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ABSTRACT

A comprehensive review of the literature on two-
phase flow patterns of condensing fluids inside horizontal
tubes revealed limited information. Most of the published
data correspond to two fluids, Freon-12 and Freon-113, con-
densing in tubes rangihg in inside diameters between 0.1875
in. and 0.625 in. In the meantime, there aré no established
criteria for the prediction of flow patterns during con-
densation. The main objectives of the present investigation
are to generate new data using steam as the test fluid and
to study the applicability of different corre]ations.
(empirical and theoretical) for the prediction of flow
patterns during condensation. Steam was selected as the
test fluid because it is widely different in physical and
transport properties from other fluids tested earlier.

An experimental set-up was designed and constructed
to achieve the objectives of the present study. The test
condenser has 0.527 in. I.D. for the inner tube. Data were
obtained covering a wide range of steam mass flow rates,
inlet superheats, pressures, and cooling rates. The major
flow patterns which were observed were: spray, annular,
wavy, slug, plug, and stratified. 1In addition, two tran-
sitional flow patterns were reported; these are the spray-

annular, and annular-wavy. It was not possible to calculate

i1i



flow-map parameters for the slug, plug, and stratified
flow patterns since the heat balance resulted in sub-
cooled conditions for these observations. As a result,
these flow pattern observations were not correlated.

The present data, as well as others reported in the
literature, were compared with the most widely known
empirical flow pattern correlations. It was concluded
that Baker's [5]* map failed in predicting the present data,
however, a map developed for condensation, by Soliman [19]
using Baker's coordinates agreed fairly well with the present
data. Another set of coordinates suggested in [19], namely
the void fraction and the velocity of the Tiquid phase Vz’
was tested with the present data and found to be a possible
basis for a generalized correlation for condensation. On
the other hand, the superficial liquid velocity versus super-
ficial gas velocity coordinate system used by Mandhane et al.
[12] failed in absorbing influences of fluid properties.

Comparisons were also done with the few theoretical
correlations available in the literature. Traviss and
Rohsenow [18] developed equations for the Tine separating
the annular and the wavy flow patterns. The present data
agreed very well with their prediction. Also, a reasonable

agreement was found when this correlation was tested against

*Numbers in brackets denote references at end of
thesis.
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data of other fluids. Only the annular-wavy and annular-
slug boundaries of Taitel and Dukler [14] theoretical map
were tested. These transition lines were selected because
they were the ones relevant to the present study. The slug
flow data points reported in other studies did not correlate
well with their predictions. However, the agreement with
annular and wavy data points from present and other studies
were considered to be satisfactory. The boundaries developed
by Breber et al. [22] using Taitel and Dukler [14] coordinates
were found to predict well the data of the present inves-
tigation.

The simple empirical criterion developed by Soliman
[19] for the spray to annular transition was tested using

the present data. Agreement was fair.
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NOMENCLATURE

English Symbols:

A Tube inside flow area (ft?)

A, Vapor flow area (ft?)

Cg Gas percentage, defined by equation (2.4)
D Tube inside diameter (ft)

(dP/dx)2 Pressure drop for the liquid phase

(dP/dx)V Pressure drop for the vapor phase

F Taitel and Dukler [14] parameter, defined by
equation (4.4)

g Gravitational acceleration (ft/sec?)

9. Sggton's proportionality constant = 32.174 ]bm ft/1bf

G Total mass velocity (1b /hr ft?)

G, Liquid mass velocity = (1-x)G (1b /hr ft?)

G, Vapor (gas) mass velocity = xG (1by/hr ft?)

NCA Capillary number, defined by equation (4.11)

Nep Froude number, defined by equation (2.6)

NFRz Froude number of the liquid [18]

NGA Galileo number of the liquid, defined by equation
[4.3e]

NpE Reynolds number, defined by equation (4.10)

NRE Reyno?ds number of the liquid, defined by

) equation (4.3d)
NyE Weber number, defined by equation (4.7)

X1



<

X or X

tt

Liquid volumetric flow rate (ft3/sec)

Vapor volumetric flow rate (ft3/sec)
Vapor volumetric ratjo, defined by equation (2.5)

Superficial liquid velocity = G,/p, (ft/sec)

Superficial vapor velocity = Gv/pV (ft/sec)
Average liquid velocity, defined by equation (4.7)
Mixture velocity, defined by equation (2.3)
Dryness fraction

Lockhart Martinelli [2] parameter

Greek Symbols

Void fraction = AV/A

Baker's [5] parameter, defined by equation (2.1)
Liquid dynamic viscosity (centipoise) or Tb,/ft sec)
Vapor dynamic viscosity (lbm/ft sec)

Liquid kinematic viscosity (ft?/sec)

Average density of the mixture defined by
equation (4.8)

Saturated liquid density (1bp/ft?)

Saturated vapor density (1bm/ft3)
Liauid surface tension (dyne/cm) or (lbf/ft)

Baker's [5] parameter, defined by equation (2.2)



CHAPTER I

INTRODUCTION AND DEFINITIONS

1.1 Introduction

The simultaneous flow of two phases inside or outside
a duct is known in the literature as two-phase flow. The
two phases may belong to the same substance, (usually
referred to as two-phase, one-component), or to two
different substances with different chemical compositions,
(two-phase, two-component). Pumping of mixtures of o0il
and natural gas, flow of gases and liquids in chemical con-
tactors, hydraulic conveying of wheat, pulverized coal and
ores, and material handling in food processing are some
applications of two-phase, two-component flows. Examples
of engineering equipment in which two-phase, one-component
flows occcur are the boiler tubes in steam power plants,
heat transfer equipment suchasevaporators and condensers of
refrigeration systems, and the cooling systems of nuclear
reactors.

Experimental observations revealed that one or two-
component two-phase flows assume different possibie flow
configurations. These configurations are called flow
patterns or flow regimes and will be defined later in this
chapter. Each flow pattern has its own heat, mass and

momentum transfer characteristics, and consequently each



should have its own pressure drop and heat transfer
correlations. Hence, from a designer point of view, the
understanding of the hydrodynamic behavior of two-phase
flow is important as well as necessary for achieving
improved design for equipment in which such flows occur.
In addition, being able to predict the flow patterns
associated with different two-phase flow conditions is as
crucial as knowing whether the flow is laminar or turbulent
in single-phase flow.

Several research efforts dealing with two-phase, two-
component (gas-liquid), adiabatic flow were reported in
the literature. These investigations resulted in some
information about the possible flow patterns, phase
distributions, and pressure drop associated with the flow.
Several correlations (empirical and analytical) for the
prediction of flow patterns expected under certain conditions,
were also suggested. Most of these correlations are Timited
in use to specific flow conditions, while few are claimed to
be applicable to a wide range of flow conditions. An
example of these correlations is presented later in this
chapter.

Recently, a great deal of interest has been directed
towards the study of two-phase, one-component, diabatic
flows. This type of flow includes both boiling and con-

densation cases. When heat transfer is associated with the



flow it causes phase changes and changes in phase distrib-
ution along the duct. Consequently, the flow pattern
never becomes fully developed and it changes continuously
in the direction of the flow. In spite of the added
complexity, few studies were successful in providing

information on the flow patterns, pressure drop, and heat

transfer characteristics.

flow

A comprehensive review of published literature on the

patterns of condensing fluids inside horizontal tubes

revealed that the available information is quite limited.

Most

of the data correspond to two fluids (Freon-12 and

Freon-113), and a limited range of tube diameters. In

addition, there is no established correlation (empirical or

analytical) for the prediction of flow patterns during con-

densation. More research efforts are required in this area

and the present investigation was carried out as a first

step.
1.

The objectives of this investigation are:
To design and construct an experimental facility for
the study of flow patterns of condensing fluids inside

horizontal tubes.

2. To generate flow pattern data for steam condensing
inside a 0.527 in. I.D. horizontal tube.
3. To compare the obtained data with empirical and analytical

flow pattern correlations available in the Titerature.

Also, using other data reported earlier for fluids other



than steam, the influence of fluid properties on
the transition criteria between different flow

patterns will be investigated.

1.2 Definitions

Some of the terms mentioned above will be used exten-
sively in this thesis, and hence, a proper definition is
necessary. The term "flow pattern" is used to describe the
different configurations which appear during two-phase flow.
The type of flow pattern existing at a certain Tocation
within a tube depends on many factors, such as mass flow
rates of the two phases, physical and transport properties,
and tube diameter and orientation. During adiabatic gas-
liquid flows the flow pattern does not change between the
inlet and outlet of the duct, while for diabatic flows the
pattern changes continuously in the direction of the flow
due to heat transfer.

Figure 1.1 shows schematic diagrams of the different
flow patterns associated with gas-liquid flows inside
horizontal tubes [4]. The different descriptions used in
identifying these patterns were:

Bubble flow: flow in which bubbles of gas move along the
upper part of the pipe.
Stratified flow: flow in which the 1liquid flows along the

bottom of the pipe and the gas flows above it over a

smooth liquid-gas interface.
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Fig. 1.1 Schematic diagrams of flow patterns of
air-water inside a 1 in. I.D. horizontal
tube [4].



Wavy flow: flow which is similar to stratified flow except
that the gas moves at a higher velocity and the inter-
face is disturbed by waves traveling in the direction
of flow.

Slug flow: flow in which a wave is picked up periodically
by the more rapidly moving gas to form a frothy slug
which passes through the pipe at a much greater velocity
than the average liquid velocity.

Annular flow: flow in which the liquid flows in a film
around the inside wall of the pipe and the gas flows at
a high velocity as a central core.

Spray flow: flow in which most or nearly all of the liquid
is entrained as spray by the gas.

Usually, each investigator reported descriptions for
the different flow patterns observed during his experiment.
There is a fairly common agreement among investigators on
these descriptions, and hence the above ones are considered
representative of the literature. To give an idea about the
types of flow expected during condensation, Fig. 1.2 shows
the development of the flow patterns along the axis of a
horizontal tube.

An example of the correlations developed in the
literature [4] for the prediction of flow patterns expected
at certain conditions is shown in Fig. 1.3. In preparing this

correlation [4] the different flow pattern observations were
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Fig. 1.2 . Flow pattern development during condensation
inside horizontal tubes.
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plotted on a map using a certain coordinate system. Data

of each flow pattern occupied an area on this map. Transi-
tion lines between different areas were then drawn arbitrar-
ily, with the understanding that each of these lines represent
in fact a transition zone with a finite width. Several of
these correlations were reported, using different coordinate
systems. This is an area where there is no agreement in the
literature and it is for this reason that this research

project was undertaken.
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CHAPTER 2

LITERATURE REVIEW

Investigations dealing with the two-phase flow patterns
of condensing fluids inside horizontal tubes are quite
Timited. In order to gain a better understanding of the
problem, the scope of literature search was widened to include
some of the references dealing with adiabatic two-phase, two-
component flow patterns. This proved beneficial since there
are many common features between these two types of flow, as
well as similarities in the experimental techniques and
methods of data presentation. The present review is divided
into two parts; the first relates to adiabatic cases, while the

second relates to diabatic (mainly condensation) studies.

