). The amount of cooling water through the precondenser

was one of the major independent parameters used to control
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the quality of the steam exiting the precondenser. After
the cooling water flow rate had been measured, it was fed
directly to the precondenser inlet where its temperature was
measured. At the exit of the precondenser, the temperature

was again measured before the water was sent to the drain.

The fraction of cooling water which did not pass through
the precondenser was divided into two streams, each of which
flowed through the aftercooler and aftercondenser of the
branch or run and was then rejected to the drain. Flow
measurements and temperature measurements of these two cool-
ing-water streams were not reguired since they did not ap-

pear in the mass—- and heat-balance calculations.

All temperature measurements in this apparatus were ob-
tained using iron-constantan thermocouples. All thermocou-
ples were connected to a selector switch, which in turn, was
connected to a "Fluke" 2170A digital potentiometer. The di-
gital potentiometer was capable of resolving to 0.2 °C over

a temperature range between -99.8 and 777.8 °C.

3.3 Steam Circuit

3.3.1 Boiler

The boiler was comprised of two main components: an out-
er shell, and internal heating coils. The outer shell was
constructed from galvanized steel with an inside diameter of

0.914 m with a 38.1-mm wall thickness. The overall height
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of the shell was 1.83 m. The heating coils were constructed
from commercial pipe (9.53-mm nominal schedule 40 standard).
The coils were 100 m in total length which provided enough
surface area for heat transfer. The outside surface of the
shell was insulated with 63.5-mm thick fiberglass insula-
tion. A safety relief valve (set at 445 kPa absolute), as
well as a pressure gage were mounted on the top cover of the
shell. A sight glass was mounted on the side and shielded
by a thick-walled plastic tube. The sight glass aided in
ensuring that a constant 1liguid level existed inside the
boiler during operation. The amount of steam generated in
the boiler was controclled by throttling the amount of build-

ing steam entering the coils.

3.3.2 Superheater

The generated steam exited the boiler at near saturation
conditions, although its exact guality was unknown. In or-
der to facilitate the performance of a heat balance on the

precondenser, the steam was first passed through a super-

heater. The superheater was a 3.0-m long, double-pipe,
counter-current flow heat exchanger. The construction of
the superheater consisted of a 37.6-mm I.D. 41,3-mm O.D.

type K copper tube for the inner pipe and a 49.8-mm I.D.
54.0-mm O.D. type K copper tube for the outer pipe. Since
the temperatures, and periodically the temperature gradi-

ents, imposed on the superheater were guite high, all welded
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joints were sealed with silver solder and the entire unit
was insulated with 63.5-mm thick fiberglass pipe insulation.
Building steam at 850 kPa was wused as the heating fluid and
its flow rate was controlled by a needle valve. The build-
ing steam from both the superheater and the boiler was
passed through steam traps before the resulting was rejected

to the drain.

3.3.3 Precondenser

The superheated steam was partially condensed in a pre-
condenser to a saturated mixture by exchanging heat with
cooling water. The precondenser was a 1.6-m long, double-
pipe, counter-current flow heat exchanger. The precondenser
consisted of a 37.6-mm I.D. 41.3-mm O.D. type K copper tube
for the inner pipe and a 49.8-mm I.D. 54.0-mm O.D. type K
copper tube for the outer pipe. Similar to the superheater
in assembly, all welded joints were sealed with silver sold-
er and the entire unit was insulated with 63.5-mm thick fi-
berglass pipe insulation. The temperature and pressure of
the superheated steam entering, and the temperature and
pressure of the saturated mixture exiting the precondenser
were measured. All pressure measurements in the experimen-

tal apparatus were performed by Bourdon tube pressure gages.
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3.3.4 Test Section

A schematic diagram of the test section used in this in-
vestigation is shown in Fig. 3.2. The following is a dis-
cussion of the construction details of the major components

in the test section.

Visual Sections

The inlet, run and branch visual sections were identical
in design. Each visual section (shown in Fig. 3.3) consist-
ed basically of a 254-mm long glass tube supported at both
ends by specially machined stuffing boxes. The design of
the visual sections were such that the inside diameter of
the glass tube and stuffing boxes were identical to the in-
side diameter of the copper tubing entering and exiting each
visual section. This eliminated any disturbance to the flow
development. Since the inside diameter of commercial (off-
the-shelf) glass tubing did not match that of the copper
tubing, custom-manufactured glass tubing was used. This
also allowed for the selection of a thick-wall (3.45-mm)
tubing in order to eliminate the possibility of cracks due
to thermal stresses. In assembling each visual section, ex-
treme care was taken to ensure alignment and coaxiality be-
tween the copper tubing, stuffing boxes and the glass tube.
The entire assembly was enclosed by a formed, plastic pro-
tective shield to guard against injuries in case of any

fracture of the glass tubing.
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Tee Junction 30

in order to ensure consistency with other research labo-
ratories, a square-edged tee was designed and constructed.
This required precision machining, thereby eliminating any
rounded edges or interior burrs and ensuring close toleranc-
es. The tee junction, as shown in Figs. 3.4 and 3.5, con-
sisted of two main components: a main body and a branch
section. The main body was machined from a 63.5 mm sguare
brass bar, 127-mm long. This length was chosen to allow the
inlet and run copper tubing to mate with the tee junction
for 38 mm, thus maintaining the coaxiality of the assembly.
The branch section was machined from a 76-mm diameter brass
rod, 44.5-mm long. On assembly, the branch section fit into
the main body as shown inkFig. 3.4. Four concentric holes
were drilled through the branch section and into the run,
where the holes were tapped. An O-ring, placed between the
branch and run sections, eliminated any leaks when four

bolts securely tightened the two sections together.

