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Abstract

Two-Phase Flow is the most common flow of fluids in nature. The flow of blood,
the drift of clouds in the atmosphere, the fluidized beds, the pneumatic conveyance of
granular solids, boiling liquid are only a few examples of two-phase systems. Of the
four types of two-phase flow (gas-liquid, gas-solid, liquid-liquid and liquid-solid) gas-
liquid flows are the most complex, since they combine the characteristics of a
deformable interface and the compressibility of one of the phases. For given flows of
the two phases in a given channel, the gas-hquid interfacial distribution can take any of
an infinite number of possible forms.

Many studies have been carried out both experimentally and analytically on two-
phase flow. However, there are still some topics which has received comparatively little
attention in the literature. In the present study, the main concern is to develop the flow
regime map for cocurrent two-phase flow in horizontal pipes, to determine the wall
and interfacial shear stress in stratified flow in a horizontal pipe, to study the slug
formation in the horizontal countercurrent two-phase flow and to study the flooding in
inclined pipes.
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1. PROJECT TITLE

A STUDY ON THE STRATIFIED TWO - PHASE FLOW IN A CIRCULAR PIPE
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3. FIELD OF RESEARCH Two - Phase Flow, Fluid Mechanics, Heat Transfer

4. BACKGROUND AND RATIONALE

Two-Phase Flow is the most common flow of fluids in nature. The flow of blood, .
the drift of clouds in the atmosphere, the fluidized beds, the pneumatic conveyance of
granular solids, boiling liquid are only a few examples of two-phase systems. Of the
four types of two-phase flow (gas-liquid, gas-solid, liquid-liquid and liquid-solid) gas-
liquid flows are the most complex, since they combine the characteristics of a
deformable interface and the compressibility of one of the phases. For given flows of
the two phases in a given channel, the gas-liquid interfacial distribution can take any of
an infinite number of possible forms.

Problems involving the simultaneous flow of a gas and liquid are commonly met in
engineering practice. Film coolers, falling-film-absorption towers, condensers, and the
transportation of liquid-vapour mixtures are ‘examples of processes involving such two-
phase flow problem. A more through understanding of these processes could be derived
from a better understanding of the nature of the interaction at the interface of the liquid
and gas. If a gas is blown parallel to a liquid surface, it will exert a drag on the surface
and cause the liquid to flow. The drag will increase with gas flow. At high enough flows
the surface will become unstable and waves will form. The drag of the gas on the liquid
and the velocity profile in the gas then will be dependent upon the structure of the liquid
surface. At extremely high flows liquid will be torn from the surface and dispersed in
the gas stream. Flow regime transitions in two phase flows are, therefore, of great
importance to engineers because the analysis of mass transport, pressure drop, heat
transfer, and other processes, depends on a knowledge of the physical distribution of
the phases and phase velocities in the flow channel.

Gas-liquid countercurrent flow has been applied extensively in industries for heat and
mass transfer. Usually, for a given piece of equipment there is a maximum velocity at
which steady countercurrent flow can be maintained. This point, known as the onset of
flooding, is the point at which the flow rates of both gas and liquid phases cannot be
further increased. Usually, especially in chemical engineering, this limiting condition is
called flooding or countercurrent flow limitation (CCFL). Further increases in gas or
liquid input rates results in partial delivery of the liquid out of the bottom. In recent
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years, further impetus for flooding research has been provided by concern over the
restriction of emergency core cooling (ECC}) in the pressurized water reactor (PWR)
during a postulated loss of coolant accident (LOCA). In the event of a LOCA | which is
caused by the damage at any position of the primary circuit, steam will be created in
PWR. This generated steam will flow upward through the hot leg, countercurrent to the
flow of cooling water. In another case, this steam will condense in the steam generator
and flow back to the PWR (as shown in Fig. 1). It is essential that the injected cooling
water be sufficient and that it be able to penetrate into the core. This ECC is limited by
the flooding phenomena. To be able to evaluate the ECC response of the reactor during
this accident, the countercurrent flow of the phases should be fully determined.

Steam Generator

Nuclear Reactor Core

_ Coolant
- / Pump

Two-Phase
Mixture

Fig. 1. Countercurréent Flow of Steam and Water in Hot Leg of PWR during LOCA

5. OBJECTIVES

5.1 to develop the flow regime map for cocurrent two-phase flow in
horizontal pipes

5.2 to determine the wall and interfacial shear stress in stratified flow ina
horizontal pipe

5.3 to study the slug formation in the horizontal countercurrent two-phase flow

5.4 to study the flooding in inclined pipes



6. LITERATURE REVIEW AND REFERENCE

6.1 Literature review for objective (5.1)

Two-phase flow is classified into two groups from the dynamical view-point :
a steady flow and a transient flow. Further, the steady flow is divided into a fully
developed flow and a developing flow. The flow characteristics of fully developed flow
have been investigated and sufficient information has been obtained [1-5]. On the other
hand, the flow characteristics of developing flow and transient flow have been not
sufficiently and systematically investigated except for the flow characteristics in and
downstream bend [6] and the propagation phenomena of pressure wave [7]. In studies
of flow instabilities [8] and the dynamic behaviour [9] of flow in steam generating
system, the flow pattern and the values of flow variables such as two-phase flow
frictional losses, void fraction, liquid holdup, slip ratio between both phases, and heat
transfer coefficient in the steady conditions have been used because the dynamic
behavior of the two-phase flow might be expressed approximately as quasi-steady
flow and no suitable data and values have been recommended. Useful informations have
been obtained on qualitative characteristics by this method, but there is certain
limitation to this application. Therefore, the values of flow variables in the transient
conditions might be desirable informations for the analysis of dynamic behavior.

Then, the fundamental knowledge of the transient characteristics as well as the
static characteristics is required in order to precisely analyze the dynamic behavior in
two-phase flow systems. In the circumstance, the dynamic behaviors of the two-phase
flow have been investigated by Néadler et al. [10]. That is, the first report which
presented that the two-phase flow in the transient conditions showed the extraordinary
behaviors which could not be deduced from its static characteristics. In their second
paper [11], the dynamic behaviours of transient slug flow have been analyzed and the
fair agreement between its calculated values and the experimental results has been
obtained for various test tubes. Althrough a few studies carried out so far, there is a
general feeling that much tidy work should still be necessary either from an
experimental viewpoint or for a general modeling of the phenomena. Especially, the
influences of the pipe,diameter and the pipe length on the boundary between the flow
patterns should determined.

In the present work, the flow regime maps for the developing two-phase flow
will be presented. These maps will be useful to estimate the flow pattern of developing
flow in the various flow systems at steady conditions and will be used as the
fundamental data to derive the flow regime maps for the transient conditions. The
influences of the pipe diameter and the pipe length on the boundary between the flow
patterns will also be discussed.
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6.2 Literature review for objective (5.2)

Stratified two-phase flow in pipes may occur in various chemical and industrial
processes.Examples include the flow of oil and natural gas in pipelines and flow of
steam and water in horizontal pipe networks during certain postulated LOCA.
Knowledge of the wall and interfacial shear stresses is required for modeling the flow
in these applications.The structure of the moving gas-liquid interface plays a
considerable role in determining thermal-hydraulic behaviours of two-phase flows.
Waves appearing on the interface significance affect the mechanism of momentum,
heat and mass transfer through the interface as well as the characteristics of flow
parameters. The interfacial shear stress, which is one of the important parameters
featuring the nature of the interface, is largely controlled by local properties of the
waves, and is closely connected to a flow pattern transition.

Experimental studies of the wall and interfacial shear stress have been presented
in 2 number of papers over the past thirty years [12-15] mostly for cocurrent two-phase
flow. However, all of the investigations reported to date have involved rectangular
conduits at atmospheric pressure. In most cases, the wall and interfacial shear stress
were expressed in terms of macroscopic flow parameters, such as the void fraction, the
gasand liquid Reynolds numbers, and/or fluid physical properties for direct
applications. This type of correlation has been widely used in the stability analysis and
heat and mass transfer investigation of two-phase flow [16]. At the present time no
methods exist to measure the interfacial shear directly; however, this quantity may be
deduced indirectly from:

- Gas velocity profile measurements [12,17]

- Turbulent kinetic energy profiles [14]

- The momemtum balance using the wall-to-gas shear stress, liquid level, and
pressure drop measurements [13,19,20]

- The extrapolation of the shear stress profiles at the gas-liquid interface [14,18]

In the present work, the wall and interfacial shear stress for stratified both
cocurrent and countercurrent flow in a circular horizontal pipe will be measured. In
addition, the empiricdl correlation of the wall and interfacial friction factors will be
developed for practical applications.

()]
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6.3 Literature review for objective {5.3)

During LOCA in a PWR, countercurrent flow of steam and cold water may take
place in horizontal channel when the ECC water is injected into the pipe. This type of
flow also appears in the auxiliary feed water system of the steam generator in PWR
after stopping the main feed water pump. The flow stability in the two cases is very
important in relation to the safety analysis of the nuclear reactor. It is necessary to
explicate the mechanism of the transition from stratified flow to slug flow in
horizontal countercurrent gas-liquid flow.