2.1 Adiabatic Flow Studies

This part of the literature review is not intended to
be a comprehensive one; only a selected portion of reported
investigations is included. One of the earliest two-phase
flow studies was done by Martinelli et al. [1]. Their
objective was to investigate the effect of pipe diameter,
rate of liquid and gas mass flow, liquid viscosity, liquid
and gas density, and gas viscosity on the pressure drop
during two-phase flow. Data were collected from two test

sections; a 1 in. I.D. glass tube and a 0.5 in. I.D. gal-

vanized iron pipe. The gas phase was air, while water,
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‘kerosene, benzene, diesel fuel and S.A.E. 40 oil were used
as test liquids. Flow combinations varied from all-air to
all-liquid conditions. The existence of different f]ow
patterns at various flow conditions was noticed. These
different flow patterns were documented by photographs and
sketches, but no descriptions were reported. Also no attempt
was made to relate the pressure drop measurements to the
types of flow pattern observed. Later,Lockhart and Martinelli
[2] presented two-phase pressure drop data for the simultaneous
flow of air and liquids including benzene, kerosene, water
and oil in pipes varying in diameter from 0.586 in. to 1.017
in. This study resulted in one of the most widely used
correlations for pressure drop in two-phase flow. This
correlation, while still independent of the type of flow
pattern existing, classifies the flow into four categories
depending on whether each phase is flowing laminarly or
turbulently.

A study of the different flow patterns associated with
gas-liquid flow was reported by Bergelin and Gazley [3].
They experimentally investigated the flow of air and water
in a 1 in. I.D. horizontal glass tube. Observed flow patterns
vere divided into three types; unsteady type (including
bubble, wavy, and slug flows), steady type (annular flow),
and a steady type with respect to time but not with respect

to distance (stratified flow). The generated flow pattern
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data were correlated in a map using the air and water mass
flow rates as coordinates. Alves [4] conducted an
experimental investigation of the isothermal flow of water-
air and ojl-air mixtures in a 1 in. co-current pipe line
contactor. Flow pattern, pressure drop and liquid holdup
data were obtained at various constant liquid flow rates and
a range of air rates at or near room temperature. Different
flow patterns, including bubble, plug, stratified, wavy,
slug, annular, and spray, resulted in this study and
descriptions and photographs were reported. Flow pattern
data were correlated by map using superficial gas and
liquid velocities as coordinates, (shown earlier in Fig. 1.3).
A11 the flow pattern maps mentioned so far are Timited
in use to conditions of tube diameters and gas-liquid
combinations similar to those from which each map was
constructed. Baker [5] noted that and made the first attempt
at constructing a generalized map for the adiabatic two-
phase flow patterns inside horizontal tubes. He used data
of other investigators (e.g., [4]) covering a wide range of
tube diameters and gas-liquid combinations and prepared a
map using coordinates which are functions of the superficial
mass velocities Gv and GR' To account for the properties of
the flowing mixture, Baker [5] used the following correction
factors introduced earlier by Holmes [6] for correlating the

flooding in wetted wall distillation columns:
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1/2

>
I

[(p,/0.075) (p,/62.3)]

and
1/3

<
1}

(73/0) [u, (62.3/0,)%]

This map, because of its wide base of experimental data,
is commonly known in the literature and will be referred
to in later chapters.

The influence of tube diameter and properties of the
flowing mixture on the transition lines of flow pattern
maps was explored in some additional research efforts.
Hoogendoorn [7] studied experimentally the flow patterns
during gas-liquid flows in smooth pipes of 0.945, 1.97,
3.58, and 5.51 in. inside diameters. Water, spindlie o0il,
and gas 0il were used as liquids, while air at pressures
ranging between 1 and 3 atm was used as the gas phase.
Flow pattern data were presented in a map using, as
coordinates, the mixture velocity Vm and gas percentage

Cg defined by

+
Vv = u , (2.3)
m T (p?)
4
and
C ——~———~—QV 100 (2.4)
= ' X . .
g QV +Q,

A shift in the transition lines accompanied any change
in pipe diameter or test liquid. Hoogendoorn [7] found

these shifts to be small and pointed out the fact that the
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transition lines on any map should be viewed as represent-
ing a zone rather than a sharp line. Because air was the
only gas tested in [7], Hoogendoorn postulated that larger
deviations in the transition lines might result from
different gas densities. To explore this possibility,
Hoogendoorn and Buitelaar [8] experimentally investigated
the flow of superheated Freon-11 vapor and water, as well
as the flow of flashing Freon-11, in a horizontal 5.91 in.
I.D. pipe. The map developed in [7] was found to correlate
the obtained data adequately, thus ruling out the possibility
of a strong influence of gas density on the transition lines.
More flow pattern data resulted from the investigation
by Govier and Omer [9] corresponding to air-water flow in
1.026 in. I.D. horizontal pipe. The average system pressure
was held constant at 36 psi maintaining a constant air
density of 0.18 1b_/ft’ Flow pattern, holdup and pressure
drop data were obtained at air-water volume ratio from 0.1
to 200 for 10 superficial water velocities from 0.01 to
5.03 ft/sec. The flow patterns observed at constant super-
ficial water velocity with increasing air-water ratio were:
bubble, plug, stratified, wave, slug, and film (annular).
Visual observations were correlated in a map having Gz and
GV as coordinates. Later, Govier and Aziz [10] modified
the transition lines of this map and presented a revised

version using VVS and st as coordinates. In preparing this
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revised map, Govier and Aziz took into consideration the
holdup data as well as visua] observation in replotting
the transition lines. This was done by directly
correlating the major flow pattern transitions with the
Toci of the maximum and minimum points in the holdup curves.
Govier and Aziz considered this revised map to be accurate
for air-water flow in a 1 in. I.D. pipe and, based on the
observations of Hoogendoorn [7], they recommended it for
other practical applications. Scott [11] used the data
reported in [7] and [9] to modify Baker's [5] map. The
modification amounted to redrawing some of the transition
Tines as areas of finite width in order to account for
variations in tube diameter and fluid properties.

One of the most recent flow pattern maps for adiabatic,
two-phase flow in horizontal tubes is that developed by
Mandhane et al. [12]. This map is based on 5,935 flow
pattern observations collected from different investigations
and covering a wide range of tube diameters, gas and Tiquid
densities, gas and Tiquid viscosities, surface tension, and
gas and liquid flow rates. Superficial liquid velocity and
superficial gas velocity were used as coordinates. For
simpTicity , the transition Tines were generated first from
air-water data and physical property corrections were then
made to extend the applicability of the map to other gas-

Tiquid combinations. These corrections were applied to
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the transition lines, rather than to the axes of the map

as was done by Baker [5]. Mandhane et al. [12] tested

their map as well as the other maps reported in [5], [7],
and [10] on the accuracy of predicting actual flow pattern
observations. They concluded that their map is in sub-
stantially better agreement with the air-water data than

any of the other maps tested, and it is in slightly better
agreement with the overall data. Reference to this map will
be made in a later chapter.

A general conclusion that can be drawn from the above
references is that there is no standard method developed yet
in the literature for the presentation of flow pattern data.
Different coordinate systems were used by different inves-
tigators in generating their maps. The lack of standard co-
ordinates is a result of the Tack of knowledge with respect
to the most relevant parameters governing the stability of
each flow pattern and the criteria of transition from one
pattern to another. Due to the complexity of this problem,
only a few simplified attempts were made to resolve it. Two
analytical studies concerned with the transition criteria
between different flow patterns are presented here: one
dealing with the flow in vertical ducts [13] and the other
with the flow in horizontal and near-horizontal tubes [14].

Quandt's [13] theoretical attempt was based on some

assumptions which limited the forces acting on a fluid element
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to the following:
- axial pressure gradient forces,
- gravitational attraction forces,

- interfacial surface tension forces.

After deriving mathematical formulae for these forces, Quandt
suggested that the type of flow pattern existing at certain
conditions depends on which of these three forces is dominant.
He classified the bubble, annular, and spray flow patterns

as pressure gradient controlled; the slug, wavy, and
stratified as gravity controlled; and the capillary bubbles
(in very small diameter tubes) as surface tension controlled.
Transition from one group to another was assumed to take

place when the two corresponding dominant forces are equal.
Based on that, Quandt derived equations for two transition
lines which were shown to agree fairly well with the

empirical map by Baker [5] for certain flow conditions.
Although this analysis is not complete, however, it resulted
in some dimensionless groups, such as the Froude number and
the Weber number, which were used later by other investigators
in correlating their data.

A more refined analysis was reported recently by Taitel
and Dukler [14] following an approach based on physically
realistic mechanisms. The flow patterns considered were
intermittent (slug and plug), stratified, wavy, bubble, and

annular. The variables considered were the gas and Tiquid
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mass flow rates, properties of the fluids, pipe size, and
angle of inclination to the horizontal. Due to the fact
that in many cases stratified flow exists at the pipe inlet,
the analysis started by visualizing this particular flow
pattern with the presence of a wave on the surface over
which gas flows. Mechanisms by which the flow pattern
changes from stratified flow to any of the other flow
patterns considered were then described. Their theory
suggested that the transition between annular and inter-
mittent flows depends uniquely on the liquid level in the
stratified equilibrium flow. They also suggested that the
transition from intermittent to bubble regimes takes place
when the turbulent fluctuations superimposed on the
stratified equilibrium flow are strong enough to overcome
the buoyant forces tending to keep the gas at the top of
the pipe. By extending the Kelvin-Helmholtz theory for
wave instability to the round pipe geometry, the condition
for the transition between stratified and intermittent or
annular flows was obtained. Some of the predictions of
this analysis will be compared with the results of the
present investigation in a later chapter. Also, for the
sake of completeness, the mathematical derivations for the
annular-wavy and annular-intermittent transition lines are
presented in Appendix A. These lines were selected because

of their relevance to the present study.
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2.2 Diabatic Flow Studies

This type of flow encompasses both the condensation
and boiling cases. The presence of heat transfer complicates
the flow situation since the phase distribution as well as
the velocities of the two phases change along the axis of
the duct. As a result, different flow patterns are expected
to exist between the inlet and the exit of the flow channel.
Flow patterns should be correlated according to the local
conditions at which they appear, rather than the average
conditions such as is the case with adiabatic flow studies.
This will, of course, introduce more complications into the
design of the test section, test procedure, instrumentation,
and data reduction.