Since the heat required to solder the copper tubing into
the tee junction could have resulted 1in permanent deforma-
tion, a high temperature sealing compound ("LOCTITE" RC/620)
was used to bond the tubes into the brass. Previous testing
of this compound showed excellent sealing of copper tubing

with steam up to 850 kPa.
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The entire test section, including the precondenser was
supported by a rigid steel frame. A survey level was used
to ensure horizontality of the test section. The entire

test section, except for the visual sections, was insulated

with 63.5-mm thick fiberglass pipe insulation.

3.3.5 Separation Tanks

The two-phase mixture, in both the branch and run sides,
discharged into separation tanks downstream from the test
section. These tanks, shown in Fig. 3.6, were both identi-
cal in design. The tanks incorporated an abrupt change in
cross-sectional area at about mid height. If the flow rate
into one particular tank‘was low, high errors 1in the flow
rate measurement could have occurred if the vapor-liguid in-
terface was maintained in the larger diameter section o¢f the
tank. For any inlet condition or extraction rate resulting
in a low liquid flow rate into either tank, the vapor-liquid
interface 1in that particular tank was maintained in the
smaller diameter section. Conversely, the larger diameter

section was used for high liquid flow rates into that tank.

The separation tanks were constructed from steel pipes
with steel plates welded to each end. A 305-mm nominal di-
ameter with a 6.35-mm thick wall was used for the larger di-
ameter section whereas a 152-mm nominal diameter with a
4.8-mm thick wall was used for the smaller diameter section.

The two sections were connected by a 25.4-mm nominal diame-
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ter, 30-mm long steel pipe. The inside of the entire assem-
bly was galvanized to prevent corrosion and all fittings
connecting the steel tanks to the copper tubes were "Dielec-
tric Unions." A 480-mm long sight glass was installed ver-
tically, with a scale, used to maintain a constant liquid
level in the tanks. Bach tank had a pressure gage, a bleed
valve and a safety relief valve (set at 200 kPa absolute)
mounted on the top cover. The entire separation tank assem-
blies, except the sight glass, were insulated with 63.5-mm

thick fiberglass insulation.
3.3.6 Aftercoolers and Aftercondensers

The liquid phase discharging from the bottom of the tanks
was subcooled 1in an aftercooler before entering the flow
rate measuring stations. The aftercoolers were double-pipe,
counter-current flow heat exchangers. A 13.4-mm I.D.
15,9-mm O0.D. type K copper tube was used as the inner pipe
and a 18.9-mm I.D. 22.2-mm O.D. type K copper tube was used
for the outer pipe. A total heat transfer length of 2.0 m

was used for each aftercooler.

The steam removed from the top of the separation tanks
was condensed in an aftercondenser and passed through a
small collector tank before entering the flow rate measuring
stations. The aftercondensers were identical to the after-
coolers in tube sizes, but 4.5 m wasrused for the total heat

transfer length of each.
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The liquid levels in the collector tanks, as well as the
separation tanks, had to remain constant with time before
steady~-state could be assumed. A variation in these levels
with time would mean that the flowmeter readings were not
egual to the actual flow rates of the vapor and liquid into

the separation tanks.

3.3.7 Flow Rate Measurement

The flow rates of each stream, £from the aftercoolers and
aftercondensers, were measured by variable area flowmeters
("Cole-Parmer" type R-3217). Each flow measurement station
consisted of four flowmeters in parallel: one no. 18 (44.74
cm3®/min. maximum capacity), one no. 26 (215.8 cm®/min. maxi-
mum capacity) and two no. 36 (1812 em?®/min. maximum capaci-
ty) . BEach flow measurement station, therefore, was capable
of accurate flow rate measurement within the range o¢f 5 to
3800 cm?®/min. The above combination of flowmeters in each
flow measurement station was chosen to accommodate the wide
variation in flow rates anticipated as a result of different
combinations of inlet mass flux, inlet guality and extrac-

tion rates to be covered in this investigation.