When the difference of gas and liquid velocities becomes large enough the
interface waves grow quickly to block the cross-section of the duct. For countercurrent
flow, most of the studies infer the transition condition from cocurrent flow which based
on Kelvin-Helmholtz instability theory. As for cocurrent flow, Mishima and Ishii [21]
developed the classical Kelvin-Helmh oltz instability theory [22] using the concept of
‘the most dangerous wave’ with the largest growth rate. In order to obtain the criterion
for slug formation in closed conduit, they considered waves of finite amplitude.
However the viscous term effecting flow stability was not included in their analysis. Lin
and Hanratty [23] applied the Kelvin-Helmholtz instability mechanism to a small-
amplitude long wave length disturbance at the interface for cocurrent two-phase flow.
The hquid phase viscous and inertia terms are included in their analysis. Flooded
discharge of water from a vessel and along a short horizontal tube (length/diameter
ratio of approx. 10) with a countercurrent of air has been studied experimentally by
Richter et al. [24], Krolewski [25] and Gardner [26].

Similar flooded discharge of carbon dioxide against air and brine against water
has been studied by Leach and Thompson [27]. Some experiments were conducted with
a scale model of the hot leg of a PWR. Kukita et al. [28-30] studied the characteristics
of two-phase flow during natural circulation at the hot legs of PWR using a large-scale
test facility. Tehrani et al. [31] conducted experiments of air/water low and high head
flooding from the model of the hot leg, and the distinction between the two types of
flooding was determined. Hence, we can say the transition of flow patterns on cocurrent
flow has been studied in some detail. On the other hand, the study on countercurrent
two-phase flow is not enough. Since countercurrent flow has some special features that
differ from cocurrent flow, it is necessary to deal with it directly but not to extrapolate
from cocurrent flow.

The objective of this research is to characterize the flow patterns observed for
countercurrent gas-liquid flow in a horizontal pipe and to propose a criterion for the
onset of slug flow by experimental and theoretical analyses.
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6.4 Literature review for objective (5.4)

As described, Flooding in countercurrent gas liquid flow is the term used to
describe the limiting flow input of liquid against rising gas or vapour. This phenomena
has been investigated in connection with the performance of wetted wall columns,
packed towers, condensers, cooling towers, geothermal flows of steam and water
mixtures and in connection with LOCA in nuclear reactors.

Flooding experiments have been carried out usually with adiabatic air-water flow
in vertical tubes [32-35]. Liquid is introduced into the tube either through a porous
injection located at the middle of the tube or from a top tank where the liquid flows by
gravity. The porous injection is generally considered to be the smoothest entry which
generates the least disturbances in the liquid flow [36,37]. Wallis et al. [38] showed that
the tube diameter and entrance conditions are important parameter in Flooding. They
tested various geometries of entry and end effects in a top flood entry arrangement. It
was found for various tested tube sizes that entry geometries affect the limiting air and
water flows.

Tien et al. [39] also examined the effect of tube size and flow entry conditions on
the flooding velocities in a vertical tube where the liquid was introduced by spilling it
over the top of the tube under gravity. They found that when the flow entry conditions
of liquid and gas were designed to mimimize entry effects flooding was primarily a
result of the interfacial instability inside the tube, and the tube size did not significantly
affect the flooding phenomenon. When a sharp edge liquid inlet was used, flooding
always took place around the infet due to local thickening of the liquid film. In addition
when the flow inlet-exit conditions are not smooth the effect of tube size becomes more
pronounced.

Most of the flooding experiments have been performed in vertical tubes. Very little
work has been reported on the effect of inclination on the flooding phenomenon. Hewitt
[40] performed experiments in inclined tubes using a porous injector to introduce the
liquid. He found that the liquid flooding velocity increases and then decreases as the
inclination angle was changed from vertical to 10°. The stability of countercurrrent
stratified inclined flow with condensation was investigated by Lee and Bankoff [41] in a
rectangular channel. Beckmann et al. [42] performed the experiments with
countercurrent flow of air and water in inclined pipes. The experimental analysis
covered th effects of pipe inclination and diameter.

The flow pattern and the physical process of countercurrent flow were studied
based on measurement of liquid holdup and pressure drop. A correlation for the
interfacial momentum exchange was derived from the experiments. Wongwises [43]
investigated the experimental data of the countercurrent flow limitation for air and
water in a bend between a horizontal pipe and a pipe inclined to the horizontal. He
found that the different mechanism that lead to flooding and that are dependent on the
water flow rate. The influence of the inclination angle of the bends, the water inlet
condition, and the length of the horizontal pipes is of significance for the onset of
flooding.



In the present work new experimental data will be taken on initiation of flooding in
inclined pipes in the whole range of inclinations. A Model for the prediction of the
flooding inception will be developed.
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3. RESEARCH METHODOLOGY

8.1 An experimental setup (as shown in Fig. 2 ) will be developed. It can
also be modified to obtain each objective in (5)

8.2 From the apparatus in (8.1), the flow patterns for cocurrent flow will be
studied by visual observation, the flow regime map can be developed from
these flow patterns.

8.3 The instrument for measuring liquid holdup and void fraction will be developed.

The most of work in this step concern the design of electrical circuit and the data
acquisition system.

11



8.4 The wall and interfacial shear stress in stratified cocurrent flow will be determined
by
- using the instrument in (8.3) to measure liquid holdup
- using Laser Doppler Anemometer to determine the velocity profile
of gas phase. Reynold stress can, therefore, be found.
- using flow meter to determine the superficial velocity of liquid and gas

8.5 From all data in (8.4) and momentumn balance between phase, the mathematical
model to determine the wall and interfacial shear stress can be developed.

8.6 The experimental rig in (8.1) will be modified. The flow direction of gas will be
reversed.

8.7 Onset of slugging for countercurrent flow in the horizontal pipe will be
experimental studied.

8.8 Mathematical model for prediéting the onset of slugging by instability analysis will
be developed. The results will be compared with experimental data in (8.7).

8.9 From the experimental rig in (8.6), the interfacial friction factor will be developed
in the same way with (8.4), except the pressure drop will be included.

8.10 The inclination angle of pipe will be adjusted.

8.11 The flooding in the inclined pipe will be studied by using the experimental rig in
(8.10)

8.12 The mathematical model for predicting the onset of flooding will be developed and
the results will be compared with the data from (8.11)

9. SCOPE OF RESEARCH

9.1 TItis the experimerital and theoretical investigation

9.2 Cocurrent and countercurrent flow will be studied.

9.3  For cocurrent flow, only the horizontal flow in the circular pipe will be studied.
9.4 For countercurrent flow, the horiontal and inclined pipe flow will be studied.

9.5 The results of each step in the research has some relationship with each other.
The results of each step will be used to obtain the object in the next step.

12



10. EXPERIMENTAL APPARATUS AND PROCEDURE

A schematic diagram of the experimental system is shown in Fig.2. Air and water
are used as the working fluids. The main components of the system consist of the test
section, air supply, water supply, instrumentation, and data acquisition system.

The test section is made of transparent acrylic glass to permit visual observation
of the flow patterns. The length of horizontal pipe can be varied during the
experiments. The connections of the piping system are designed such that parts can be
changed very easily. Air is injected from a compressor to pass through the reservoir, the
regulation valve, the rotameter and the test section. Water is pumped from the storage
tank through the rotameter, the water inlet section and the test section.

The inlet flow rates of air and water are measured by two sets of rotameters. The
entrained water flow rate is registered by flow meter and the water is returned to the
storage tank while the separated air is exhausted into the atmosphere. The pressure in
the test section can be regulated and kept constant automatically during the experiment
by an absolute pressure transducer and a control valve in the air discharge line. The
temperature of air and water are measured by thermocouples. The two-phase pressure
drop between the specific range in the test section is registered by a capacitive pressure
transducer. The Impedance and Capacitance Method will be developed for measuring
liquid holdup, which is defined as the ratio of the cross-sectional area filled with liquid
to the total cross-sectional area of the pipe. All signals of the measuring transducers are
registered by a data acquisition system and finally they are averaged over the time
elapsed.