In this presentation, the main emphasis is placed on
the condensation studies. Only one investigation dealing
with the flow patterns of a boiling fluid is presented just
to show the similarity between the two types of flow in
terms of flow patterns and methods of data presentation.

Zahn [15] visually studied the flow patterns of
evaporating Freon-22 inside 0.46 in. I.D. horizontal tubes.
The pressure, temperature, flow and heat Toad conditions
covered were similar to those associated with the actual
operation of a small air-conditioning coil. The observation
area consisted of two specially fabricated double-pipe glass

tube sections. Flow patterns similar to those observed in
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adiabatic studies (e.g., wavy, slug, annular, and spray)
were reported. New flow patterns were also identified

such as the semi-annular which had an annular appearance
with liquid film covering only the lower part of the tube.
When plotting the flow pattern data on Baker's [5] map,
most of the points occupied the area classified by Baker as
“annular". The wavy flow data points scattered between the
slug and annular flow areas. Due to this discrepancy, Zahn

presented his data in a map using the vapor volumetric ratio

v) (2.5)

and the Froude number ,

\ IQSL *Q,

A

FR gD (2.6)

as coordinates. He recommended this map for prediction of
boiling flow patterns under similar operating conditions.

The first attempt to study the two-phase flow patterns
during condensation was made by Soliman [16] and the results
were also reported in [17]. He visually and photographically
observed the flow patterns of Freon-12 condensing inside a
0.5 in. I.D. horizontal tube. The test section used in the
experimental analysis consisted of three separate double
pipe counter flow condensers joined together by three
observation sections. Flow patterns similar to those
observed in [15] were reported, with the addition of the plug

flow. The obtained data did not correlate well with Baker's
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[5] map. Due to the lack of any standard method for data
presentation, few maps were prepared using different co-
ordinate systems. The most important one was generated
using Baker's coordinates with the boundaries relocated to
accommodate the data. Following this work Traviss and
Rohsenow [18] studied the flow patterns of Freon-12 con-
densing in 0.315 in. I.D. horizontal tube. They reported
data and descriptions for the spray, annular, semi-annular,
and slug flow patterns. Wavy flow was not observed. Their
description of the semi-annular flow pattern was similar

to the description given in [16] and [17] for the annular-wavy
flow. Traviss and Rohsenow [18] concluded that Baker's [5]
map predicted their data fairly well. The author disagrees
with this conclusion because of the lack of data for wavy
flow and the questionable identification of semi-annular
flow. A theory was developed by Traviss and Rohsenow for
the annular to stratified flow pattern transition. The
predictions of this theory will be compared with the results
of the present investigation in a later chapter.

To investigate the effects of fluid properties and pipe
diameter, Soliman [19] studied the flow patterns of Freon-12
and Freon-113 condensing inside three tubes with 0.1875, 0.5,
and 0.625 in. inside diameters. Results were also reported
in [20]. The descriptions on which basis the flow patterns

were identified were mainly the same as those used in [16] and
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[17]. Baker's [5] map again failed in predicting any of

the data sets corresonding to any tube diameter and any
condensing fluid. Most of the findings of this research
effort will be referred to later in this thesis. Palen

et al. [21] reported a study on the flow patterns of both
water and n-pentane condensing inside a 0.87 in. I.D.
horizontal glass tube. Although no datawere presented,
Palen et al. [21] reported that Baker's [5] map was found
inadequate for condensation. Later, Breber et al. [22]
explored the applicability of the theoretical predictions of
Taitel and Dukler [14] to'condensation. For this purpose,
they used the data reported in [16], [18], [19], [21], and
few other sources. Fair agreement resulted for the annular
and wavy flows, and poor agreement for the slug flow. Breber
et al. then suggested a simplified correlation for the
prediction of condensation flow pattern which will be tested
later with the results of the present investigation.

After reviewing the work available in the Titerature on
flow patterns of condensing fluids,it was concluded that
additional efforts are needed. Reported data are Timited
and further experiments are required to establish the effects
of fluid properties and pipe diameter on the flow patterns
and flow pattern correlations. The present experimental

investigation is a first step towards achieving this goal.
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CHAPTER 3

EXPERIMENTAL FACILITY

An experimental test facility was designed and con-
structed for the study of flow patterns of condensing steam
inside horizontal tubes. Steam was selected as the test
fluid because it is widely different in physical and trans-
port properties from Freon-12 and Freon-113 to which most
of the published data correspond. The present experiment
was conducted using a test condenser a 0.527 in. I.D.
inner tube. The following major requirements were satisfied
in the design of the present test facility:

1. System is capable of providing flow pattern data at
variable steam flow rates up to a maximum of 500 1bm/hr.

2. System pressure varies according to steam mass flow
rate; however,it does not exceed 50 psig.

3. In any test run, steam enters the test condenser with
an adjustable amount of superheat and compliete con-
densation can be achieved before the outlet.

4. At any steam flow rate, the cooling rate in the test
condenser can be adjusted to any desirable value.

5. Proper instrumentation installed such that the flow
conditions corresponding to each visual observation

can be calculated.
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6. Possible extension to other test fluids and other tube
diameters with minimum modifications.
Detailed description is given below for the equipment

used to satisfy the above objectives.

3.1 The Steam Circuit

Figure 3.1 shows a schematic diagram of the closed
loop through which the test fluid (steam) was circulated.
A general description is given here, while more details
about the major components will be provided Tater in this
chapter.

First, a controliable amount of steam was generated
in the boiler from distilled water. Building steam at high
pressure and temperature was used as the heat source.
Generated steam was then passed through a superheater before
entering the test condenser. The superheater is basically a
3.5 ft. long, double pipe heat exchanger with the test fluid
flowing in the inner pipe while building steam is flowing
counter currently in the shell. Copper tubing, 0.785 in.
1.D. and 0.875 in. 0.D. was used for the inner pipe and
1.505 in. I.D. and 1.565 in. 0.D. was used for the outer
pipe. The whole exchanger was covered on the outside by
2.5 in. thick fiberglass insulation. The flow of building
steam into the superheater is controlled by a valve, thus
providing some control on the degree of superheat of the

test fluid. At the inlet and outlet of the test condenser
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the pressure was measured by Ashcroft Bourdon tube pressure
gauges and the temperature was measured by 24 gauge, copper-
constantan thermocouples. Complete condensation was achieved
in the test condenser using water as the cooling medium.
Downstream of the condenser, a liquid accumulator was
installed to receive the condensate. This is basically an
11.2 gallon, copper tank, with a sight glass to show the
level of liquid inside, and covered on the outside by 2.5
in. thick fiberglass insulation. The flow out of the liquid
accumulator is controlled by a valve, and hence by adjusting
the opening of this valve a steady liquid level can be
achieved in which case the flows of condensate into and out
of the accumulator would be equal. Thus, by measuring the
rate of flow leaving the accumulator, the steam mass flow
rate through the test condenser can be calculated. This was
done by two precalibrated Brooks flow meters of the variable
area type with ranges tc 0.2 and to 1.0 gpm. Only one of
these flow meters was used in any particular run depending
on the flow rate. Because of the overlapping ranges, an
(accurate measurement of the flow rate is insured anywhere
vithin the range 0.02 - 1.0 gpm. Immediately upstream of
each flow meter the pressure and temperature were measured
by a Bourdon tube pressure gauge and a copper-constantan
thermocouple, respectively. These measurements are necessary

for the evaluation of fluid properties at the flow meters.
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Between the liquid accumulator and the flow meters, an after-
cooler was installed to avoid flashing in the flow meters.
After measuring the flow rate, the 1iquid then flowed into

a liquid receiver installed at the suction side of the
circulating pump. This receiver is 22.4 gallons in capacity
and equipped with a sight glass. 1Its purpose is to ensure
continuous and steady liquid supply to the circulating pump.
This pump is a single speed, 3/4 HP centrifugal pump and it
is required to drive the condensate back to the boiler to
complete the circuit. Since different flow rates were used
in the experimental course, the circulating pump was equipped
with a by-pass 1ine to control the net flow going back to the
boiler. One of the requirements for steady state conditions
in any test run was that the liquid Tevel in the receiver
tank remained steady.

The whole circuit was tested for leaks under vacuum and
pressurized conditions. This was done to ensure the absence
of air or any other non-condensable gases in the loop during
the tests. The system proved to be leak proof within (-14
to 50 psig). Before the start of the experiment, the system

vas evacuated, then charged with steam, then re-evacuated.

3.1.1T The test condenser

Two test condensers were used in the course of this

experiment, both having the same inside diameter for the
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inner tube and the same total condensing length. The only
difference is in the number of visual sections; four in the
original design and five in the final design. These two
designs are shown schematically in Fig. 3.2. Description
is given here for only the initial design since there is no
major difference between the two.

The initial test condenser consisted of four separate
condensing units (labeled a,b,c, and d in Fig. 3.2a), each
followed by a visual section (labeled A,B,C, and D). A1l
condensing units were 4 ft Tlong, double-pipe heat exchangers
made of copper with steam flowing in the inner pipe and the
cooling water flowing counter currently in the shell. The
inner pipe was 0.527 in. 0.D. and 0.625 in. 0.D., while the
outer pipe was 0.745 in. I.D. and 0.875 in. 0.D. The small
gap between the outer surface of the inner pipe and the
inner surface of the outer pipe (0.06 in.) was selected to
increase the velocity of the cooling water and consequently
the heat transfer coefficient. This resulted in complete
condensation in all test runs. A1l condensing units were
covered on the outside by 2.5 in. thick fiberglass insulation.

Fig. 3.3 shows the construction details of one of the
visual sections. It consists mainly of a 9 in. long,
standard clear, high pressure glass tube supported on both
ends by a stuffing box to prevent leakage. The glass tube

was selected such that the inside diameter is close to 0.527
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in. to avoid discontinuities in the steam passage. Pre-
cautions were also taken for coaxiality with the condensing
units (e.g., the copper rings mounted at both ends of the
glass tube, shown in Fig. 3.3). Teflon was used as packing
in the stuffing boxes. The visual section was held together
by three tie rods.

At both ends of the test section, an expansion joint
was installed to absorb any thermal expansion. The whole
test condenser was supported by a steel frame with design
features to accommodate the addition of other test con-
densers in the future. Finally, the horizontality of the

test condenser was checked by a survey transient.