3.4 Pre-Test Preparation

Before any testing began, the following pre-test prepara-

tions were performed on the experimental apparatus:
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All thermocouples were calibrated against precision
thermometers over a temperature range between 25 °C
and 120 °C. For each thermocouple, equations relat-
ing the true temperature (thermometer reading) to
the corresponding digital potentiometer reading were
obtained. These equations were used to correct the
recorded temperatures in the data reduction.
All pressure gages were calibrated against a dead
weight tester, over the range of each pressure gage.
Since the differences between the true pressure
(that of the dead weight tester) and the correspond-
ing pressure gage reading were indistinguishable,
the recorded pressure gage readings were used in the
data reduction.
All flowmeters were calibrated by collecting an
amount of water for a specified period of time (be-
tween one and five minutes). For the cooling-water
flowmeters (on the precondenser side), eguations re-
lating the true flow rate (measured) to the scale
reading were obtained. These eguations were used in
the data reduction. As for the test-fluid flowme-
ters (downstream from the aftercondensers and after-
coclers), the measured flow rates came very close
(mostly within *5 percent and never outside *10 per-
cent ét full scale) to the manufacturer's calibra-
tion charts, hence the latter were chosen to be used

in the data reduction.
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The criterion for the absence of leaks was that the
system was required to maintain a constant pressure
of 310 kPa absolute (except for the separation tanks
which maintained a pressure of 190 kPa absolute due
to the safety relief wvalves) for a period of 24

hours.

3.5 Experimental Procedure

3.5.1

Start-Up Procedure

Due to the complexity of the apparatus, several steps

were required to start up the system. The following is a

list of steps, in order, which were performed each time the

system was run.

1.

20

The steam-trap drain valves were closed.

The bleed valves on the separation tanks and collec-
tor tanks were <checked to ensure that they were
open.

The digital potentiometer was switched on.

The cooling-water reservoir was filled to the over-
flow level.

The cooling-water pump was turned on with the by-
pass valve fully opened.

The by-pass valve of the cooling-water pump was par-
tially closed wuntil the required cooling water
passed through the <c¢ooling-water flowmeter upstream

of the precondenser.
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11.

12.

13.

14.

15.

16.

17.

39

The building-steam supply valve was slowly opened to
full opening.

The by-pass line valve allowing building steam into
the heating coils was slowly opened.

The main-line valve allowing building steam into the
heating coils was slowly opened one gquarter of a
turn.

The by-pass line valve allowing building steam into
the heating coils was closed.

The system inlet valve was closed.

The superheater bleed valve was opened until all air
and condensed steam was dischargeda This valve was
closed when steam exited from it.

The system inlet valve was slowly opened to the de-
sired setting allowing steam into the system.

When the liguid levels in the separation tanks began
to rise the liquid flowmeters were activated to keep
the levels steady.

The test £fluid circulating pump was turned on and
the by-pass line was adjusted to maintain a rela-
tively constant liquid level 1in the ligquid receiver
tank.

The throttling valves on the branch and run sides
were adjusted to give the desired extraction rate.
The main-line valve allowing building steam into the

heating coils was opened to the required setting.
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18, The needle valve allowing building steam into the
superheater was opened to the required setting.,
19. The separation-tank bleed valves were closed when
steam exited from each one.
20. The steam flow meters were activated when the liquid
levels in the collector tanks began to rise.

27. The collector-tank bleed valves were closed.

Continuous monitoring of the liquid levels in the separa-
tion tanks, collector tanks, and the ligquid receiver tank
was maintained and necessary adjustments were made to the
branch and run ligquid test £luid flowmeters and the by-pass
line on the liguid receiver until the system reached steady-

state.

3.5.2 Steady—-State Conditions

It was very important that steady-state had been reached
before any data were recorded. The following conditions
were continuously monitored until no change had occurred for
at least 30 minutes.

1. The liguid levels in the separation tanks.

2. The liguid levels in the collector tanks.

3. The liguid level in the liquid receiver tank.

4. The boiler pressure.

5. The steam temperature and pressure aﬁ the outlet of
the precondenser.

6. The cocling-water flow rate in the precondenser.
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7. The inlet and exit temperature of the cooling water

in the precondenser.

Typically, the system required at least two hours of con-
tinuous operation and adjustments before steady-state was
reached. Additional runs, where only the extraction rate
was changed, would reguire about one hour. Some runs, par-
ticularly at very low mass fluxes, would reguire considera-
bly more time; in fact, four hours could be anticipated be-

fore steady-state was reached.

3.5.3 Recording of Data

The pressure gages and digital potentiometer provided
readings in the British System of wunits (i.e. psig and °F,
respectively). All these readings were later converted to

the S.I. system.

After steady-state conditions had been reached, the fol-
lowing measurements were recorded:
1. The boiler pressure in kPa.
2. The superheater exit pressure in kPa and exit temp-
erature in °C.
3. The precondenser inlet pressure in kPa and 1inlet
temperature in °C.
4, The precondenser exit pressure in kPa and exit temp-
erature in °C.

5. The separation tanks pressure in kPa.
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3.5.4

L2
The precondenser cooling-water flow rate as a per-
centage scale reading.
The precondenser cooling-water inlet and exit temp-
eratures in °C.
The test fluid temperature at the inlet to each flow
measurement station in °C.
The test f£luid flowmeters as a percentage scale
reading.
The observed flow patterns at the inlet, run and
branch visual sections based on the descriptions

given later in Section 3.6.

hut-Down Procedure

When all measurements were recorded for the last run of a

particular day, the following steps were followed, in order,

to shut the system down:

1.

2.

The building-steam supply valve was closed.

The bleed valves on the separation tanks and collec-
tor tanks were opened when the system pressure was
near atmospheric pressure.

The superheater bleed valve was opened.

The test fluid circulating pump was turned off.