In generally, the experiments are conducted with various flow rates of air and
water, various lengths of the pipe. The system pressure is kept constant during
experiments. In the experiments the air flow rate is increased by small increments while
the water flow rate is kept constant. After each change in inlet air flow rate, both the air
and water flow rates are recorded. The pressure
drop across the test section, the entrained water, and the liquid holdup are registered
through the transducets and transferred to the data acquisition system. The flow
phenomena are detected by visual observation
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11. THREE YEARS RESEARCH PLAN

Activity Time (year)
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84-838 ST I
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12, PRACTICAL SIGNIFICANCE & USEFULNESS

The results of the research are of technological importance for the design and
analysis of various chemical and industrial processes, particularly is important for
reliable design of gas-oil pipe line transportation systems and of thermal-hydraulic
responses of nuclear reactors during accidental conditions
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Abstract

The onset of flooding or countercurrent flow limitation (CCFL) determines the maximum rate at which one phase
can flow countercurrently to another phase. In the present study, the experimental data of the CCFL for gas and
liquid in a horizontal pipe with a bend are investigated. The different mechanisms that lead to flooding and that are
dependent on the liquid flow rate are observed. For low and intermediate liquid flow rates, the onset of flooding
appears simultaneously with the slugging of unstable waves that are formed at the crest of the hydraulic jump. At low
liquid flow rates, slugging appears close to the bend: at higher liquid flow rates, it appears far away from the bend,
in the horizoatal section. For high liquid flow rates. no hydraulic jump is observed, and flooding occurs as a result
of slug formation at the end of the horizontal pipe. The effects of the inclination angle of the bends, the liquid inlet
conditions and the length of she honizontal pipes are of significance for the onset of flooding. A mathematical model
of Ardron and Banerjee is modified to predict the onset of flooding. Flooding curves calculated by this model are
compared with present experimental data and those of other researchers. The predictions of the onset of flooding as

a function of the length-to-diameter ratio are in reasonable agreement with the experimental data. ;

1. Introduction

Countercurrent flow limitation (CCFL) corre-
sponds to the limiting condition where the flow
rates of neither the gas nor the liquid phase can be
increased further without altering the flow pattern.
Vartous authors have given different definitions of
flooding, but the flooding point generally refers to
the onset of flooding (Lee and Bandoff, 1983).
Recently, the thermal-hydraulic analysis of coun-
tercurrent two-phase flow has been of importance
in connection with the safety analysis of nuclear

reactor systems. In the event of a loss of coolant
accident (LOCA), which is caused by damage at
any position of the primary circuit, steam will be
created in the pressurized water reactor (PWR).
This generated stearn will flow upward through the
hot leg, moving countercurrently to the fiow of
cooling water (Fig. 1). In another case, this steam
will condense in the steam generator and flow back
to the PWR (Fig. 2). It is essential that the injected
cooling water be sufficient and that it be able to
penetrate into the core. This emergency core cool-
ing (ECC) is limited by the flooding phenomena. To

(029-3493 96/515.000 © 1996 Elsevier Science S.A. All rights reserved
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be able to evaluate the ECC response of the reactor
during this accident, the countercurrent Bow of the
phases should be fully determined.

The CCFL has been studied by a large number
of researchers, both expenimentally and analyti-
cally, mostly in vertical pipes. The CCFL in hori-
zontal or nearly horizontal geometries has received
comparatively litle attention i the literature.
Some of the earliest work was performed by Wallis
and Dobson (1973), Gardner (1977), Lee and
Bankoff (1983), Chot and No (1995). However, to
study the phenomenon of flooding in 8 PWR hot
feg, the results from CCFL studies in heorizontal
flow paths are not enough, because the flow behav-
ior near the bend that connects the horizontal pipe
with the inclined riser governs the CCFL character-
istics of PWR hot legs (Ohnuki et al., 1988).

Relatively little information is currently available
on CCFL or floeding phenomena in horizental
pipes with bends (Ardron and Banerjee, 1986;
Dillistone, 1992; Kawaji et al., 1991; Mayinger et
al., 1993; Ohnuki et al., 1988; Siddiqui et al., 1986,
Siemens,-1992; Sonnenburg, 1993; Tehrani et al,,
1990; Wan and Krishnans 1986; Wang, 1993; Wang
and Mayinger, 1995). In the present study, the main
concern is to obtain and analyze the experimental
results of CCFL of air and water. The effects of the
pipe lengths, the water inlet conditions and the
inclination angle of bends on the flooding phenom-
ena are also investigated.

2. Experimental apparatus and method

The experimental apparatus is shown schemati-
cally in Fig. 3. Air and water are used as the
working fluids. The main components of the system
consist of the test section, air supply, water supply,
instrumentation and data acquisition system. The
lest section (Fig. 4), with an inside diameter of
64 mm, 1s made of transparent acryiic glass to
permit visual observation of the flow patterns. It is
composed of a horizontal pipe, an upwardly in-
clined pipe and a bend that connects them. The
inner and outer bend radii of curvature are 60 and
135 mm respectively. The bends with different
angles are constructed accuratzly by machining an
ingot of acrylic glass.

Stearm Generator Nuclear Reactor Core

Cooling Water

Fig. . Countercurrent flow’of stearmn and cooling water in hot
leg of PWR during LOCA,

The lower leg of the bend is connected to the
horizontal pipe, while the other end of the bend is
connected to the supply tank. The supply tank is
a cylindrical vessel 400 mm in diameter and
1060 mm tall. The length of horizontal pipe can be
varied during the experiments. The upper leg of the
bend is connected to a straight pipe 1300 mm in
length, the other end of which is connected to the
water inlet seciton and the separation unit. Air is
injected from a compressor to pass through the
reservoir, the regulation valve, the rotameter, the
supply tank and the test section. Water is pumped
from the storage tank through the rotameter, the
water inlet section, the test section and the supply
tank, and flows back to the storage tank. The
entrained water 1s scparated from the two-phase
mixture by the cyclone separator and flows back to
the storage tank.

Two types of water inlet section, 1.e. an inner pipe
inlet section and a porous inlet section, are

Slear Generator

gndensala)

_ Coolant
Pump

Two-Phase
Mixture

Fig. 2. Countercurrent flow of steam and condensate in hot
leg of PWR during LOCA.
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Fig. 3. Schematic diagram of apparatus.

used in the experiments. The inner pipe inlet
section consists of a circular pipe of inside di-
ameter 32 mm and length 150 mm that is in-
stalled in the pipe at the water inlet section. The
porous section is made of sintered steel of
200 ym filter grade, 100 mm long. The water
from the inlet section flows downward to the
bend, into the horizontal section and then to the
supply tank, while the air flows countercur-
rently. The level of water in the supply tank 1s
kept constant and excess water is returned to
the storage tank.

Two sets of rotameters are used to measure
the inlet flow rates of air and water. The
entrained water flow rate is registered by two
flow meters and the wdter is returned to the
storage tank while the separated air ts exhausted
into the atmosphere. The pressure in the test
section can be regulated and automatically
kept constant during the experiment. by an
absolute pressure transducer and a control
valve in the air discharge line. The temperatures
of the air and water are measured by thermo-
couples. The two-phase pressure drop between
the supply tank and the upper part of the
bend is registered by a capacitive pressure
transducer.

Liquid hold-up & is measured by conductance
cells. The position of measuring is shown in Fig.
4. Stainless ring electrodes are mounted flush in
the tube wall, for measuring the liquid hold-up,
which is defined as the ratio of the cross-sec-
tional area filled with liquid to the total cross-

sectional area of the pipe. The measuring
positions are located 70 mm along the horizon-
tal part from the bend. The electrical conductiv-
ity of water between the electrodes constitutes
an electrical resistance that can be registered via
a Wheatstone bridge, by a carrier frequency am-
plifier (Fig. 3). The bridge is fed by an alternat-
ing wvoltage fo 35kHz. This frequency is
sufficiently high to avoid polarization effects at
the electrode surfaces. However, this frequency
is low enough to neglect capacitive effects. The
measured electncal resistance is a function of
the electrode distance, the electrode width and
the level of liquid between the electrodes. A
micrometer is used to measure the liquid height
and then the liquid hold-up is calculated. The
non-linear correlation from calibration between
the measured signal and the liquid hold-up is
estimated. It was also found by calibration that,
for electrode distances greater than 40 mm and
an electrode width of 5 mm, the measured liquid
hold-up i1s independent of the interface curva-
ture. In this work, an electrode width of 5 mm
and electrode distance of 60 mm are used. The
uncertainty in the measured liquid hold-up is es-
timated to be +2%. All the signals of the mea-
suring transducers are registered by a data
acquisition system with a frequency of 20 Hz
and, finally, they are averaged over the time
elapsed.

Experiments are conducted with various flow
rates of air and water, various inclination angles
of the bend (#), various lengths of the horizo#-
tal pipe. and various water inlet conditions. The
system pressure is constant at 130 kPa during
the experiments. In the experiments, the air flow
rate is increased by small increments, while the
water flow rate is kept constant. After each
change in inlet air flow rate, the air and water
flow rates are recorded. The pressure drop
across the test section, the entrained water and
the liquid hold-up are registered through the
transducers and transferred to the data acquisi-
tion system. The experiments are carried on un-
til the point of zero hquid penetration appears,
when all the water at the outlet is carried over
by the air flow,
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3. Results and discussion

3.1 Description of the flooding phenomena

The CCFL was determined by keeping the in-
jected water flow rates constant, and the air flow
rate was increased in smnall increments up to the
onset of flooding and the point of zero liquid
penetration. Flooding may be characterized by
visual observation and pressure drop. Under spe-
cific experimental conditions, the onset of flood-
ing is found to depend on the inlet feed water flow
rate. Figs. 6 and 7 show the relation between the
square root of the dimensionless superficial veloc-
ity of water at the outlet of the horizontal pipe
(i*.)'* and the pressure drop (AP), respectively,
with the square root of the dimensionless superfi-
cial velocity of air (j&)'?. The variables j& and j}
are defined by

. [ P ]“2:. 0
T=1 (o~ poreD | %

where j, and p, denote the superficial velocity and

density, respectively, of phase &; g is the gravita-
tional acceleration and D is the pipe diameter. In
both figures, the phenomena of flooding are
shown.