3.1.2 The boiler

A boiler was designed and manufactured locally consisting
mainly of an outer shell and an internal heating coil. The
outer shell is 3 ft. I.D., 1.5 in. thick, 6 ft high, and
made of galvanized iron. The heating coil was manufactured
using a total of 330 ft. of commercial steel pipe (0.375 1in.
nominal schedule 40 standard), which was found to provide
enough heat transfer surface. The coil was galvanized on
the outside to avoid contamination and rust. A sight glass
was installed to monitor the Tiquid level inside the boiler
and a safety valve set at 50 psig was placed at the top to

avoid excessive pressure build-up. The boiler was insulated
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by 2.5 in. thick fiberglass. Rate of steam generation was
controlled by regulating the flow of building steam. The

boiler arrangement is shown schematically in Fig. 3.4.

3.2 The Cooling Water Circuit

The cooling system used in the present investigation
is shown in Fig. 3.5. It is of the open-loop type and was
designed to permit complete control on the coolant flow
rate to each condensing unit in the test section. Tap
water, used as the coolant, was collected in a 50 galion
surge tank with an overflow 1line to avoid flooding. The
water was then circulated by a 10 horsepower turbine pump
with a maximum capacity of 20 gpm and a maximum head of
460 ft. Downstream from the pump a by-pass line was used
to control the cooling water flow rate into the test section.
Four Brooks flow meters of the variable area type mounted in
parallel, were used to measure the water flow rate. Maximum
reading of all flow meters is 4.2 gpm. Flow meters I, II
and III are connected to condensing units e, a, and b,
respectively, while flow meter IV is connected to condensing
units ¢ and d. Check valves are mounted at the water outlet
of each condensing unit to avoid flow reversal. MWater
leaving the condenser was then drained through a common line.
The control of the water flow rate to each condensing unit

was achieved by adjusting the opening of the valves installed
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before and after each flow meter. In addition, the water
temperature was measured at the inlet and outlet of each
condensing unit.

A1l flow meters and thermocouples were precalibrated
before installation in the system. A Leeds and Northrup
digital potentiometer (model 914) was used to measure the

thermocouple outputs in°F.

3.3 Experimental Procedure

Several test runs were performed in order to cover a
wide range of steam flow rates, inlet superheats, pressures
and cooling rates. The procedure followed in each run is

described in the following sub-sections:

3.3.1 Start up procedure

The steps taken to start up the experimental facility
and to prepare for any test run are listed below in the
order conducted:

1 - The potentiometer was turned on.
2 - Adjustable amount of building steam was allowed, after
regulating its pressure by the regulating valve, to

flow into the boiler.

3 - Cooling water surge tank was filled to the overfiow
level.
4 - The valve downstream from the liquid accumulator was

closed.
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5 - Cooling water circulating pump was turned on with
its by-pass valve fully opened.

6 - Cooling water was allowed to flow gradually into the
test condenser by partially closing the pump by-pass
valve and adjusting the valves upstream and down-
stream from the flow meters.

7 - When steam started flowing into the condenser, the
valve upstream of the superheater was opened.

8 - When the liquid accumulator became almost 3/4 full,
the valve downstream from it was partially opened to
allow the condensate to flow into the appropriate flow
meter.

9 - The condensate circulating pump was turned on with its
by-pass valve adjusted to keep a steady level in the
liquid receiver.

10 - Continuous adjustments were made for the flow rate of
building steam into the boiler and superheater, cooling
water flow rates, condensate flow meter reading, and
the condensate flow rate back to the boiler until steady

state conditions were reached.

3.3.2 Steady state conditions

The criteria used for reaching steady state conditions
was that the following readings remained unchanged for a

period of at least 1/2 hour.
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1 - Condensate levels in the liquid accumulator and liquid
receiver.

2 - Pressures at the inlet and exit of test condenser.

3 - A1l temperatureson the steam and cooling water sides.

4 - Condensate flow meter as well as cooling water flow
meters.

5 - Observed flow pattern in all visual sections.

Although the steady state conditions could be reached
within two hours from start up, the system was run for at
least three hours before any data or any flow pattern

observations were recorded.

3.3.3 Recording of data

Before each test run the ambient temperature and the
barometric pressure were recorded. After reaching steady-

state conditions the following readings were recorded:

1 - Boiler pressure in psig.

2 - Building steam pressure after the regulating valve in
psig.

3 - Test condenser inlet and exit gauge pressures in psig.

4 - Test condenser inlet and exit temperatures in °F.

5 - Cooling water inlet and exit temperatures for each

condensing unit in °F.
6 - Condensate temperature upstream of the condensate flow

meter in°F.
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7 - Cooling water flow rate to each condensing unit in
gpm.
8 - Condensate flow rate in gpm.

3.3.4 O0bservation of flow patterns

For each run, after establishing steady-state condijtions,
the flow patterns at the visual sections A,B,C,D, and E were
carefully observed. A sketch and a full description of each

observation were recorded.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Data Reductions

A total of 98 test runs were recorded during the
present investigation. Runs 1 through6l were carried out
using the initial design of the test section, shown in
Fig. 3.2a, while the rest of the runs correspond to the
final design after the inclusion of an additional visual
section, as shown in Fig. 3.2b. In each run, the test fluid
flow rate, cooling water flow rates, and inlet superheat
were individually adjusted to the desired values. There
was no control on the pressure of the system, the magnitude
of which was dependent on the mass flow rate of the test
fluid. Ranges of operating conditions covered in this
investigation are listed in Table 4.1. Values of inlet
superheat were calculated as the difference between inlet
temperature and the saturation temperature corresponding to
inlet pressure. Working pressure will be defined later.

The raw data recorded during the experimental course
were reduced on an IBM 370/168 digital computer using
FORTRAN IV language. The program first calculates the
rates of heat loss by the steam and heat gain by the cooling
water over the whole test section. Based on these values,

the percentage heat balance error is calculated as [(rate



Table 4.1: Ranges of Operating Conditions

40

Number of test runs 98
Number of observations 174
Working pressure P, (psia) 16.0-35.6
Mass velocity G, (1b_/hr-ft2) x 107" 3.15-18.17
Inlet superheat (°F) 8.6-50.0
Quality x at visual sections 0.01-0.7
Average rate of heat transfer (Btu/hr)xlo'4 4.88-30.15
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of heat loss by steam-rate of heat gain by cooling water)/
rate of heat loss by steam] x 100. Only test runs with a

heat balance error within + 10% were recorded, while the

few runs which did not meet this requirement were rejected.

In addition, it should be pointed out that 73 of the total
98 test runs had heat balance errors within + 5%,

Calculation then proceeded to the evaluation of
operating conditions for the acceptable runs. The working
pressure was taken as the average of the inlet and outlet
pressures, and the saturation temperature was obtained
corresponding to this pressure. ATl properties, such as
Tiquid density pys Vvapor density oy liquid viscosity Mo
vapor viscosity LIV liquid surface tension o .... etc.,
were evaluated at the working pressure and the correspond-
ing saturation temperature. Operating conditions for all
acceptable test runs are tabulated in Appendix B.

Flow pattern parameters corresponding to each visual
observation were calculated based on the Tocal quality and
the properties evaluated earlier. As was mentioned in the
previous chapter, the system was designed to have super-
heated steam at the inlet of the condenser, and subcooled

liquid at the outlet visual section D, (Fig. 3.2). Con-

sidering the initial test section design, shown in Fig. 3.2a,

the quality at visual sections A,B, and C were calculated

from a simple heat balance on condensing units a,b, and c,
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respectively. If the calculated quality at any visual

section was less than zero, indicating a subcooled condition,

then no flow pattern parameters were evaluated at this

visual section. This situation occurred consistently at

visual section C, and occasionally at visual section B. A

similar calculation procedure was followed for the final

test section design, shown in Fig. 3.2b. Details of the

calculations of heat balance, operating conditions, and

flow pattern parameters for one arbitrary run are provided

in Appendix C. Also, a complete Tisting of calculated flow

pattern parameters for all test runs is given in Appendix D.
The situationwhere a two-phase flow pattern was observed

at a certain visual section, while the heat balance indicated

a subcooled condition there deserves some discussion. This

is important since this situation prevailed for all the slug,

plug, and stratified flow pattern observations. All these

flow patterns occurred in the present experimental study,

but were not possible to correlate because the heat balance

indicated a corresponding subcooled condition. One possible

reason for this apparent discrepancy is that our heat

balance approach is based on the hypothesis of thermodynamic

equilibrium between the two phases, which may not be the

case in reality. This assumption was used in all flow

pattern studies reported in the Titerature. Due to the high

speed of the flow, the vapor and the Tiquid may exist at

.

OF 8ANITORA
ey
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different temperatures, such that the average enthalpy of
the mixture is less than the enthalpy of saturated Tiquid.

As a result, the heat balance might result in subcooled
conditions at a visual section where both liquid and vapor
were observed. A second reason is the inequality of the
rates of heat gained by cooling water and heat lost by steam,
due to inescapable experimental errors. Because of this
inequality, the rate of heat gain by water in each of the
condensing units was adjusted as shown in the sample
calculation of Appendix C. Naturally, this introduces some
uncertainty in the values of quality at all visual sections.
By keeping the heat balance error with + 10%, this
uncertainty was found to be small for the range of qualities
considered in this investigation, and reported in Table 4.1.
However, if the quality is extremely low, such as the
anticipated case for the slug, plug, and stratified flow
patterns, then this small uncertainty can be large enough to
change the calculated state of the mixture from saturated

to subcooled conditions. For the above two reasons, it was
decided not to report flow pattern data for these three

flow patterns since experimental accuracy cannot be ensured.

4.2 Flow Patterns

Six major and two transitional flow patterns were

visually identified at the different observation sections.
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The following descriptions were used in the present study

to identify the different patterns:

Spray flow: the liquid phdse is entrained by the vapor in

the form of droplets. No liquid film can be observed
around the tube. The flow appeares as a fog travel-

ling at a very high speed. (plotted as x).

Spray-Annular flow: an unstable liquid film appears around

the tube, but is swept away occasionally by the high
speed vapor. Otherwise, the flow still has the same

appearance of the spray flow. (plotted as @ ).

Annular flow: a liquid film covers the whole circumference

of the tube in the form of a ring, while the vapor is
flowing in the core. Part of the liquid phase might

be entrained within the vapor. (plotted as @).

Annular-Wavy flow: the whole circumference of the tube 1is

Wavy

covered with liquid with a thick stratum at the
bottom. The height of this stratum does not exceed
half the radius of the tube. Vapor is still flowing
in the core. (plotted as ©).

flow: most of the liquid is flowing at the bottom of
the tube and the vapor at the top with a wavy inter-
face. A thin Tliquid film is still covering the upper
part of the tube. The height of Tiquid at the bottom
exceeds half the radius of the tube, but in all the

observations was less than the full radius. In some



45

cases slugs appeared, but their frequency was as

low as three to four slugs per minute. The flow was
still classified as wavy in these cases since the
appearance of these slugs occupied a minor portion
of observation time. (plotted as 0).