All test fluid flowmeters were closed.

The by-pass line on the cooling-water pump was fully
opened when the system had cooled down sufficiently.
The cooling-water pump was turned off.

The digital potentiometer was switched off.
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9., The main-line valve allowing building steam into the
heating coils was closed.
10. The steam—-trap drain valves were opened.

11. The cooling-water reservoir was drained.

3.6 Flow Patterns

It was very important to classify properly the observed
flow patterns, particularly in the inlet visual section. In
the present investigation, three major and one transitional
flow patterns were visually observed. The following de-
scriptions were wused to identify the different flow pat-
terns:

Stratified flow: The ligquid flows along the bottom of the
tube and the vapor on top of it with a smooth inter-
face.

Wavy flow: The two phases are separated with liquid flowing
at the bottom of the tube. The vapor-liguid inter-
face is wavy, apparently due to a difference between
the vapor and liguid velocities.

Semiannular-wavy flow: Similar to wavy flow in appearance,
although the liguid begins to rise up the tube wall
forming a film. The film is very thin and most of
the liquid appears as a thick stratum at the bottom.

Semiannular flow: A stable ligquid £film covers the lower
part of the tube wall and the upper portion of the

tube appears dry. The liquid film thickness increas-
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es around the perifery with a maximum at the bottom
of the tube. Some of the liguid phase may appear as

droplets entrained in the vapor.

Figure 3.7 shows a diagram illustrating the observed flow
patterns. In the remaining part of the thesis, the names of
the flow patterns are often abbreviated in order to conserve

space. These abbreviations are used consistently:

ST = Stratified

%) = Wavy

SA-W = Semiannular-Wavy
SA = Semiannular

3.7 Data Reduction

The data recorded during each run were reduced using an
Amdahl 5850 digital computer. A data reduction program was
written using FORTRAN WATFIV language. Figure 3.8 shows a
schematic diagram of the system with the parameters relevant
to the data reduction. The following is a list of the pro-
cedure used to reduce the data into the required phase-dis-
tribution parameters.

1. The vapor and ligquid mass flow rates in the run and
branch were found from the appropriate flowmeters and

the total run and branch mass flow rates were determined

>
N}
il

Waz + W2 (3,1)

W3 = Wgz. + Wuws (3.2)
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The total inlet mass flow rate and inlet vapor flow rate
were determined from
Wi = Wz + W3 (3.3)
Wa1 = We2 + Was (3.4)
The inlet and branch qualities were computed as
Xy = Wa1 /W, (3.5)
X3 = Waz /Wi (3.6)

A heat balance, performed on the precondenser, gave

— WewSp (Tewin = Tewo) = Wi(hin = hout ) (3.7)
where

Wew = cooling-water flow rate in kg/s

cp = cooling-water specific heat in kJ/kg.k

Tewin = cooling-water inlet temperature in °C

Tew,out= cooling-water exit temperature in °C

hin = superheated steam inlet enthalpy in kJ/kg

(evaluated at Pin and Tin )

hout = saturated mixture exit enthalpy in kJ/kg.
From (3.7), hou was computed.
The calculated precondenser exit qQuality was evaluated
from

xic = (hout - h¢)/he (3.8)

where

hy is the saturated liguid enthalpy in kJ/kg,

evaluated at the precondenser exit pressure (Pout )

htg is the enthalpy of vaporization in kJ/kg,

evaluated at the precondenser exit pressure (Pout )

The heat balance error was found by



48

E = (x, - X1c)/x%;4 (3.9)

Only runs with E within the range of £10% were accepted.

In this investigation, 64% of the runs were actually
within #5%.

For runs with heat balance errors within *10%, the fol-

lowing parameters were calculated:

Gy = W,/(rD,2/4) (3.10)
Gz = W3/(rD32/4) (3.11)
Vas = Gi1x1/pg (3.12)
Vis = G1(1 = x1)/p, (3.13)

where

X1 is the inlet gquality evaluated from (3.5)

pg is the vapor density in kg/m?,

evaluated at P, (assuming that P; = Poy )

pp is the liquid density in kg/m?3,

evaluated at P, (assuming that P; = Pout ).
The fraction of total vapor entering the branch and the
fraction of total ligquid entering the branch were found
from

Was /Wa1 (3.14)

Fgg

FaL Wiz /Wi (3.15)
Finally, the extraction rate W3/W, <(or G3/G:) and the
ratio of the branch to inlet guality x3/x: were comput-

ed.



Chapter 4

RESULTS AND DISCUSSION
4.1 Data Range

In the present experimental investigation, a total of 111
data points (runs) were obtained covering the range of oper-
ating conditions shown in Table 4.71. These data points com-
prise a total of 19 groups, each of which has the following
characteristic operating conditions: a fixed amount of
building steam entering the boiler, a fixed amount of build-
ing steam entering the superheater and a fixed amount of
cooling water supplied to the precondenser. In each group,

therefore, the extraction rate was the only independent pa-

rameter. With any variation in the extraction rate (varia-
tion in the fluid resistance), a change in the system pres-
sure resulted; and as a result, the inlet mass flux and

inlet Quality also changed. Nominal (average) values of the
inlet pressure (P,), inlet mass flux (G;) and inlet gquality
(X,) were computed for each group and are listed in Appendix
A. The deviations from the actual inlet mass fluxes and in-
let gualities to the respective nominal values are all with-
in £10% in each group. As well, the inlet flow pattern re-
mained fixed for all runs in a particular group, for all

groups.