For single-phase flow, the pressure drop in-
creases slightly as the air flow rate is increased. In
the case of two-phase countercurrent flow, the
interfacial shear force increases at high air flow
rates. Before the onset of flooding is reached, the
superficial velocities of the water at the inlet and
outlet of the pipe are equal. The pressure drop of
two-phase flow iricreases slightly until the onset of
flooding is reached. As a result of instabilities at
the interface, slugging occurs and the pressure
drop suddenly increases. The slugs carry a frac-
tion of the injected water to the outlet; thus, the
water flow at the outlet of the horizontal pipe is
smalter and, afterwards, the pressure drop de-
creases.

3.2. Flooding curve

A typical flooding curve that connects all points
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R = Resistance (100 Ohms)
Up = Indicated Voltage
Uy = Fixed Voitage (1 Volt)

Signal
d : 5kHz 9
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Fig. 5. Method of measurement of liquid hold-up.

of the onset of flooding is shown in Fig. 8§,
which presents the relation between (¥} and
(f&)'2. The flooding curve is divided into three
regions, in each of which the mechanism of
fiooding is different. These three mechanisms are
dependent on the water flow rate.

In the first region ({j#)}'?<0.2), the air
flow rate that creates the onset of flooding
decreases, while the water flow rate increases.
Because the water flow rate is accelerated
by gravity, the supercyitical flow suddenly
changes to subcritical flow in the horizon-
tal part, and a hydraulic jump is observed.
The position of the hydraulic jump is dependent
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Fig. 6. Relationship between water outflow and air flow at
constant inlet feed water flow.
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Fig. 7. Relationship between pressure drop and air flow at
constant inlet feed water flow.

on the water flow rate. At low water flow rates,
the hydraulic jump is very thin and appears
near the bend. At a higher water flow rate, the
hydraulic jump is larger and shifts away from
the bend.

At a certain air flow, the flooding point
is reached. The hydraulic jump is shifted back
t0 the bend and the air—water interface in
this region becomes more wavy. The large-
amplitude roll wave appears. This creates an
instability of the interfaces and a decrease in
the flow path of air. Thus, air velocities near
the crest of the waves are higher, leading to
the blowing up of the wave crests, which break
up into droplets and splash up to the inner wall
of the bend. The interface in the horizontal
section, except for the vicinity of the bend,
is calmer. With further gradual increasing of
the air flow, some water is eventuvally carried
over by air to the separation unit. Finally, at the
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Fig. 8. Typical flooding curve.
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onset of the zero liquid penetration limit, there is
no flow to the outlet of the horizontal pipe.

In the second region (0.2 < (j¥)'? < 0.35), the
air flow rate that initiates flooding increases with
increases of the water flow rate. In this region,
two different phenomena are observed.

For (%)% slightly greater than 0.20, the hy-
draulic jump happens in the horizontal section
near the supply tank, and the height of the jump
is greater as the air flow is increased. Eventually,
at a specific air flow rate, the onset of flooding is
reached. As a result of the instability of the
interface at the front face of the hydraulic jump,
an unstable wave is formed. The flow area is
reduced and the high velocity of the air pushes the
injected water ahead like a froth slug. The forma-
tion of the slug is accompanied by a sharp in-
crease in the pressure drop across the horizontal
pipe, and the slug leads to a continuous carry-
over of water from the horizontal pipe to the
separation unit. Bridging of the pipe occurs inside
the horizontal part near the bend, before the slug
moves through the bend to the inclined pipe.

For (j¥)Y* > 0.20, a slight increase in air flow
causes the hydraulic jump to occur at the water
outlet or near the outlet. Unstable waves are
formed and splash up to the upper wall of the
horizontal pipe, forming a stug. The stug is swiftly
pushed upstream. Bridging occurs relatively far
away from the lower leg of bend. In this region,
the location of the omset of flooding coincides
with the location of the onset of slugging in the
horizontal pipe, accompanied by partial or total
carry-over of the injected water.

In the third region, the water flow is large
((/¥)'? = 0.35) and the air flow rate that initiates
the flooding tends to decrease with increasing
water flow rate. The flow is supercritical through-
out the horizontal leg and no hydraulic jump is
observed. Just before the onset of flooding. there
is a thickening of the water film at the outlet.
Many small droplets are carried back from the
free water to the upper wall of the pipe, near the
outlet. At a sharply defined air flow rate, a slug is
formed at the end of the horizortal pipe; it blocks
the whole tube section and is then pushed strongly
by the air with very high velocity to the bend
through the separation unit, limiting the cutflow
of water. -
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Fig. 9. Effect of horizontal length on flooding.
3.3. Effect of pipe length on flooding

In Fig. 9, the flooding curves for the three pipes
with different length-to-diameter ratios are
shown. With increasing horizontal pipe lengths,
the air velocity at which flooding occurs decreases
for the whole range of water flow rates, Consider-
ing the first region of floecding curves for all pipe
lengths, the water level at the connection between
the bend and the horizontal part is greater for the
case of the longer pipe. Thus, the height of the
hydraulic jump is greater for & specific water flow.
The air flow in the vicinity of the crest of the
hydraulic jump will be accelerated, so will have a
higher air velocity, leading to earlier wave growth
at the crest of the hydraulic jump; eventually, the
flooding is initiated earlier. For shorter horizontal
lengths, the flooding in this region occurs in a
narrower interval than in the case of the longer
pipes.

At intermediate water flow rates, a similar rea-
son can be given. The effect of pipe length be-
comes clearer in this region. The reason is that,
because of the increase in friction when the pipe is
longer, the water flow is decelerated and the liquid
hold-up will be higher. A hydraulic jump is
formed and the flooding appears simultanecusly
with the onset of slugging somewhere in the hori-
zontal part of the pipe.

At high water flow rates and for shorter pipes,
the water flow rates create supercritical flow
through the horizontal part; thus, the hydraulic
jump is swept out from the end of the horizontal
part, and the mechanisms of flooding are changed
to the formation of slugging at the end of the
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horizontal pipe. This requires much higher air
flow rates to initiate the flooding than with the
longer horizontal lengths at the same water flow
rate, or lower water flow rates at the same pipe
length. It can also be seen that the effect of pipe
length becomes clearer when the water flow rate is
greater.

3.4. Effect of inclination angle of the bend on
Sfooding

In Fig. 10, the flooding curves for different
inclination angles of bend at the same water inlet
condition and length-to-diameter ratio are shown.
In the low water flow rate regions, for larger
inclination angles, the change in water flow direc-
tion causes greater turbulence to develop in the
lower leg of the bend. The considerable turbu-
lence leads to a decrease in energy. This encour-
ages the development of a hydraulic jump that is
closer to the bend and higher. As the air flow rate
is gradually increased further, an unstable wave is
formed earlier at the crest of the hydraulic jump.
Therefore, the air velocity necessary to cause
flooding at a greater inclination angle seems a
little bit lower. The range of water flow rates in
this region for smaller inclination angles is nar-
rower than the rates for larger inclination angles.
At intermediate and high water flow rates, for
smaller inclination angles, the water stream flows
quickly and directly to the"end of the horizontal
pipe. The height of the hydraulic jump and the
water leve] along the horizontal pipe are slightly
less. Thus, in the case of the high water flow rate,
the flow is more supercritical through the horizon-
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Fig. 10. Effect of inclination angle of bend on flooding.
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Fig. 11. Effect of water inlet conditions on flooding.

tal pipe than are the flow rates of larger inclina-
tion angles. The flow along the horizontal pipe is
accelerated by gravity and tends to depress the
growth of unstable waves. Therefore, a greater air
flow rate is required to cause flooding.

3.5. Effect of the water inlet section on flooding

The effect of the water inlet condition is closely
associated with the inclination angles. For the
regions of low water flow rate, the onset of flood-
ing is nearly the same for both types of water
inlet. In regions of high water feed rates, the onset
of flooding from the porous water inlet occurs at
a lower air velocity. This is because of the local
disturbance at the water inlet section. At higher
inclination angles, as a result of the effect of
gravity, the axial velocity of water from the
porous water inlet increases and the local distur-
bance at the porous water inlet decreases. The
difference in the onset of flooding for the twe
types of water inlet is reduced, but the porous
water inlet has a slightly lower flooding velocity.
The eftect of the inclination angles and water inlet
conditions can be investigated; these play an im-
portant role in the regions of intermediate and
high water fiow rates. Fig. 11 shows the effect of
the water inlet conditions on flooding.