STug flow: 1iquid flows at the bottom and vapor at the top
with a wavy interface. Waves grow large to form slugs
touching the top of the tube. The frequency of these
slugs is high enough to make them appear during a
major part of observation time. (Data from other
references plotted as A).

Plug flow: 1liquid flows as a continuous phase with the
vapor in the form of large bubbles (or plugs) appear-
ing in the upper part of the tube.

Stratified flow: 1liquid flows at the bottom and the vapor
at the top with a smooth interface. This flow pattern
existed mainly at the exit of the test section during

runs with small flow rates.

Fig. 4.1 shows schematic diagrams of the above flow patterns.

4.3 Data Representation and Discussion

The main objective of this presentation is to study
the suitability of different maps and correlations proposed

in the literature for the prediction of two-phase flow
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Fig. 4.1. Schematic diagrams of the flow patterns observed.
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patterns of condensing fluids. Special attention will be
directed to the influence of fluid properties on the
Tocation of transition lines between different flow regimes.
Present data, as well as others reported in the literature,
will be used to achieve these objectives. No attempt will

be made here to generate new correlations.

4.3.1 Comparison with experimental corre]ations

Baker's [5] map is one of the most widely known A
correlations for two-phase flow patterns in the literature.
Since this map was developed from data of different fluids
and different tube diameters, it is expected that the tran-
sition lines of this map are, at least within limits,
independent of fluid properties and tube diameter. Figure
4.2 shows a reproduction of Baker's [5] map with the present
data plotted on it. The different areas on the map are
marked according to Baker's predictions, and the key to the
symbols used for plotting experimental points is given in
Sec. 4.2. From Fig. 4.2, we can easily observe the following:

a) A1l the data of spray and spray-annular flow patterns

appear in the annular flow area of the map.

b) A1l annular flow data are located in that same area on
the map.
c) Most of the annular-wavy and wavy data points appear

in the annular and slug areas of the map.
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Based on the above observations it is fair to state
that Baker's map failed in predicting the present
experimental data. Similar conclusions were reported by
Soliman [16], [19], Soliman and Azer [17], [20], and Palen
et al. [21] for data of different tube diameters and differ-
ent condensing fluids, which places the adequacy of this
map for condensation in serious doubt. It should be
pointed out also that disagreement with this map is not
mainly due to inaccuracies in the Tocations of transition
lines, but rather due to the improbable relative location
of different areas. To explain this point, a run was
selected from the present results and its path during con-
densation was traced on the map. The result is shown in
Fig. 4.3. For this run, Baker's map predicts this sequence
of flow patterns: Wavy-Annular-Slug-Stratified, while the
experiment resulted in annular followed by wavy flows. As
a matter of fact, the sequence of wavy followed by annular
is impossible during condensation, and was never observed
in the present investigation. The result of this comparison
confirms similar conclusions drawn in [19], [20], and [21].

Soliman [19] and Soliman and Azer [20] proposed a map
for the flow patterns of condensing fluids inside horizontal
tubes based on their data of condensing Freon-12 and Freon-113

inside three different tube diameters. They used Baker's [5]



50

"dew [G] s,J83eg YaLlm G[ "ON UNY JO uosiLdedwoy ¢y DlLA
Y23
e cOl 50| 0l o0l -0l
—-.____ T __.-.__ T T _.__.__ T ¥ __-___ T ¥ —-____- 1) 1
S NDUG,
, Ko |
- _Lo_zccq_ -
- SION uny
- , Apads |
boeva 1 __._____ 1 ______.. L __._____ ] _.______ ]

¢O!

]
¢Ol
®
<
BN
>
40!



51

coordinates and relocated the different transition lines to
fit their experimental data. This map is shown in Fig. 4.4
with the data of the present investigation superimposed on
it. Before drawing any conclusions from this figure, it

1s 1important to quote the following description for the
semi-annular flow from reference [19]: "Semi-annular flow:
the flow had an appearance similar to the annular flow except
the film thickness did not cover the entire periphery. A
small portion of the upper half of the tube appeared dry
while the liquid film thickness increased in the downward
circumferential direction with the maximum film thickness
being at the bottom." Although this flow pattern was not
observed in the present investigation, based on the

above description, it should not be viewed as fundamentally
different from the annular flow pattern. Keeping this in
mind and going back to Fig. 4.4 we notice a very good agree-
ment between the map and the present data for the spray and
annular flow patterns and a fair agreement for the wavy flow
pattern. This agreement is remarkable given the fact that
steam used in the present study is widely different in
properties from Freon-12 and Freon-113 used in generating
the map shown 1in Fig. 4.4 As a result, it is concluded that
while Baker's [5] map proved inadequate, Baker's coordinates

might be capable of absorbing the influences of fluid
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properties and tube diameter over a fairly wide range. Of
course, more data especially for large tube diameters,
(I.D. > 1 in.) 1is needed to support this conclusion.

Another correlation which resulted from the studies
[19], and[20] is a flow pattern map using vV, and (1 - a)/a
as coordinates. Void fraction o was adopted because it
characterizes the two-phase flow patterns in such a way that

each flow pattern is associated with void fractions of a

certain range. The Tiquid-phase velocity V2 was defined as:

v2=((]i_'—of~)y% . (4.1)

The void fraction o was not measured in [19], and [20], but its
value was calculated from the following semi-empirical

formula developed by Smith [23]:

o p
o = ]+——\LK(%—])+—V(1—K)(%-1)
e Pe

1/2

0y /o)) K (1= 1)
1 + K (% - 1)

Where K is an empirical coefficient. A value of K = 0.4
was obtained by Smith [23] to give the best fit between

theory and experiment. The flow pattern map by Soliman
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[19] and Soliman and Azer [20] is shown in Fig. 4.5 with
the data of the present investigation, calculated based on
equations (4.1) and (4.2), superimposed on it. The agree-
ment is very good, considering the fact that all transition
Tines represent transition zones of finite width. This fine
agreement supports the hypothesis in {19], and [20] that vV, and
a can serve as parameters for the construction of a general-
ized flow pattern map for condensation.

Another well known two-phase flow pattern correlation

t al. [12], using super-

is the map developed by Mandhane
ficial liquid velocity and superficial gas velocity as
coordinates. As was mentioned earlier in Chapter 2, the
transition lines of this map were developed from a wide base
of experimental data (adiabatic, two-phase, two-component)
corresponding to different tube diameters and gas-liquid
combinations. Most of the data used however was for air-
water mixtures. This map is shown in Fig. 4.6 with the data
of the present investigation superimposed. Agreement is
good. However, before making final conclusions about the
applicability of this map, it was decided to test it with
data of other fluids, while keeping the tube diameter almost
unchanged. This test should explore the influence of fluid
properties on the transition lines, which was claimed

insignificant by Mandhane et al. [12]. The comparisons with
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flow pattern data of condensing Freon-113 and Freon-12

are shown in Figs. 4.7 and 4.8, respectively. Both data

sets, reported by Soliman [16] and [19], correspond to a tube
diameter of 0.5 in. which is close to the present tube

diameter. As was mentioned earlier in this chapter, the
semi-annular flow for Freon-12 and Freon-113 is not fundamentally
different from the annular flow. For this reason it was decided
to include the semi-annular observations with the annular flow.
This approach wj]] be used consistently whenever any proposed
correlation will be tested against data reported in [16] and
[19]. Figures 4.7 and 4.8 show very clearly that the tran-

t al. [12] have to be

sition lines of the map by Mandhane
considerably shifted in order to successfully predict the
éxperimenta] data. This indicates that these transition Tlines
are strongly influenced by fluid properties, contrary to the
claim by Mandhane et al. The inadequacy of assuming that

the Vis - Vv coordinate maps are independent of fluid properties

s
was also pointed out by Taitel and Dukler [14]. One reason for
the good agreement resulting in Fig. 4.6 can be due to the

fact that most of the data used by Mandhane et al. [12] in
preparing their map correspond to air-water mixtures close to
atmospheric conditions. The ratio (pz/pv) for such mixtures

would, of course, vary depending on the exact conditions; however, an
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average value for this ratio would be around 1000. Also

the average values of (pz/pv) for the data of steam, Fig.
4.6), Freon-113, Fig. 4.7, and Freon-12, Fig. 4.8 are 1150,
145, and 28, respectively. The fact that (pg/pv) for steam
in the present study has a value close to that for air-water
mixtures [12] can be one of the reasons for the good agree-

ment in Fig. 4.6.

4.3.2 Comparison with theoretical correlations

The investigation of the criteria governing the tran-
sitions between different two-phase flow patterns on a
theoretical basis is an extremely difficult problem. This
is due to the immense number of relevant parameters involved
and the complexity of phase distributions existing during
the flow. As a result, only few studies were reported in
the 1iterature with many simplifying assumptions adopted
by the authors to facilitate the solution. Comparisons are
made here between the experimental results of the present
investigation as well as others reported in the literature
and some of these theoretical predictions.

Traviss and Rohsenow [18] postulated that the Froude
number is one of the controlling non-dimensional groups
governing the transition between flow patterns that are not
stratified (spray and annular) and flow patterns that are

predominantly stratified (wavy, slug, and plug). Froude
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number is a measure of the ratio of inertia forces and
gravitational forces. Following a theoretical approach
they developed the following equations for the transition

Tine between the two groups of flow patterns:

_ 0.31 ,0.68 -0.94
NREQ = 1.38 NGA NFR [F(Xtt)] ’NRE < 50 (4.
£ 2
_ 0.34 ,,0.68 -1.02
NRE = 0.474 NGA NFR [F(Xtt)] ,50 <NRE <1125 (4.
2 £ 2
- 0.44 ,0.88 -1.33
NRER = 0.0442 NGA NFRR [F(Xtt)] ’NREQ > 11256 (4.
where
N - &1 -x)D Reynolds number of the liquid, (4.
RE, )
3
Ngp = 90" - Galileo number of the liquid, (4.
\)2
2
- -1 -0.476
F(Xtt) = 0.15 [Xtt + 2.85 Xtt 1, (4
0.1 0.9 0.5
_ 1M 1 -X Py
Xtt ol v X — (4.
v Py
= Lockhart and Martinelli [2] parameter,
and NFR is the Froude number of the Tiquid film.