- 49 -



Table 4.1

Ranges of Operating Conditions

Total number of runs 111
Inlet Flow Patterns ST

W

SA-W

SA
Inlet pressure P; (kPa) 116-207
Inlet mass flux G; (kg/m2.s) 16.6-50.3
‘Inlet quality x, (%) 23.3-82.8
Extraction rate G3/G; 0.15-0.80

50
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Based on the nominal operating conditions, the nominal
inlet superficial gas velocity and nominal inlet superficial
liguid velocity were determined for each group and plotted
on the flow pattern map proposed by Mandhane et al. [16]
(shown in Fig. 4.1). The transition lines appearing on this
map were computed for the present operating conditions and
test fluids based on the recommendation by Mandhane et al.
[16]. This figure shows good agreement between the predict-
ed and visually observed (as outlined in Section 3.6) inlet
flow patterns over the entire range of operating conditions.
A complete list of the operating conditions and the phase-

distribution data for each run is given in Appendix B.

4.2 Presentation of Data

In this section, the experimental data will be presented
in a number of ways in an attempt to isolate the individual
effects of important independent parameters. As well, com-
parisons with previous investigations will be included as

they become relevant.

4.2.1 Effect of Inlet Quality

In Figs. 4.2 (a-e), the present data are plotted using
x3/x, and G3/G, as coordinates. Since D3=Dy in our case,
the extraction rate W3/W; is equal to G3/G;. In each fig-
ure, the lines of even phase distribution and the line BC

(in Fig. 2.2a) are shown. The purpose of these figures is
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to isolate the effect of x;, on the phase distribution, by
presenting groups of data which cover a wide range of x,; but
maintain an approximately constant Gi. It must be under-
stood that changing x; while keeping G; constant may result
in changes in the inlet flow pattern. It will be shown lat-
er (Section 4.2.3), that the inlet flow pattern can have an

effect on the phase distribution.

From Figs. 4.2(b-e), it is evident that x3/x; decreases
with increasing xi. Figure 4.2(a), however, shows that at
the lowest values of G; the effect of x; on the phase dis-
tribution is reversed (i.e. x3/x; increases with increasing
X1). This reversal in the phase distribution will be dis-
cussed further in Section 4.2.4. 1In an investigation of the
effect of x1 on the phase distribution conducted by Collier
[3], the results showed that at lower gqualities (2 - 17 per-
cent), x3/x; increased with increasing x; and then decreased

with any further increase in x; (17 - 50 percent).

4.2.2 Effect of Inlet Mass Flux

Figures 4.3(a-d) are similar to Figs. 4.2(a-e) except
that an attempt to investigate the effect of G; on the phase
distribution is made by maintaining an approximately con-
stant x, and allowing G; to vary. These figures show that
for a fixed x1, when the data from different flow patterns
are plotted on the same graph, there 1is an effect of G; on

the phase distribution. This effect is 1largest at the
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smallest X; and indiscernible at the largest X;. However, a
closer examination reveals that the change in the inlet flow
pattern may be the dominant influence, since there does not
appear to be any effect of G; on the phase distribution
within one inlet flow pattern. It must be emphasized that
the range of G; covered in the present investigation (for
the same x; and the same 1inlet flow pattern) is not very
wide, and therefore, the above observation may not always
apply to operating conditions outside those of the present
investigation. Previous investigations (Saba and Lahey
[12]) also did not cover a very wide range of G;, since in
most cases it is not possible to remain within the same in-
let flow pattern if x; is kept constant and G, varies wide-
ly. In this investigation, the results showed very little
effect of G; on the phase distribution for the entire range
of x; (0.1 - 1.0 percent) tested. Henry [6] reported a
strong phase distribution dependence on G,, although the
junction geometry (D3/Dy = 0.2) and range of W3/W, (20.06)
investigated were extremely different from the present in-
vestigation. It is therefore very difficult to include his

results in a comparative discussion.-

4.2.3 Effect of Inlet Flow Pattern

In Figs. 4.2(a-e) and Figs. 4.3(a-d), the variation of
the inlet operating conditions (X, and G,, respectively) re-

sulted in a change (or changes) in the inlet flow pattern.
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In this section, an attempt to isolate the effect of the in-
let f£low pattern on the phase distribtuion is made; that is,
where the phase-distribution data exist within each inlet

flow pattern.