3.6. Zero liguid penetration limit

The zero liquid penetration hmit is reached
when the water flow rate at the water outlet or the
air inlet of the horizontal pipe reaches zero. In
Fig. 12, the air velocity is given at zero liguid
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Fig. 12. Air flow at zero liquid penetration limit for specific
water feed rate.

penetration for specific water feed rates with
length-to-ditameter ratios of the pipe and different
types of inclination angles of the bend. The zero
liquid penetration limit depends slightly on the
inclination angle of the bend the water inlet con-
ditions but depends strongly on the length of the
pipe. With longer pipes, the zero liquid penetra-
tion limit is reached at a lower air velocity.

3.7. Void fraction at the onset of flooding

Fig. 13 shows the relationship between the void
fraction (&) 70 mm from the bend and the dimen-
sionless superficial velocity of air (&) at the onset
of flooding, for the interval of low liquid flow rate
in which the flooding coincides with the onset of
shugging near the bend (first region of the flooding
curve). The void fraction is defined by e =1 — ¢,
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Fig. 13. Relationship between & and j§.

Fig. 14. Model for countercurrent two-phase fow during
flooding in a horizontal pipe with a bend.

where ¢ is the liquid hold-up and can be mea-
sured directly by the method described in the
previous section. The correlation can be repre-
sented as

j&=08265" @)

Fig. 13 also shows the correlation from the
waork of Siddiqui et al. (1986) for the countercur-
rent stratified flow in an elbow between a vertical
and a horizontal or near-horizontal pipe, and
shows the correlation from Wallis and Dobson
{1973) and Taitel and Dukler (1976) for the cocur-
rent stratified flow in a horizontal pipe,

4, Mathematical model

For comparison with the experimental results,
the theoretical flooding curves will be derived to
show the curves as functions of the gas and liquid
flow rates. Ardron and Banerjee (1986) presented
a model based on the instability of the gas-liquid
interface and the formation of a hydraulic jump in
the horizontal pipe. The model will be medified
for this study. The flow phenomenon which is
observed from the experiment and is used as the
basis for the calculation is shown in Fig. i4.

A horizontal pipe is connected to an inclined
pipe by a bend. Liquid is injected at A through
the liquid inlet section at a constant flow rate, and
flows down the wall of inclined pipe and then
along the bottom of the horizental pipe in
stratified flow to the liquid outlet section. Gas is
injected into the system at E and flows counter-
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Fig. |5. Stratified countercurrent fiow.

currently to the liquid flow. The critical condi-
tions for flooding for this kind of pipe geometry
are those at C, and the interaction between the
inclined and horizontal pipes is wital to under-
stand the phenomenon. The flow of liquid from
the inclined pipe is initially supercritically at B.
The transition of the flow to subcritical flow
occurs near the bend, at the horizontal section.
This transition forms a hydraulic jump at C,
which 1s the point of maximum liquid depth. The
level of liquid in the horizontal pipe decreases
continuously in the direction of the liquid outlet
(E), where the liquid level is at a minimum.

The described floodifg conditions can be
solved by using the conservation equations for
steady stratified two-fluid flow between the hy-
draulic jump and the liquid outlet. Neglecting
viscous nteractions and ignoring pressure
changes at the interface caused by surface ten-
sion, the one-dimensional equations for momen-
tum and mass conservation for the gas and
liquid phases for the steady horizontal stratified
flow can be written as

g JP, ¢
&GPGYG S +€ca—zﬁcﬂog€—
(:wG Q‘:.‘
= == = 3
[T F +1, 7 (3
. Oy apP, oe,
Pt ——tea ot amg T
c dx

6\# i é:i
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aﬁG - UG 680
ox fo OX G
&b d¢
O o 0a (6)

dx g Ox

where x is the distance from point C, 1,45, T,
and r, are the gas-—-wall, liquid-wall and interfa-
cial shear stresses, and ¢ represents the perime-
ters which can be expressed in terms of the
angle # (Fig. 15).

Elininating 94, /dx, Cfg/éx and &P,/dx be-
tween Eqs. (3)-(6), the following equation is ob-
tained:

CeG 4

dx =D’

(lwa|wa/30 + |TwL|fw1_.f5L + 1,¢i/6c + Tidi/eL)
(oL — pa)Fe/& — pLTL /oL — PobE/Es]

Recalling the definition of the dimensionless
superficial velocity of phase &k, where the superfi-

cial velocity j, is defined by j.=¢0,. Eq. (7)
may be written as

4
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The wall and interface momentum transfer
terms are expressed as

T = (— I)"% '/’wkﬂkﬁi

where a=1, for k=G and a=2, for k=L.
Also, we have

L= Tug
with
wwG = CG R-Ca",

where

Yur = Cy Reg™

0, D
Re, =PA k4 kh
Hy

The hydraulic diameter D, is defined by

Agrawal et al. (1973) as
4Fs 4F,

Dy =——-—-7—, Diyp=—

P e + &) T
For turbulent flow, C,=0.046, n=m=02; for
laminar flow, C, =16, n=m= 1.

At a free outflow, such as obtained in the
experiments, dgg/éx - o0, and, from Eq. (8), we
have

nDec e _ e (&) . sty _

4¢; & &

Gardner (1988) obtained the same equation
from his derivation. The equation represents the
condition for the transition to supercritical flow,
where any small interfacial disturbance will be
held stationary and cannot propagate against the
flow. The equation is recognized as the equation
for two-phase critical flow. Eq. (8) can be inte-
grated from the location of the hydraulic jump
(at which the void fraction is g5 ) to the outlet
of the horizontal pipe {(at which the void frac-
tion is &;.). The distance between these is nomi-
nally taken to be the length L of the horizontal
section. Thus, we have

L L] dg(_
== -G 1
D v['-u_(' ‘:‘{) ( 0)

where ¢ represents the right-hand-side term of
Eq. (8) and is a function of &, &, j& JT. #s.

ny
Eq. (10) will be solved iteratively for ;% and

0 9

Jt. with &5, determined from Eq. (9) and #; ¢
determined from Eq. (2). The solution is a pair
of dimensionless superficial velocities which, for
the particular choice of pipe geometry, define
the flooding point.

4.1, Flooding curves from calculations

The results obtained from the caiculation us-
ing the method described above are shown in
Fig. 16. It shows the different flooding curves
which are produced from the calculation at the
different length-to-diameter ratios. Air and water
are used as working fluids. The wall momentum
transfer terms are calculated based on n=m=
0.2, Cg= Cp =0.046 tor turbulent flow and n=
m=1, Cgs=C_ =16 for laminar flow. The
phase Reynolds numbers are evaluated from the
hydraulic diameter, as suggested by Agrawal et
al. (1973). It is interesting to consider that the
interface momentum transfer term is taken as
being equal to the wall momemtum transfer
term in the part of the pipe occupied by the gas
phase. The same assumption was used for the
work of Ohnuki et al. (1988) and Ardron and
Banerjee (1986). With this method, the flooding
curves for many combinations of working fluids,
such as steam-water, can also be produced.
However, suitable flnid properties and a suitable
interfacial friction factor are needed.

4.2. Comparison with experimental data

Figs. 17 and {8 show a comparison of the
air—water data with the present model. The agree-
ment of the present model with the experimental
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Fig. 16. Predicted flooding curves.
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Fig. 17. Comparison of present data with the predictions,

data is satisfactory, especially for a large length-
to-diameter ratio. In the case of a pipe with a large
length-to-diameter ratio, the error from two-di-
mensional effects is overcome. This is why, for
large length-to-diameter ratios, the experimental
data agree quite well with the model. However, for
greater liquid flow rates, the prediction fails, be-
cause of a change in the flooding mechanism. For
very high liquid flow rates, the liquid flow remains
supercritical in the horizontal part, and the model
is also not applicable to this situation. The model
gives the zero liquid penetration limit (j§ = 0) that
corresponds to the experimental data.

The data obtained by Wan and Krishnan
{1986), Siddiqui et al. (1986) and Kawaji et al.
(1991) are compared with the predictions from the
present model. Figs. 19-21 show comparisons
with air-water data. Regsonable agreement be-
tween the model and the experiment is obtained
for j#'2 < 0.5. Above this limit, the mechanism of
flooding is different in the absence of a hydraulic
jump at the horizontal part close to the bend, as
explained previously.
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Fig. 18. Comparison of present data with the predictions.
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Fig. 19. Comparison of air—water flooding data of Wan et al.
(1986) with the predictions.

Fig. 22 shows a comparison of the steam-waier
data from Wan (1986) with the calculation. Be-
cause there is some discrepancy in interfacial fric-
tion coefficient y; between a combination of fluid
{between air—water and steam—water), the interfa-
cial friction coefficient for steam-water from Kim
(1983) is used in the mathematical model. Again,
good agreement is seen until inlet water subcool-
ing and supercritical water flow effects begin to
influence to flooding phenomenon.