3a)

3b)

3c)

3d)

3e)

.3f)

3g)
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Based on their experimental data of Freon-12 condensing
inside a 0.315 in. horizontal tube they concluded that
criterion (4.3) defines the transition at a constant value
of Froude number, NFRQ = 45, Equations (4.3b) and (4.3c)
are plotted in Fig. 4.9 using NRER and Xtt as coordinates.
The Galileo number was calculated from equation (4.3e)

using the average saturation temperature and the inside
diameter of the test section. The discontinuity appearing
in the boundary line is due to the use of two different
equations. Data of the present investigation are plotted in

Fig. 4.9 with values of NRE and X for all the data points

tt
calculated from equations (ﬁ.3d) and(4.3g), resnectively.
Equations (4.3b and c¢) succeeded in separating the annular
and spray (not stratified) from the wavy (predominantly
stratified) data points. The high accuracy obtained supports
Traviss and Rohsenow [18] postulation. The constant value of
NFRQ ='45, which was obtained from their flow regime data on
Freon-12, agrees well with the present data of steam. This
implies that generality also can be claimed. However, before
drawing final conclusions, it is necessary to explore the
applicability of this criterion on data of other fluids with
the same diameter. Data of Freon-12 and Freon-113 condens-
ing inside 0.5 in. diameter tube, reported by Soliman [16] and

[19], are plotted in Figs. 4.10 and 4.11, respectively.
Equations (4.3b) and (4.3c) are also plotted on both figures
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using N = 45 and N evaluated at the average saturation
FRQ GA

temperature of each fluid. The boundary line still
separates the annular from the wavy data points, but with

a low degree of accuracy. Traviss and Rohsenow [18], after
testing their criterion against data of Freon-12 [16],
reported different conclusions. This discrepancy is due to
the fact that Traviss and Rohsenow [18] considered the semi-
annular flow reported by Soliman [16] to be in the category
of stratified flow. However, according to Soliman's [16]
description of this particular flow pattern it should be
classified among the non-stratified flows. The lack of
accuracy is due to the Froude number of the liquid

(NFRQ = 45), used in evaluating equations (4.3b) and (4.3c).
This magnitude was determined from only the flow regime

data of Freon-12 [18]. Better accuracy can be expected if
it is to be determined from data of different fluids.

A more recent and more widely accepted theoretical
approach is the one developed by Taitel and Dukler [147].
They used the Kelvin-Helmholtz theory for wave instability
to develop dimensionless groups to correlate the transitions
between different flow patterns of two-phase adiabatic flows.
The two transitions which are relevant to the present study
are those between annular and wavy, and annular and slug
flow patterns. A summary of the analysis used by Taitel

and Dukler [14] in developing these two transition lines
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is provided in Appendix A. The two dimensionless groups
derived by Taitel and Dukler [14], for correlating these
two lines are F and X, where F is a form of Froude number,
given by

G
F = X : (4.4)

vDgp (o, -p,)

and X is a Lockhart and Martinelli [2] parameter, defined

generally as

(dp/dz), 172

X = _TH$7377V . (4.5)

Coordinates of the two transition lines were calculated
following the procedure suggested in [14] and the results
are tabulated in Appendix A. Values of F and X for all

the present observations were calculated using Equations
(4.4) and (4.5) following the procedure outlined in

Appendix C. A comparison between the present experimental
data and these transition criteria developed by Taitel and
Dukler is shown in Figure 4.12. The annular-slug transition
could not be tested since the slug observations in the
present study were not correlated. A1l spray, spray-annular,
and annular observations are correctly predicted. Sixty-
six percent of the wavy flow data points occupy the annular

flow region. Although the accuracy of prediction is low at
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higher values of X (X > 0.1), the general agreement is
satisfactory. This was also observed by other investigators
[22] as will be discussed later. Taitel and Dukler [14]
transition criteria were also tested against the data of
Freon-12 [16], and Freon-113 [19] condensing inside 0.5 in.
diameter tube. The results are shown in Figs. 4.13 and 4.14,
respectively. Still the annular-wavy transition is fairly
predicted, however, it is obvious that the annular-slug tran-
sition line failed in correlating the data. Al1 the slug
flow data points occupied the wavy region. In general, on
the basis of Figs. 4.12, 4.13, and 4.14, it can be concluded
that the two coordinates F and X may be used in predicting
the annular and wavy flow patterns. On the other hand, there
is no indication that these two parameters help in predicting
the annular-slug flow transition. This last conclusion is
not to be considered as a final one since it is based on a

considerably small number of slug data points.

The latest effort in the attempt to define boundaries
of the different flow regimes on theoretical bases is the

one reported by Breber et al. [22]. Their work is based
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on the results reported by Taitel and Dukler [14], and

they even used F and X (parameters developed in [14])as
coordinates for their correlation. Breber et al. [22]
proposed a map subdivided into four regions separated by
transition lines and transition zones, as shown in Fig.
4.15. The transition lines of this map, although not
developed from a rigorous analysis, are simple and easy

to use for prediction purposes. In support of their simple,
and admittedly crude criteria, Breber et al. [22] have
shown a good correlation with the experimental data reported
in [16], [18], [19],and other references. A comparison
between the present results and this map is shown in Fig.
4.16. Although some of the wavy points occupied the slug
region, agreement in general is good. In order to more
specifically evaluate this map Table 4.2 was constructed.
The procedure followed in constructing this table is the
same used by Breber et al. [22]. The percentage of points
for each flow pattern occupying a certain zone defined by
the boundaries of Fig. 4.15 is calculated. With the
exception of Zone III (slug and plug) the agreement for all
zones is excellent. Since no slug regimes could be
correlated during the present experimental investigation,
the poor agreement for Zone III is to be expected. It
should not take any credit out of the suitability of this

map. The percentage of the total number of observations
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Table 4.2: Distribution of the observed flow patterns.
Percentage of points of each type
Flow observed in each zone
Patterns
Zones Annular Annular- Wavy and Slug and
and Wavy Stratified Plug
Mist I Transition 11 I11
Zone 1
Annular Mist 100 0 0 0
and Annular
Zone 11
Wavy and 0 0 100 0
Stratified
Zone I11
Stug and 0 0 100 0
Plug
Transition
Between 14 40 46 0
Zones I & I1I
Transition
Between 0 0 100 0
Zones IT & III
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successfully predicted to occupy their respective flow
regimes on the map is 96%, a value which is reflecting

the overall percentage success of the Breber et al. [22]

proposed correlation. Testing this correlation against
the data of Freon-12 [16] and Freon-113 [19] was not found
to be necessary since Breber et al. [22] have done that in
their work. The results they have obtained were also good.
Based on the results obtained here as well as those in

[22] the two parameters X and F appears to be significant
for flow patterns prediction during condensation. However
the boundaries associated with these coordinates which

were originally derived by Taitel and Dukler [14] need to
be thoroughly tested before recommending its general use.

This can be achieved by testing it against data of different

fluids as well as different diameters.

4.3.3 The spray to annular transition

A common feature among all the theoretical correlations
discussed in Section 4.3.2 is that the spray and annular
flow patterns are included in one category. Both flow
patterns are considered to be inertia controlled, and no
attempt was made to study the transition criterion between
them. This transition is important because it has immediate
application to some practical situations, such as dry-out

conditions in the cooling systems of nuclear reactors.
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Soliman [16] made an initial attempt to develop an
empirical correlation for the spray-annular transition.
He postulated that the dominant forces influencing this
transition are the inertia and surface tension forces.
The spray flow would exist when the inertia forces dominate,
and a stable liquid film can only exist when surface tension
forces are large enough to overcome the influence of the
inertia forces [16]. Based on his data of condensing
Freon-12 inside a 0.5 in. horizontal tube, Soliman [16]

developed this criterion for the transition,

NWE = 2,300 - 2,400 (4.6)
critical

where Weber number NWE was defined as

2
N = (VVS * VKS) paV D (4 7)
WE g o )
o

and the average density of the mixture Pay calculated
from

_ 1
Pay = . (4.8)
1 -x

X,
Py Py

With more data corresponding to three different tube
diameters and two different fluids, Soliman [19] found

that equation (4.6) failed to correlate the new data and
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proposed the following criterion

Npp = 1125 N&A'38 (4.9)
where
(v + V., ) op D
NRE - Vs s av (4.-'0)
Hy

(4.171)

Criterion (4.9) is shown in Fig. 4.17 along with the data
of spray,annular, and spray-annular flow patterns obtained
in the present investigation. Agreement is fair, thus
indicating that Equation (4.9) for the spray-annular
transition is reasonably independent of fluid properties

over a fairly wide range.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Before stating the specific conclusions which were
drawn from the results of the present investigation, it is
important to point out the following general observations
regarding the two-phase flow pattern studies reported in

the 1iterature:

1. There is a fairly general agreement in the descrip-
tions and terminology used in identifyingbthe
different flow patterns. This is important, other-
wise confusion and wrong conclusions will result.
Few exceptions exist where two independent
investigators observed the same flow pattern,
reported a similar description, but gave it two
different names; (e.g., the annular-wavy flow
pattern in [17] and semi-annular flow pattern in [18]).
This led Traviss and Rohsenow [18] to conclude that
Baker's [5] map predicted their data adequately,
while Soliman and Azer [17] arrived at exactly the
opposite conclusion. Recent results reported by
other investigators [21], [22] supported the con-

clusion in [17].
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There is no standard method for presenting the data
of two-phase flow patterns. Different correlations
and maps using different coordinate systems were
suggested, some empirical, and others theoretical.
Naturally, the lack of a standard coordinate system or
systems reflects the lack of true understanding of
the transition criteria between different flow
patterns.

There is a recent trend in the literature to avoid
using one coordinate system for correlating all the
transition lines. Since each transition line is
governed by different set of relevant parameters,
hence each line should be correlated separately and
no single system of coordinates is expected to

provide an accurate general correlation [14].

Several conclusions were drawn from the results of

the present investigation. For the sake of an orderly

presentation, these conclusions will be divided into three

groups; one related to the observed flow patterns, the

second related to the comparisons with empirical correlations,

and the third related to comparisons with theoretical

predictions. Regarding the flow patterns observed in this

study, the following conclusions can be made:

Flow patterns observed in this investigation for

condensing steam inside a horizontal tube are similar
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in appearance to those described in other investiga-
tions [17], [20], [21], and [22] using other test fluids,
with the exception of a minor difference in the wavy
flow pattern. In the present study, the upper part
of the tube was always covered with a thin liguid
film, while in the previously mentioned studies the
upper part of the tube appeared dry during wavy flow.
Stratified flow existed at the outlet of the tube
during test runs corresponding to Tow mass flow rates
of stream. This flow pattern was not reported in

other investigations [20], [21], and [22].