In Figs. 4.4(a-g), Fgg and Fg_ are used as the coordi-
nates. In each figure the 1line of even phase distribution
is shown, The data of stratified flow are shown 1in Fig.
4.4(a). All the data of stratified flow lie below the line
of even phase distribution. Figs. 4.4(b and c), on the oth-
er hand, show that most of the data corresponding to wavy
flow exist above this line. One group of wavy flow, how-
ever, 1is below the line of even phase distribution for part
of the range of Fgg investigated. This becomes interesting
when this group is located on the Mandhane et al. [16] flow
pattern map (Fig. 4.1). This group corresponds to the wavy
point which 1is located nearest to the stratified points.
Since this wavy point 1is the closest to the stratified
points, it could be expected that similarities in the phase
distribution between them exist. The semiannular-wavy flow
are shown in Fig. 4.4(d). Here, it can be seen that most of
the data lie above the line of even phase distribution. The
semiannular flow data, shown in Figs. 4.4(e and £), lie both

above and below this line.

Figure 4.4(g) shows a composite drawing illustrating the

regions which are occupied by the stratified, wavy and semi-
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annular flow data for the present range of operating condi-

tions.

4.2.4 Effect of Inlet Superficial Liguid Velocity

Within each group, the variation of the inlet pressure
(Py), with varying G3/Gi, was quite high in some cases.
This resulted in deviations of the inlet superficial vapor
velocity (Vgg) and the 1inlet superficial 1ligquid velocity
(Vis ) greater than #10% of the computed nominal values (Vgs
and Vg , respectively), within particular groups. To main-
tain a high degree of confidence in the presented data, a
criterion was set to ensure all deviations in Vgs and Vis
were within #10% of Vgs and Vg , respectively. This result-
ed in presenting data which are not necessarily within one
group, but rather, where Vas and Vs are within *10% of
their nominal values. These new data groups are listed in

Appendix C.

Figures 4.5(a-d) use Fgg and Fg as the coordinates. In
each figure, a range of Vs are presented for fixed values
of Vas . Bach figure may contain different inlet flow pat-
terns. The results of all figures clearly show that Fg_ de-
creases with increasing Vis at a fixed Fgg . Furthermore,
this trend is continuous irrespective of the inlet flow con-
ditions. Referring back to Fig. 4.2(a) now reveals an in-
teresting observation. It was noted that the phase-distri-

bution behavior, in this figure, was not the same as in
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Figs. 4.2(b-e). However, when most of these data (those
meeting the criteria for plotting in Figs. 4.5(a-d))
were replotted in Figs. 4.5(a,b and c), the behavior is seen
to be consistent with all other data; that is, for a fixed
Ves , Fg. decreases with increasing Vs . The investigations
of both Hong [4] and Seeger et al. [14] showed the same ef-
fect on the phase distribution due to Vs , for operating
conditions covering inlet gualities similar to the present
investigation. The 1inlet flow patterns in these previous
investigations included wavy and annular flow (Hong [4]) and
stratified, dispersed bubble, slug and annular flow (Seeger

et al. [14]).

4.3 Comparison with Existing Phase-Distribution Correla-

tions

In this section, existing phase-distribution correlations
were tested against the present experimental data. One cor-
relation is the phase-distribution model proposed by Azzo-
pardi and Whalley [7]. This model is a simple geometrical
phenomenologically based model developed for annular flow.
Although in the present investigation annular flow was not
observed, the data of semiannular flow may provide an inter-
esting test of the model by Azzopardi and Whalley [7]. The
second phase-distribution correlation tested was proposed by
Seeger et al. [14]. This correlation consists of a set of

empirically derived eguations for different branch orienta-
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tions, based on their phase—distribution data. Although the

operating conditions, P, and G, from which these eguatioens
were derived are much different from the present values,
this correlation was tested due to the wide range of inlet

gualities on which it was based.

4.3.1 The Azzopardi and Whalley [7] Model

The phase—distribution model proposed by Azzopardi and
Whalley [7] is geometrically based for annular flow. The
model assumes that the portion of liquid removed through the
branch comes from the same segment of the tube as the re-
moved gas. Furthermore, the model assumes that the liguid
which is removed comes from the 1ligquid film; that is, the
liguid which exists as entrained droplets travel straight on
into the run. This is shown schematically in Fig. 4.6. For
the special case which assumes that the liquid £film is uni-

form over the entire tube periphery, the model reduces to

Gaxz. . 1 2r  Gal(1-x )l_ : 2r _ Ga(1-x%3)
Tixr i?%r1-s1)sf(1—x1)s o T1-E1>G1("x1)§ (o1

where B, is the fraction of inlet liquid which exists as en-

trained droplets.

Azzopardi [11] later proposed a correction term which takes
into account the ratio of the branch to inlet tube diameter
(Ds/D1). Substituting this correction term into (4.1) gives

Gaxs o _1___ 27 ) G3(1—X3)
51){1 - 27" (1‘31)102(D3/D1)0’4 G1(1-X1) (4-2)

-sin % 27 G1(1-x31§
(1"31)1.2(1:)3/D1)°"s G1(1"X1)
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Substituting (3.14) and (3.15) into (4.2), and rearranging,

gives (for D3 = D,)

Fgg = 1 ”1,6771’ ; 67T
T G m%‘“n Hf;‘ = 2} (¢.3)