5. Conclusions

The paper presents new data for countercurrent
flow of a gas and hquid in a horizontal pipe with
a bend. Experiments were performed to determine
the CCFL and the zero liquid penetration limit.
Water was ejected through the test section while
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Fig. 20. Comparison of air—water flooding data of Siddiqui et
al. {1986) with the predictions.
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air flowed countercurrently. The phenomena ob-
served visually are described in detail, together
with the other data obtained during the experi-
ment. Different flow regimes appear, depending
on the conditions of air and water inflow. At low
and intermediate water flow rates, the onset of
fiooding coincides with the onset of slugging of
unstable waves that formed at the crest of the
hydraulic jump. The position of the onset of
slugging indicates different phenomena in the test
section. At low water flow rates, slugging appears
at the lower leg of the bend; at higher water flow
rates, it appears far from the bend. For high
water flow rates, no hydraulic jump is observed
and flooding occurs as a result of slug formation
at the end of the horzontal pipe. In addition, the
onset of flooding is found to depend on the length
of the horizontal pipes, the water inlet conditions
and the inclination angle of the bends,

- Data of Wan (1986
Sleam-Water n = 9f-
0= 51 LD =58

Presem Modet

Fig. 22. Comparison of steam-water flooding data of Wan
(1986) with the predictions.

An analytical two-fluid model is developed for
predicting the CCFL for a horizontal pipe with a
bend. The model development is based on visual
observation that liquid entering the bend formed
the hydraulie jump close to the bend in the hori-
zontal part. The flow conditions between the hy-
draulic jump and critical outflow of water are
determined by solving the two-fluid mass and
momentum conservations for steady horizontal
stratified flow. An empirical correlation, which is
the relation between the dimensionless superficial
gas velocity and the void fraction at the hydraulic
jump near the bend, is uséd in the mathematical
model. The predicted flooding limit, as a function
of the length-to-diameter ratio, is in reasonable
agreement with experimental results. The model
can predict the onset of flooding at the specific
interval of liquid flow rate in which the flooding
coincides with slugging at the crest of the hy-
draulic jump near the bend,

The results of this study are of technological
importance for the design and analysis of thermal-
hydraulic responses of nuclear reactors during
accidental conditions.
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Appendix A: Nomenclature

C; parameter (dimensionless})
parameter (dimensionless)

pipe diameter (m)

cross-sectional area of pipe (m?)
gravitational accelerdtion (ms—2)
pipe length (m)

parameter {dimensionless)
parameter (dimensionless)
pressure (Pa)

-
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AP pressure drop (Pa)
J superficial velocity (ms~")

© average velocity (ms—!)
/*  dimensionless superficial velocity defined by
Eq. (1)

Greek symbols

&  hguid hold-up (dimensionless)
&g  void fraction (dimensionless)
a inclination angle of bend (degrees)
P density (kg m~—?)

g angle defined in Fig. 15

'q perimeter (m)

T shear stress (N m~2)
Subscripts

k  gas or liquid

i interface or inlet

o outlet

G gas

L liquid

w(G  wall-gas

wL  wall-liquid
kh  hydraulic
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Method for Prediction of Pressure Drop and Liquid Hold-Up in
Horizontal Stratified Two-Phase Flow in Pipes

S. WONGWISES

Department of Mcchanical Enginecring,
King Mongkut’s Institute of Technology Thonburi
Bangmod, Bangkok 10140, Thatland

Abstract

Experimental apparatus was designed and constructed to obtain cocurrent air-water two phase flow in horizontal pipes. The
test section, 10 m long, with an inside diameter 54 mm was made of transparcnt acrylic giass to permit visual observation of the
flow patterns. The experiments were carried out under various air and water flow rates in the regime of smooth and wavy
stratified flows. Stainless ring efcctrodes were mounted flush in the tube wall for mecasuring the liquid hold-up which is defined
as the ratio of the cross-sectional area filled with liquid to the total crosscclional arca of Lhe pipe. Calculation mcthod for
predicting the pressure drop and liquid hold-up was developed by using the Taitel and Pukler momentum balance between both
phasc. The ratio of interfacial friction factor and superficial gas-wall friction factor.(f/fsg) was assumed 10 be constant. With
this technique any mathematical model of intcrfacial friction factor is not necessary. A ratio of fi/fs; ,which corresponds with the

fiow conditions, (laminar or turbulent) were presented.

Introduction

Analytical modcls have been developed for
estimation of pressure drop in separated flow. Lockbhart and
Martinelli (1949) have developed a procedure for calculating
the frictional pressure drop for adiabatic two-phase flow using
their data on the horizontal flow of air and water and various
other liquids at atmospheric pressure.  The resulling
correlations have been applied to a]l' regions of two-phasc
[fow both by the originators and by several other investigators,
although the derivation is based on certain limiting
assumplions.For some years, a team at CISE, Milan, laly has
been developing correlations for frictional pressure drop.
Lombardi and Pedrochi (1972) devcloped a general pressurc
drop correlation using CISE data. They employed consistent
S1 unmits for their correlations. Like Lockhart and Martinelli’s
pressure drop correlation, this correlation does not consider
the effect of mass velocity. A wide varicty of dimensionless
groups have been used for correlating two-phase pressurc
drop. Another set of groups have been suggested by Kasturi
and Stepanck (1972). They based their analysis on a
separated Mow model taking into account interactive cffects by
allowing the gas and liquid Reynolds numbers to affcct
respectively the liquid and gas friction factors. The original
forms of the Martinelli model are known to be inaccurate and
lo give poor rcpresentation of the cffects of system
paramcters, particularly of mass velocity. Chisholm (1978)
has devcloped the Martinelli modcels in such a way that the

original Martinclli curves for the various flow regimes can be
fitted quite well be sclecting a fixed value of a parameter for
cach flow regime. Similar modifications have been made by
Baker (1954) and by Checnowelh and Martin (1955).
McMillan (1964} has also modified the Maninclli modcl by
introducing a dimensionless parameter instcad of using 0.046
for the calculation of the friction factor. Johannessen (1972)
has developed a theoretical solution of the original Lockbhart
and Mantinelli flow model for calculating two-phase pressure
drop and holdup in the stratified and wavy flow region. He
has shown that his theoretical solutions of pressurc drop and
holdup agrece much betler than those of Lockhart and
Martinelli in thc scparated flow region.  The phasc-
interaction modcls have becn developed by Chawla (1972).
Bandel and Schlunder (1974). Levy (1964). and Agrawal cf
al.(1973) independently. Although their physical models are
belicved to describe the processes involved. the accuracy of
some of these pressure drop corrclations, such as Chawla’s
and Levy’s correlation is questionablc.

The scmi-cmpirical methods for two-phase Mow
pressure drop calculation have becn proposcd by mumcrous
investigators.  Wallis (1969) corrclation which has been
improved further by Hewitt and Hall-Taylor (1970) can be
used in the annular flow region, Hughmark (1965) devcloped
a scmi-cmpirical pressurc drop correlation  independently
which is applicable in slug llow region.

Baroczy (1966) proposed a gencral corrclation for
two-phase pressurc drop.  Although thc correlation is



applicable to only a limited range of mass velocily, it predicts
two-phasec pressurc drop fairly well within the range of mass
velocity. He correlated the two-phase muitiplier with a
property index for various values of quality and mass velocity.
Kadambi (1980) proposed an analytical procedure to
determine the pressure drop and void fraction in two-phase
stratificd flow between parallel plates. Hart et al. {(1989) used
the interfacial friction factor of Eck (1973) to develop an ARS
modet for predicting the low vaiues of the liquid holdup and
values of the frictional pressure gradient.

Most stratified flow models were based on an iterative
solution of the two phasc momentum balance, but differed in
the model of the interfacial shear stress. To solve this problem,
Taitel and Dukler (1976) made the assumption that the
interface was smooth and interfacial friction factor equal to the
gas-wall friction factor and the gas interfacial shear stress was
evaluated with the same equation as the gas wall shear stress.
In their another paper (Taitel and Dukler (1976)), they
demonstrated that the hold up and the dimensionless pressure
drop for stratified flow are unique functions of X under the
assumption that fo/f; = constant. Kawaji (1987) predicted
holdup successfully by substituting the fatio of the gas-wall
friction factor and thc gas interfacial shear stress into the
Taitel and Dukler momentum balance. Spedding and Hand
(1990) predicted the pressure loss and liquid heldup by
assuming the ratio of the interfacial friction factor and gas-
wall friction factor as a constanl. The value of the constant
depended on whether the phases were in turbulent or laminar
flow. Their method will be modified for this study.