Based on the comparisons between the present results

and leading empirical correlations in the literature, the

following conclusions can be made:

1.

Baker's [5]'map failed in predicting the present
results. However, when comparing the present results
with a map proposed for condensation [19] using
Baker's [5] coordinates a good agreement resulted.
This indicates that Baker's coordinates are fairly
independent of fluid properties.

The map proposed by Soliman [19] using V2 and

(1 - a)/a as coordinates provided an adequate predic-
tion of the present data. This supports the hypo-
thesis [19] that V2 and o are relevant parameters for

flow patterns of condensing fluids and can be used
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as a basis for the generation of a generalized
correlation.

Superficial vapor and liquid velocities, used as
coordinates in [12], cannot serve as a basis for the
generation a generalized flow pattern correlation for
condensation. Fluid properties were shown to have a
strong influence on the transition lines when this

coordinate system is used.

Comparisons with theoretical predictions of flow

pattern transitions led to the following conclusions:

1.

Good agreement was found between the present data and
the criteria developed by Traviss and Rohsenow [18]

using NRE and X as coordinates. A reasonable
2

tt
agreement was also found with data of other fluids.
However,the degree of accuracy was affected by the
value of Froude number used. The value suggested by

Traviss and Rohsenow [18] (NFR = 45) was based on
2

their data for Freon-12.

The annular-slug boundary developed by Taitel and
Dukler [14] failed in correlating the data of Freon-12
[16] and Freon-113 [19]. On the other hand, a satis-
factory agreement was obtained for the annular-wavy
transition line when tested against present data as

well as data of Freon-12 [16] and Freon-113 [19].
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This implies that the two coordinates X and F used
in this correlation are significant parameters for
condensation.

3. The map developed by Breber et al. [22], using Taitel

and Dukler [14] coordinates agreed well with the
present data. Similar results were also reported by
Breber et al. [22] for Freon-12 [16] and Freon-113
[19]. This supports the significance of the para-

meters X and F as far as flow pattern prediction

during condensation is concerned.

5.2 Recommendations for Further Studies

This investigation, similar to others reported in the
literature, succeeded in answering some questions while
generating new ones to be answered. The field of two-phase
flow is a continuously growing field and there is an
increasing interest in it because of its direct relation to
many practical applications. Questions which are yet to
be answered are numerous. Limiting the enguiry to the
area of flow patterns of condensing fluids inside horizontal
tubes, the following topics deserve immediate research
efforts:

1. The influence of tube diameters on the appearance of
flow patterns and on different coordinate systems

used in data correlation. More data, especially for

large tube diameters (I.D. > 1 in.) are needed.
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Data corresponding to other test fluids is still
required to establish the influence of fluid
properties on a more solid basis.

The wavy-to-slug transition needs experimental as
well as theoretical analyses. STugging in engineering
devices is associated with pressure fluctuations and
other damaging effects. No adequate prediction is
available yet for this transition.

Stratification is another phenomenon which requires a
special research effort. This flow pattern, observed
in the present study, is sometimes undesirable in
applications such as cooling systems of nuclear re-
actors. Conditions leading to the existence of this

flow pattern are yet to be accurately defined.
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APPENDIX A

Taitel-Dukler [14] Model for Predicting Flow
Pattern Transitions in Horizontal and Near
Horizontal Gas Liquid Flows

An equilibrium stratified flow as shown in Fig. A.1
is considered. The gas is flowing with a velocity UG in
the upper part of the tube. The Tiquid is flowing with a
velocity uy at the lower part. The interface is smooth.

A momentum balance on each phase yields:

AL [H?J " Tyl SL + Tisi + pLAL g sina =0 (A.1)
Ae |98 S, - T.S. 4 oA g sina =0 (A.2)
6 |dx WG °G i>i 7 Pghg 9 '
Where:
AL = Flow cross-sectional area of the liquid.
AG = Flow cross-sectional area of the gas.
SL = Perimeter of the Tiquid.
SG = Perimeter of the gas.
Si = Perimeter of the interface between the liquid and
the gas.
dP _
[H?J = Pressure drop.
Tyl = Shear stress of liquid.
T = Shear stress of the gas.



Fig. A.l. Equilibrium stratified flow.

Fig. A.2. Instability for a solitary wave.

90
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Ty = Shear stress at the interface.

PL = Density of the liquid

S = Density of the gas.

o = Angle between the pipe axis and the horizontal.
g = Acceleration of gravity.

By equating the pressure drop in the two phases, and
evaluating the shear stress and the gas and liquid friction

factors in the conventional

e, S e 5, S,
x2 (U, D, )"0z —L| - [(0,.02)", |-&+ L+t -av=0
L7L L g GG G i E K
L G L G
(A.3)
where:
4C
. —(u D/v )" (g uP?) }(dP/dx)L]
G S -m]_ So
—8(uS D/vg) M § (g uS?) (dP/dx)G!

(It is the same parameter introduced by Lockhart and

Martinelli [2])

v - (p - pg) 9 sina= (pL-pG)gsind
S -Mm S\2 S
G
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= Exponent of Reynold number in the equation used
for evaluating the friction factor.
CL,CG = Friction coefficients of the liquid and the gas
respectively.
V| sVg T Kinematic viscosity of the liquid and the gas

respectively.

D = Diameter of the pipe.

-Uiﬂé = Superficial velocity of the 1iquid and the gas
respectively.

—Egai = Pressure drop of the liquid phase if it is flow-
ing alone in the pipe.

—E%g: = Pressure drop of the gas phase if it is flowing
alone in the pipe.

-~ = designates dimensionless qualities.

- Reference variables are D for length, D for area,
superficial velocities ui and ué for the liquid and

gas velocities respectively.

A1l dimensionless quantities depend only on HL = hL/D .

since:
A = 0.25 [ - cos‘](zﬁL-U + (2h-1) A-(2h -1)?]
~ _ -1 ~ - v )
Ry = 0.25 [cos™!(2h 1) - (2R -1) V1-(2h -1)2]
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SL = 7 - COS (ZhL—])
_— -1 N

SG = CO0S (ZhL—l)

< - ho_1)2

S; = /]-(ZhL 1)

u = A/AL

Ug = /-\/AG

Hence, each X-Y pair corresponds to a unique value of hL/D
for all conditions of pipe size, fluid properties, flow

rate and pipe inclinations for which stratified flow exists.

Transition Between Wavy and Annular or Intermittent Patterns:

Their theoretical approach started by considering a
stratified flow with a wave existing on the surface over
which gas flows. This configuration is shown in Fig. A.2.
The growth of the wave according to the Kelvin-Helmho]tz

theory will start when:

g(QL - pG)hG ]/2
UG>

Pg

This criterion is extended to the case of a finite wave on
a horizontal surface. Furthermore the analysis is extended
to the inclined round pipe geometry. The criterion then

becomes:
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with C2 = AG /AG

C2 is unity for infinitesimal disturbance where A.' - AG.

G
When the Tiquid reaches the top of the tube C2 approaches

zero. Hence C2 was estimated, by speculation, as follows:

C, =1 - hL/D .

2

In dimensionless form, the wave growing criteria becomes:

u. dA, /Dh
F2 ]2 CH i N (A.6)
€5 Ag
with
S
CF - P 1/2 uG
Py = P —
L G vDg cos a

N o/dh = & 1/2
- dAL/dhL = (1-(2hL-1)2)

Equation (A.6) describes the conditions for the
transition in pipes between wavy and annular or intermittent
flow patterns. AT11 the terms in the square bracket are
functions of hL/D. Thus for any value of Y the transition
can be determined from X and F. For the horizontal case

(Y = 0) values of F corresponding to different values of X
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are presented in Table A.1. Equation (A.6) with the
equality sign was used to calculate values of F correspond-
ing to values of hL/D. Values of X corresponding to values

of hL/D were obtained from equation (A.3).

Transition Between Intermittent and Annular Dispersed
Liquid Regimes:

It was suggested that the development of both inter-
mittent and annular flow will depend only on the Tiquid
lJevel in the stratified equilibrium flow. Annular will be
obtained when hL/D is less than 0.5; while intermittent
flows will exist when the equilibrium liquid level in the
pipe is above the pipe centerline.

A single value of X will define this transition since
it takes place at a constant value of hL/D = 0.5. For

horizontal tubes X = 1.6.



Table A.1:

Values of F and X on the
between wavy and annular

transition line
flow regimes.

X F
0.024 1.251
0.040 1.118
0.070 0.976
0.135 0.808
0.221 0.680
0.332 0.575
0.473 0.484
0.653 0.406
0.884 0.337
1.186 0.275
1.584 0.222
2.123 0.174
2.874 0.134
3.963 0.099
5.621 0.070
8.330 0.047

13.217 0.028
23.499 0.015
51.823 0.006
102.996 0.003
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APPENDIX B

Operating Conditions and Heat Balance

Legend:

RN Run number

opP Operating pressure (psia)

TSAT Saturation temperature (°F)

G Total mass velocity (1bm/hr—ft2) x 1074
HGW Heat gained by the water (Btu/hr) x 10'4
HLS Heat lost by steam (Btu/hr) x 1074

ERROR % heat balance error



RN

LA AW

10

12
13
14
15
16
17
18
19
26
21
22
23
24
25
26
21
28
29
30
31
32

op

19.5
19.4
17.3
20.5
23,3
25.14
28,9
19.6
18.2
17.7
19.0
23,0
18.3
18.3
18.3
18.1
18.1
16.6
19.7
17.1
23.6
23.3
19.4
23,7
23.7
23.4
21.3
21.8
29.1
32.1
35,6
22.6

OPERATING CONDITIONS & HEAT BALANCE

11.09
7.23
4,83
4,07
6,45

10.84
8.51
8.31
2.74
3.52
5.28
3.69
2.88
2,94
4,36
4,65
5.81
5,48
5.27
3,72

14.686

14,29
5.55

15.57

15.31

12.60
6.46
6,97

17.12

15.95

16.74

12,59

17.69
13.12
7,72
7.03
9,843
19.u43
13.390
13.66
4,85
6,456
8.85
6.6
4,91
5.03
7.06
7.63
g, 21
@.138
8.66
6.54
22.34
23.65
9.26
23.35
25.49
19.481
10.42
11.07
26.44
25.55
26.24
19.80

HLS

18, 45
12,18
8,16
6. 90
13,88
18. 38
14,27

4,63
.92
. 84
.21
85
9¢€
28
» 70
. 57
.13
.73
.24
71

NN
w W
P
(821
w

9.17
25.17
24, 91
20,54
10,79
11,66
27.69
25.69
27. 3¢
20. 44

98



33
34
35
36
37
38
39
40
L1
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
53
59
6C
61
62
63
64
65
66
67