Equation (4.3) was tested by substituting all of the ex-
perimentally obtained values of Fg. into (4.3) to obtain the
corresponding predicted values for Fpg . Figures 4.7 to 4.10
show the predicted values of Fac plotted against the meas-
ured values, for the same Fg_ . All figures show the pre-
dictions for a fixed inlet flow pattern and for each flow
pattern the liguid entrainment was assumed to be negligible
(i.e. E; = 0). It is apparent from these figures that the
model generally predicts poorly, particularily for wavy and
semiannular-wavy flow. All the data is underpredicted; that
is, for a fixed Fg_ , the model predicts a lower value of Fgg
than the experimental value. Since the model was developed
for annular flow, the predicted values of Fgg would be ex-
pected to be lower than the corresponding experimental val-
ues of EbG: Although the agreememnt with the stratified
flow data is gquite good, this is likely fortuitous since the
geometry of stratified flow is very different £from annular
flow. Most of the semiannuiar flow data fall outside the
220% error lines, although some points do fall close to or

within these lines.
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To investigate further the operating conditions which led
to a better agreement between the model and the experimental
data, most of the semiannular flow data were replotted indi-
cating the nominal inlet conditions for each group. Here,
the values of ¥s, Vis and Vgs/Vis are based on groups rath-
er than the criterion set 1in Section 4.2.4. Figure 4.11
shows that the model's prediction becomes increasingly bet-
ter as both ¥; and Vgs /Vis increase. Based on the nominal
inlet conditions of the semiannular flow data, values for E;
were determined from the correlation proposed by Katoka and
Ishii [17] and compared with experimentally obtained values
of Gill' and Hewitt [18]. The agreement between the predictv-
ed values of Ratoka and Ishii [17], for the present operat-

ing conditions and the experimental values of Gill and Hew-

itt [18] were found to be gquite good, considering Gill and
Hewitt [18] 1investigated liguid entrainment for air-water
annular flow in a vertical tube (38.1-mm I.D.). The maximum
value of E; was found to be less than 0.15 for the operating
conditions corresponding to semiannular flow in this inves-
tigation. Figure 4.12 shows the groups of semiannular flow
as in Fig. 4.11 except that in Fig. 4.12, the value E; =
0.15 was used. Although most of the data are still under-
predicted, the points are all shifted towards better agree-

ment.
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4.3.2 The Seeger et al. [14] Correlation

For a horizontal main tube, Seeger et al. [14] derived
three phase-distribution correlations for the following
branch orientations: vertically upwards, horizontal and
vertically downwards. The equation for a horizontal branch

for any inlet flow pattern other than dispersed bubble is

X3 - c (Ga) _g [Gs) 2 Ga) ® Ga)(1-Gs) *
mesf @) o) - ()08 (6.0

0.26
a= 13.9{[[5?]312] - l} (4.5)

where

S,z of_1 ><1+ 0.12(1-x;) Vel X1 (4.6)
(1-x4) On Gy €a
Py, = X1 +L2(__LZ. 1
H p_G— oL (4.7)
o 1.1 - : | :
Vel = *7ﬁ§3§'<g (P PG)>°25 (4.8)

Equation (4.4) was tested against the present experimen-
tal data by substituting all experimental values of G3/G;
from each group into (4.4) to obtain the corresponding pre-

dictions of x3/x4.

In Fig. 4.13, the predicted values of x3/x; are plotted
against the measured values, at the same G3/G, for x; 2 40%
and G3/Gy = 0.4. It is evident from Fig. 4.13 that equation

(4.4) predicted the experimental values of x3/x; remarkably



2.0
o\e
O
<Y
1.57 0°\°
/‘1’
— + o A +
3 S F
k) * 4 +
8 1.0 4
& v
- +++
X
~
(92]
>
0.5 +
0.0 T I T T T T T
0.0 0.5 1.0 1.5

X3 / X1 (measured )

Fig. 4.13 Comparison between the correlation by
Seeger et al. [14] and the present data
for x1240% and G3/G:20.4



90
well. Most predictions are within %20% of the corresponding
measured values. This is a very encouraging result consid-
ering the differences in the operating conditions between
the present investigation and those from which equation
(4.4) was derived. 1In Fig. 4.14, most of the predicted val-
ues of x3/x; are within *40% for the entire range of x; in-
vestigated and for G3/G; 2 0.3. Figure 4.15, however, shows
that for all x; and G3/G; < 0.3, most of the predicted val-
ues of x3/x; fall outside the =240% error lines. It is not
surprising that eguation (4.4) failed to predict x3/x; for
low values of G3/Gi, since the 1limit of equation (4.4) at
G3/G; = 0.0 is x3/x; = 0.0. This limitng value may not be
true for all flow patterns and is very difficult to estab-
lish since reliable data at low extraction rates are gquite

scarce.
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Chapter 5§

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In the present investigation, the phase distribution of
two-phase flow through a tee junction was studied. The in-
vestigation included: obtaining phase-distribution data for
Steam-water flow through a horizontal tee junction with an
equal diameter horizontal branch; a qualitative discussion
of the present phase-distribution results, as well as re-
sults from previous investigations; and a guantitative com-
parison of the present experimental results with existing
phase-distribution correlations. For the range of operating
conditions in the present investigation, a number of conclu-
sions can be drawn.

1. The phases did not, in general, distribute themselves
evenly through the tee junction.

2. All stratified flow data were below the line of even
phase distribution. Most of the wavy and semiannular-
wavy flow data were above this line, whereas the semian-
nular flow data were both above and below it.