Experimental Apparatus and Method

A schematic diagram of the test facility is given in Fig 1. In
the experimental investigations air and watcr were used as the
working fluids. The main components of the syslem consisted
of the test scction, air supply, waler supply, instrumentation,
and data acquisition system,

The horizontal test section, with an inside diameter of 54 mm
and length of 10 m was made of transparent acrylic glass to
permit  visual obscrvation of tie flow palterns. The
connections of the piping system were designed such that
parts could be changed very casily. Water was pumped from
the storage tank throwgh the rotameier lo the water inlet
section at the bottom of the pipe. Air was supplicd to the test
scction by a suction-type blower. The air flow could be
controlled by a valve at the outfet of the blower. Many small
rods werc used as guide vanes at the air inlet section to
maintain a uniform flow. Both the air and watcr streams were
brought together in a mixer and then passed through the test
scction cocurrcntly. The inlel flow rale of air was measured by
mcans of a round-type orifice and that of water was mecasured
by two sets of rolametcrs within a range of 0-4.8 m’/h. The
temperature of air and water were measured by thermocouples
(£ 0.5%)The two phasc pressure drop between the test scclion
was registered by a capacitive pressure transducer within the
range of 0-1000 Pa ( + 5%).Stainlcss ring clectrodes were
mounted fush in the tube wall for measuring the liquid hold
up, which was dcfincd as the ratio of the cross-sectional arca

Rotameter
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filled with liquid to the total crossectional arca of the pipe.
The electrical conductivity of the watcr between the electrodes
constituted an electrical resistance that could be registered,
via a Whealstone bridge, by a carrier frequency amplifier.
The measured elecirical resistance was a function of the
electrode distance, the electrode width, and the level of the
liquid between electrodes. The uncertainty in the measured
liquid hold up was estimated 1o be £ 2 %. All signals of the
measuring transducers were registered by a data acquisition
system with a frequency of 20 Hz, and finally they werc
averaged over the time elaped.

Experiments were conducted with various flow rates of air
and water at ambicnt condition. Average temperature in
laboratory is about 30°C. In the expcriments the air flow rate
was increased by small incrcments while the water flow rate
was kept constant at preselected value. Afier each change in
inlct air flow rate, both the air and water flow rates were
tecorded. The liquid hold-up were registered through the
transducers and transferred to the data acquisition system.
The flow phenomena were detected by visual observation and
somelime by camera.

Crifice meter

Blower

Test Section

hater

Figure | Schematic diagram of experimental apparatus

Theory :
Consider a equilibrium horizontal stratified flow as shown in
Fig. 2. A momentum balance on each phase yields:

dP
—AL(?]—TWLSL +'t,-Si = 0 ()
dp
—AG[d—J - TwGsG —TiSi = 0 (2)
N

Equating pressure drop in the two phases and assuming that the
hydraulic gradient in the liquid is negligible. gives the
following resuits

Sg Sy, ( 11 J
Twg ——~TwL - +4;5]|—+—| =0 3
WG AG WL AL T AI, AG (H



The shear stresscs are cvaluated in a conventional manner
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Figure 2 Stratified cocurrent flow

Normally for equilibrium flow ug 2u, such that u, in eq.(6)
can be neglected. A widely used method for the correlation of
the liquid and gas friction factors is in the form of Blasius
equation:

D -n

fL=CL[ :)‘:L} (N
Daug )

fo=CG[ 3;’0] ()

'
where Dy and Dg are the hydraulic diameter evaluated in the
manner as suggested by Agrawal et al.(1973). The liquid is
visualized as if it was flowing in an open channel .

4A
Dy =—— 9
L S, &)
The gas is visualized as flowing in a closed duct and thus
4Ag
D¢ = (10)
SG +Si

In this work the following coefficients are utilized: Cg = C, =
0.046,m = n = 0,20 for the turbulent flow and Cy = C; = 16,
m = n = 1.0 for the laminar flow Laminar flow is also
assumed for superficial Reynold number < 2000,

Substituling twi, Twet; from Eq.(4), Eq.(5) and Eq.(6) into
Eq.(3)
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2 2
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for the singlc phasc flow
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dx/ ¢

12
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dP
To non-dimensionalize,Eq.(11) is divided by [————]
dx/ 56
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or in dimensionless form
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which X2 =(dP/dx)g /(dP/dx)g; is the ratio of the

frictional pressure gradient of the liquid to that of the gas
when each phase flows aleng in the pipe.

4CL [USLD] -n pL(USL)2

D v 2
) G Ll ; (15)
4Cg [USGDJ PG lusG)
D DG 2

X is recognized as the parameler introduced by Lockhart and
Martinelli (1949) and can be calculated unambiguously with
the knowledge of the flow mate, fluid properties and tube
diameter.Liquid hold up can be calculated from hy/D which is
informof Ag AL

All dimensionless variables with the superscript can be scen
from



A=n/4, A =A_/D? S_ =5_./D
KG—AG,D §G=SGID9 §i=SilD

D, =Dy /D, Dg =Dg/D, hy =h. /D
8. =n—cos”' (2R - 1), Sg =cos”(2h - 1),

A ~
§ =1-@h,-1%, Ug ==, U =
Ag

—

A= 0.25[:: —cos @Ry -1 + 2hy - Dy1-@2h - D? }

A
A

Ag = 0.2{cos" @2hy - -2k, - DyY1-2h; - 1)? ]

In order to solve Eq.(14) for liquid hold up, gas hold up and
pressurc drop, an itcrative computer program is required. A
flow chart of this program is shown in Fig 3.

Results and Discussion

Visual observation shows that different ﬂow patterns may occur
with gas-liquid cocurrent flow in horizontal pipes. In
accordance with results obtained from this experiment, the
following flow patterns were obtained :

a) Stratified flow: The water flows in the lower part of the pipe
and the air over it with a smooth interface between the two
phases.

b) Two-dimensional wavy flow: Similar to stratified flow except
for a wavy interface, due to a velocity difference between the
two phascs and two-dimensional steady waves travel with a
relatively regular pitch.

c) Three-dimensional wavy flow: At a higher air flow rate, the
waler surfacc is distusbed and three-dimensional waves occur,
which have small irregular ripples on the fundamental waves.
d) Semi-slug flow: The semi-slug is defined as a highly agitated
long wave which contains many bubbles. Its upstream and
downstream portions are similar to thg wavy flow.

¢) Slug flow: Splashes or slugs of water occasionally pass
through the pipe with a higher velocity than the bulk of the
water, The tail of water slug is relatively smooth and sometimes
contains some small bubbles. The upstream porticn of the water
slug is similar to the wavy flow, and the downstream portion to
the stratified flow or wavy flow.

f) Plug flow: Air moves along the upperside of the pipe. This
flow palicrn occurs at a rclatively low air flow ratc. The
interface is smooth and no bubbles are contained in a water
plug.

g)Violent wavy flow: The interface is violently disturbed by
the air stream. This flow pattern occurs at a relatively high air
flow rate. i

The typical photographs of flow patterns are shown in Figurce
4.

The focus of the study was on the stratified and wavy flow.
Figurcs 5 and 6 shows thc relation between the liquid
holdup,g,, against the Lockhart-Martinelli parameter, X for a
laminar liquid-turbulent gas flow in the 0.054 m, diameter
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Figure 3 Flow chart of liquid hold-up and pressure drop calculation

pipe and Q. = 1.67 x10° 6.67x10° m%/s respectively. The
values Cg=C=0.046, n=m=0.2 for turbulent flow and
Co=Cy=16,n=m=1.0 for laminar flow are used. The figures
show a comparison of thc experimental data with the present
model which the ratio, [/fsg arc assumed. I is found that an
agreement of the present model with the experimental data is
obtained by using f/fse = 0.30-1.0. Figurcs 7 and 8 show also
the relation between g, against X for a turbulent liguid -
turbulent gas flow for Q=83x107, 1.67»10".m¥s
respectively. They show that the air-water liquid holdup can
be accurately predicted by assuming {/fs6 = 2.0-4.0. The data
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a. Stralified Flow e. Slug Flow
b. Two-Dimensional Wavy Flow {. Plug Flow
c. Three-Dimensional Wavy Flow g. Violent Wavy Flow

d. Semi-Slug Flow

Figure 4. Photographs of flow pattems



shows that the assumption of f/fsc = 1.0 overpredicted liquid
holdup for the stratified flows.The results correspond to those
from Spedding et.al. (1990) who fested the model against
wavy and stratified flow data from 93.5 and 45.5 mm i.d.
pipes. The data can be accurately predicted with f/fss = 0.6
and f/fss = 4 for laminar liquid-turbulent gas flow and
turbulent liquid-turbulent gas flow respectively.  Their
predicted £/fsq are in the recommended interval in this work.
Two-phase pressure drop can be determined by substituting
h/D into Eq. (1) or (2). In this work, the situations when gas
flow was laminaz, was not considerced.