OPRATING CONDITIONS & HEAT BALANCE (CCNT)

23.0
27.2
26,7
20.1
20.6
20,3
22,4
19.7
19.7
19.7
19.4
18,9
18.2
17.7
18.8
17.8
17.3
16.8
22.0
22,3
22.1
19.6
28.8
29,1
16.4
16.4
16.7
17.8
18.3
22,1
19.6
18.8
18.8
18.2
18,2

235.4
244, 8
243.7
228, 2
229,17
228.9
234.,2
227, 2
227.2
227.2
226.5
225, 1
223.1
221.6
224.8
222. 0
220. 4
219.°0
233.2
233.9
233.3
226, 9
248,17
248, 6
217.8
217.8
218,06
221.7
223.2
233.3
226, 9
224. 8
224.8
223.0
223.0

12.72
14,13
14,53
10. 92
16. 41
10.73
9.30
9.63
8.47
9,12
7.20
7.20
10,41
9,25
8,22
8.23
7.97
T.47
9.88
9.88
10.14
10. 28
16.74
17.51
3.99
4.1¢
4.34
4.05
4,34
6.96
9.90
9.52
9.65
3,21
3.23

19.84
21,91
22.44
17.695
16,99
17.81
15.12
15.53
13.42
15.19
11.58
11.78
15.78
15.590
12,92
13.22
12.35
11.76
15.58
17,06
16.65
17.03
28.31
29.33

6.14

T.24

6.88

6.79

7.89
10.56
16.03
15.83
16.16

5.14

5.13

25.56
22, 8¢
23.59
17.99
16.99
17.59
15, 10
15. 82
13.86¢6
14,93
11.73
11.78
17,06
15, 20
13, 49
13.55
13.08
12. 3¢
15.93
16,09
16.61
16, 9N
27.22
28, 45
6.73
6.93
7.33
6,82
7.30
11.55
16, 47
16. 04
16. 25
5,53
5.58

99

3.48
3,90
4,89
1.85
-C.C1
-1.26
~0.12
1.78
3.15
-1,78
1.32
-0.,00
7.17
-1.97
4,21
2,44
5.59
4,41
2.18
-6,08
-2.25
-0.74
-4.00
-3.08
B.70
-4,u8
6,04
G.44
-8.17
8.54
2.65
1,30
0.58
6,94
7.94



68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
9g

OPRATING
18,2 223.0
16.0C 216.3
16.0 216. 3
16.0 216.3
16.0 216. 3
19.3 226.2
19,3 226,72
13.3 226.2
19,3 226,2
18.6 224.1
18.5 224.¢C
18.3 223.4
18.1 222,77
19.8 227. 4
20.3 228.9
20.6 229.5
32.8 255, 6
32.1 254.2
32.9 255.7
21.1 230.8
20.8 230. 2
16.5 218.1
19.1 225.5
18.3 223. 4
18. 4 223.6
21.3 231. 4
21,3 231, 4
21.3 231.4
18,6 224,1
17.6 221.3
24.3 238, ¢

CCHNDITIONS & HEAT

3.26
3.18
3.15
3.18
3,290
3.61
3.67
3.78
4,13
5.59
5.55
5.92
6.04
6.21
6.4
6.58
17.24
17.55
18,17
12.89
11.06
10.18
11.58
11.32
11.06
11.60
11.84
11.84
8.88
9.14
7.60

5,42
5,26
5.18
5.25
5.38
£.15
6.17
6.37
6. 91
8.34
9,19
1. 74
10.69
10.57
9.47
1C.63
27.62
28.00
30.53
2C. 24
17.16
16.58
17.74
17.53
18.090
18,76
19.36
18.93
14,17
15.29
11,95

BALANCE (COKT)

5.63
5,48
5. 43
5,48
5.53
6. 17
6,27
6.46
7,08
9,27
9,25
9. 88
10.13
10. 54
10,45
11.15
28. 04
28.179
25,78
21,14
18. 3C
17.18
19.08
18,66
18 35
19. 26
19,72
19,57
14,89
15,52
12,69

100

3.63
4,00
4.7
4.16
2.69
0.35
1.6C
1,45
2,35
12.06
0.64
-2.62
-4.,65
-0.26
9,40
4L.6e5
1.48
2.73
-2.5C
4.26
6,22
3.52
7.C2
6.03
1.91
2.60
1.8C
3, 31
4,82
2.0¢
5.80
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APPENDIX C

Sample Calculations for Run No. 16

Y

A a y.

® ®©1 @ ©r
21— & c b FA{ g F%jiz-ﬁ‘

& @1 16 léljr®

chd mwb m Wq

i

A4

Fig. C.1 Schematic diagram of test
section.

Fig. C.1 shows a schematic diagram of the test

section consisting of four condensing units a,b,c, and d

and four visual sections A,B,C, and D. Test fluid, with

m ]bm/hr flow rate, enters as superheated vapor (state 1)

and leaves as subcooled liquid (state 2). Three streams

of cooling water m_ , m_ , and m are used as shown.

Yao W Wed
State points 3 through 10 refer to cooling water temperatures

at different locations in the loop. Flow patterns at visual.

sections A,B, and C were observed, identified, and written
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descriptions were recorded. The objective here is to show
how the flow pattern parameters corresponding to each
observation were calculated.

Measured Data

P] = 5.5 psig, P2 = 2.5 psig, Patm. = 14.1 psia,

T] = 246.2 °F, T2 = 104.0 °F,
T3 = 69.4°F , T4 = 77.4°F, T5 = 77.6°F, T6 = 129.8°F,
T7 = 69.2°F , T8 =159.2 °F, T9 = 69.2°F, 1}0 = 176.5°F,

339.2 1b _/hr, m = 255.3 1b /hr , and
m W m

m= 70.4 1b_/hr, m
m Wa b

ﬁw = 280.3 1b_/hr.
cd

Flow Patterns

At visual section A Annular

At visual section B Annular-wavy

At visual section C

Single-phase 1iquid

At visual section D Single-phase 1liquid

Overall Heat Balance and Operating Conditions

Thermodynamic properties [24] of test fluid at inlet

and outlet of test condenser are:

h] = 1165.4 Btu/]bm and h2 = 71.99 Btu/]bm
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Rate of heat gained by cooling water

Qw - mwa Cp(T10 - T9)

+ (T 1 = 76,300 Btu/hr

g~ T3)

Rate of heat lost by test fluid

Q. =m (h] - h2) = 77,000 Btu/hr
_ 77,000 - 76,300
Percentage heat balance error = 77.000 x 100

0.93%

Run was accepted since the heat balance error is within
+ 10%.

. _o 1 2 _ .
Working pressure P = ——5— + Patm. = 18.1 psia

Corresponding saturation temperature TS = 222.7°F

Inlet superheat ATsup. = T] - Ts] = 19.3°F
Properties of the two-phase mixture, corresponding to P and
TS, are:
= 3 = 3

o 59.64 ]bm/ft N 0.0453 1bm/ft

w, = 0.655 1bm/hr-ft = 0.270 centipoise

M, T 0.0320 1bm/hr-ft

hz = 190.88 Btu/]bm R hv = 1154.8 Btu/]bm

o = 58.8 dyne/cm
Mass velocity G = m2 = 46,500 1b_/hr-ft?

D

ISE
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Qualities at Different Visual Sections
values of

Due to inescapable experimental errors,
Rates of heat gain

and Qw are expected to be different.

Qs
by cooling water in all condensing units were adjusted by

°

a factor J such that,
= 1.009

J:.___s_._
QW

A simple heat balance on condensing unit a produces

J -cp (Tyg - Tg)]/ﬁ

643.8 Btu/1bm

h, - h
A L
XA —H———_'—ﬁ‘—— 0.47
v
heat balance on condensing units b and ¢

Similarly, a

resulted in
=0.128

hg

Btu/]bm s xB
h

314.6

(subcooled Tliquid at C)

Btu/]bm < y

104.9

he

Flow Pattern Parameters
The steps used in calculating the fiow pattern para-

meters at visual section A are shown here. Similar

procedure was followed at visual section B.
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(a) Baker's [5] Parameters

Based on equations (2.1) and (2.2)

A= 0.760 and vy = 0.827

Gv = x6G = 21,860 1bm/hr-ft2

G2 = (1-x)G = 24,640 ]bm/hr-ft2
G

Y = 28.740 and G, A0/G, = 0.709

(b) Mandhane et.al. [12] Parameters

vy = (-x)6 _ 5. 115 ft/sec.
S pz
v =X . q34.0 ft/sec

Vs pv ' .

(c) Soliman's [19] Parameters

Using Equation (4.2), we get

o = 0.9844
(1-0)/ oo = 0.0158
- (1-x)6
Vl = TTTETEE = 7.37 ft/SEC.

(d) Traviss and Rohsenow [18] Parameters

Using Equations (4.3g) and (4.3d). respectively, the

following values can be obtained:

X = 0.0415 and N = 1653

tt
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(e) Taitel and Dukler [14] Parameters

The two dimensionless groups developed in [14] are
F and X, defined by Equations (4.4) and (4.5), respectively.
Substituting the values calculated earlier into Equation

(4.4), we get
F = 3.106

The value of the parameter X depends on the type of flow in
both the vapor and liquid phases (laminar or turbulent).
Accordingly, four possible combinations exist. Taitel and
Dukler [14] stated that the decision on whether either phase
is flowing laminarly or turbulently should be based on
Reynolds number evaluated from the actual velocity and the
hydraulic diameter. This will definitely require a trial
and error procedure. Lockhart and Martinelli [2], who were
the first to develop the parameter X, suggested to base

the decision on Reynolds number evaluated from the super-
ficial velocity and the pipe diameter and then lower the
critical value for laminar-turbulent transition from 2000

to 1000. Both methods, although apparently different, would
Tead to the same result in most cases. Values of superficial
Reynolds number were calculated for the liquid and vapor
phases of all present data points and were found to be con-
sistently higher than 1000, and for a clear majority of the

cases even higher than 2000. Only in one case the superficial
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Reynolds number of the vapor phase was 621.4. Consequently,
it was decided to assume turbulent flow in both phases,
for all data points and hence for the present data point,

we get

X = Xtt = 0.0415 (as calculated earlier).



Legend:

—_—

RN

XBAK
YBAK

VLS

VVS
XTT
REL

XSOL

YSOL

APPENDIX D

Flow Pattern Parameters

Quality

Run number
Visual section
szw/Gv

GV/A

v ft/sec

s’

v ft/sec

vs’?

Xtt

v ft/sec

0 °
Observation
Spray
Spray-annular
Annular

Annular-wavy

Wavy
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