3. For a fixed Gy, x3/x; decreased with increasing x;, ex-
cept however, at the lowest inlet mass fluxes investi-

gated where this trend was reversed.
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For a fixed inlet flow pattern and a fixed X, there was
no apparent effect of G; on the phase distribution.
For any fixed Vg, FgL decreased with increasing Vs ,
irrespective of the inlet flow pattern.
Although the model developed by Azzopardi and Whalley
[7] failed to predict the present phase-distribution
data, the predictions became increasingly better as the
inlet %y and Vos /Vs increased.
The Seeger et al. [14] correlation predicted the present
phase-distribution data remarkably well over the entire
range of operating conditions and where G3/G, = 0.3,
This correlation failed, however, to predict the data

for G3/G; < 0.3,
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5.2 Recommendations for Future Work

The present investigation is one of few experimental
studies undertaken in this extremely important two-phase
flow research topic. Not unlike previous investiga-
tions, only a narrow range of phase-distribution data
could be added to that which already exists. While this
investigation succeeded in answering some guestions, and
in some <cases verifying previously investigated gques-
tions, many new Questions were raised. The gquestions
which we face now must be understood before any general-
ized mathematical models can be developed. It is hoped
that this investigation will motivate others to under-
take experimental investigations at previously untested
operating conditions, in an effort to better understand
the following:

The influence of the operating conditions on the phase

distribution; those being, x:, Gy, Py, G3/G; and the in-

-let flow pattern.

The influence of the junction geometry (D;, D3, Ds3/D;)
on the phase distribution.

The influence of the junction orientation on the phase
distribution.

The influence of the junction itself; that is, between

tees and wyes of different configurations.
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Appendix A

NOMINAL INLET FLOW PARAMETERS

Table A.1 summarizes the nominal inlet operating condi-

tions for the different experimental groups.

Legend

No. Group number

Inlet Inlet flow pattern

F.P.

P, Nominal inlet pressure (kPa)

G, Nominal inlet mass flux (kg/m2.s)
X1 Nominal inlet gquality (%)
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Table A.1

Nominal Inlet Flow Parameters

No. Inlet = G %4
F.P. (kPa) (kg/m2.s) (%)

1 W 141 29.5 38.5
2 SA-W 179 32.1 . 52,9
3 W 135 25.0 35.8
4 W 194 39.1 42.8
5 SA 196 32.1 63.4
6 SA 187 40.5 53.6
7 SA 207 33.6 75.5
8 SA 180 27.3 69.3
S SA 156 28.9 58.9
10 SA 182 26,5 82.8
11 SA-W 159 18.3 72.8
12 SA 166 25.2 68.6
13 W 134 34.0 30.3
14 W 134 38.5 23.3
15 SA-W 159 48.9 32.5
16 1Y 126 17.3 51.1
17 ST 116 16.6 32.1
18 ST 134 16.8 40.9
18 SA-W 163 28.9 52.2




Appendix B

OPERATING CONDITIONS AND PHASE-DISTRIBUTION DATA

Table B.1 provides a listing of the operating conditions

and corresponding phase-distribution data for all test runs.

Legend

No. Run number

P Inlet pressure (kPa)

G, Inlet mass flux (kg/m2.s)

X 4 Inlet quality (%)

G3/Gq Extraction rate

X3/% Ratio of branch to inlet quality

Error Heat balance error (%)

Fao Fraction of total vapor entering branch
Fg. Fraction of total ligquid entering branch
Vas Superficial vapor velocity (m/s)

Vis Superficial liquid velocity (m/s)
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Appendix C

DATA USED IN FIGS. 4.5(a-d)

Table C.1 provides a listing of the group numbers associ-

ated with the data of Figs. 4.5(a-d).

Legend

Figure Figure number

Vas Nominal superficial vapor velocity (m/s)
Vis Nominal superficial liquid velocity {(m/s)
No. Datum number
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Table C.1

Data used in Figs. 4.5(a-d)

Figur’e {7(; VLS No.
(m/s) (m/s)
4.5(a) 8.11 0.0107 18-1
18-2
18-3
18-6
0.0118 17-1
17-2
17-3
17-5
17-6
4.5(b) 12.6 0.00878 16-2
16-3
16-4
16-6
16-7
0.0159 2-5
3-2
3-3
19-1
0.0249 4-4
4-6
13-1
0.0308 14-3
144
14-5
14-6
4.5(c) 15.5 0.0058 11-1
11-2
11-3
11-5




Table C.1 (continued)

Figure Vo Vis No.
(m/s) (m/s)
4.5(c) 0.00902 8-5
12-1
(cont.) 12-6
16-4
0.,0151 2~-4
19-2
19-3
19-6
19-7
0.0238 4-1
4-3
4-5
13-2
13-3
4.5(4) 18.2 0.00544 10-1
10-5
11-4
0.00862 7-6
8-1
8-2
8-3
12-2
12-3
0.0133 5-4
9-1
S-2
19-4
0.0198 6-1
6-2
6-7
6-8
0.0342 15~3
15-4
15-6
15-7
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