Conclusion

This paper presents new data to predict the liquid holdup and
pressure drop in horizontal cocurrent stratified flow in a
circular pipe .It has been demonstrated that the pressure drop
and the liquid holdup can be predicted by using Taitel and
Dukler momemtum balance between both phase. The ratio of
the friction factor of ihe gas at the interface and the gas at the
pipe wall, [ /fs is assumcd to be constant. The constant
depends on the phase being either turbulent or laminar. With
this method any model of interfacial friction factor is not
necessary. For turbulent liquid-turbulent gas flows, the former
assumption that f; = fg5 is shown {o pgive a result which does
not agree with the experimental data.
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Figure 5. Experimental dara obtained from a water rate = L667x107 w'/s
Liquid - Laminar and Gas - Turbulent
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Figure 6. Experimental data obuained from a water rate = s51x10 0 m/s
Liquid - Laminar and Gas - Twbulent
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Nomenclature
A Crossectional area of pipe, m’
Ag, Ay Crossectional area of gas and liquid
phase, m*
Ca, G Constant in Eq.(7) and (8)
D " Pipe diameter,m
Dg, D¢ Hydraulic diameter of gas and liquid
phase, m !
fq, I Gas-wall and liquid-wall friction factor
f; Interfacial friction factor
fsa Superficial gas-wall friction factor
g Gravitational acceleration, m/s’
b Liquid height, m
n,m Constant in Eq.{7) and (8)
P Pressure, N/m?
dP/dx Two phase pressure gradient, N/m’
(dP/dx)ss  Pressure gradient of single gas phase.
N/m® _
(dP/dx)s;  Pressure gradient of single liquid phase.
N/m’
Qs Volume flow rate of gas,m’/s
QL Volume flow rate of liquid,m"/s
Reg Gas phase Reynolds number
Rep Liquid phasc Reynolds number



Regi Superficial gas phasc Reynolds number

Res;, Superlicial liquid phase Reynolds
number

Sy Gas phase perimeler,m

S Liquid phasc pcrimcier,m

S5, Interfacial width,m

Ua Avcrage velocity of gas, m/s

U, Average velocity of liquid, m/s

Usa Superficial velocity of gas, m/s

Ug, Superficial velocity of liquid, nv/'s

X Lockhart-Martinelli parameter

Greek Symbols

p Density, kg/m?

v Kincmalic viscosity, m%/s

T Shear Stress, N/m?

£ . Holdup

Subseripts

G Gas phasc

L Liquid phasc .

i Interface

WL Liquid-wall

WG Gas-wall

S5G Supcrficial gas

SL Superficial liquid

Superscripts

~ dimensionless term
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ABSTRACT

This paper concerns analysis of steady flow in channels
having irregularities of an idealized periodic form. An analytic
madel of non-separating potential flow above an impermeable
wavy bed is used to investigate the free surface elevation and
the velocity field. It is shown that the effect of bottom
undulations depends on their steepness. The generalization of
results based on linear theory is achieved by the.use of Fourier
series, resulting in the examination of a more complex bottom
forms. The results of experiments in the open channel flume
regarding the development of the mean and fluctuating flow
field are analyzed in detail in the case of a sinusoidal bottom of
different steepness, ‘sawtooth bed’” under various current
conditions.

1. INTRODUCTION.

The dynamics of the waler-sediment interface have
received much attention in recent years, especially mechanisms
governing the interaction between fluid flow and botiom
materials. The motion of a given bed material in a given
channel depends entirely on the mechanical structure of the
flow which generates this sediment motion. On the other hand,
observations showed that the motion of the sediment is
accompanied by cerlain features of its own, such as the
wavelike deformation of the bottom surface and the diffusion of
solid particles into the fluid. Bedforms play a significant role in
the makeup of resistance to flow in atluvial channels, and many
engineering problems associated with coastal environment are
often determined by sediment transport due to current and wave

Somchal WONGWISES

Dept. of Mechanical Engineering,
King Mongkut's Inst.of Technology Thonbun,
Suksawad 48 Rd., Bangkok 10140 THAILAND
Fax: 662-427-8787
Email:isomises @cc.kmitt.ac.th

action. An understanding of the generation and properties of
bed forms can be expected from detailed analysis of the
kinemalics and dynamics of the interaction between flow and
the bed. .

The nature of the flow over a movable sediment bed has
been subject of a variety of theoretical and experimemal
investigations. It is worth noting works of Kennedy
(1963,1969), Reynolds (1965), Davies (1979,1983), Longuet-
Higgins (1981), Van Rijo et al (1993), Mel'nikova (1996) and
others.

The Kennedy-Reynolds model predicts bed forms, their
characteristics, and their stability for a free surface flow over an
erodible bed. In the case of zero lags between the local
sediment transport and the local velocity of fluid the dominant
wavelength of the bed two-dimensional form can be determined
from

F'=UAgh)=(2 + kh tanh khV[(kh)® + 3 kh tanh kh] (1)

where F is the Froude number, U is the velocity of uniform
flow, g is the acceleration due to gravity, k is the wavenumber,
h is the fluid depth. Experiments showed that for certain
intervals of the Froude number, the surface of a mobile bed had
periodic irregularities - sandwaves. Note that the Kennedy-
Reynolds’ model is not totally realistic because it ignores the
separation zone associated with bed forms, and no generaily
accepted theory of the origin of sand waves has been produced.
Fluid flowing over a bottom undulation separates somewhere on
the downstream side of the crest, reattaching on the upstream
face of the next crest. This would cause a pressure asymmetry
with respect to the crest resulting in bedform growth.

-
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The analysis of real turbulent flows over erodible beds
requires the experimental results and theoretical models of
single-phase turbulent flows over impermeable bottom
structures. This approach closely approximates to the real
situation since the celerity of the bedforms’™ movement is small
compared to the fluid velocity.

Davies (1979,1983) derived the model describing uniform
and wave-induced flows over impermeable rippled surface
which were simulated by superimposing irrolational flow
solutions: uniform flow or oscillations in the horizontal
direction is perturbed by. introducing a repeated pattern of
discrete singularitics, such that one of the sireamlines of the
resulting motion is distorted into desired ripple shape,

Having considered different sediments forms on the beds
of alluvial channels, Mercer and Haque (1973} developed the
model based on potential flow over a linearized boundary
composed of a periodic series of modified wedges and eddy
shear lines. In their experiments on flow over undulated
Styrofoam beds velocity measurements made with a static-pitot
tube showed a positive velocity gradient along the wedge.

Ranasoma and Sleath (}1994) have described LDA-
measurements of the fluid velocities in a steady-flow
recirculating flume with a section of the bed that could be
oscillated at right angles to the steady flow. The combined flow
time-mean velocity profiles showed reasonable agreement with
an eddy viscosity model at large distances from the bed, but
not-as-good agreement very close to the bed. It was suggested
that the discrepancies between theory and experiment in the
immediate vicinity of the bed are due to the large scale
momentum exchanges caused by vortex formation.

Accurate kinematics in the fluid domain are needed for the
determination of physically realistic models for the estimation
of shear stresses on the bed. At the moment there is no
universally accepted method for the accurate calculation of
flow-sediment interaction and sediment tansport As a
consequence, ail theories have to be calibrated and tested
against measurements. Unfortunately, very few accurate flow
kinematics measurements exist in the crest-to-trough region of
bottom undulations.

The considerations in this paper are confined to the study
of uniform or quasi-uniform flows only which can be treated as
two-dimensional. The experiments were carried out in a flume
with an undulated bottom using a laser Doppler anemometer
(LDA) to obtain velocity profiles. Research concentrated on the
bottom crest and trough regions and covered a number of
different flow and bottom uadulation conditions.

2. MODEL: STEADY-STATE FLOW OVER AN
UNDULATED BOTTOM |

Assume that the fluid is of depth & and has flow velocity
U in the positive x-direction. The bed is impermeable and
undulated infinitely, and the flow nonseparating. Let the

function y = - A + 7¥(x) describe the bedform. where 7fx) = a
Cos kx and a is small.

In this analysis the formn of the bed and free surface will be
idealized as two-dimensional. The flow will be treated as
irrotational, and the viscosity, surface tension. and the
compressibility of the fluid will be neglected. The velocity »
can be expressed as the gradient of a velocity potential ¢ which
must represent the uniform current 7 and a small perturbed
motion of fluid;

ve=fU+u v]=-grad ¢

where u and v are velocity components of the fluid motion, and
@ is the sum of the velocity potential (-Ux) existing in the
absence of bottom undulations and the perturbation @*.

If the displacement of the fluid free surface is £, the linear
boundary problem is’ as follows

Ap*=10 at -h £y<0 (2)

P G+ =0 on y=0 {3)

g{+Up*, =0 on y=@ (4)
U+ et=0 on y=-h {5)

where subscripts denote differentiation. ‘
The velocity potential is expressed by

3
p=—Ux+—2Y {(—% +iyeY —(% _ige kY ]%
2 Gk, U Ut <

{(6)
where ¢ is the celerity of waves of length L = 2x/& in water of
depth A

¢’ = g/k Tanh kh (7)
The equation of free surface is

{= alF Cos kx /[Cosh kh (1P - )] (8)

Thus the crests -and troughs of the free surface and the
bottom correspond or are opposite according as

U2>C2 or UZCCZ

For deep water the horizontal velocities at the crest and
trough positions on the bed surface. u,, and u,,, are given by

ooy = U (14 ak) (9)

and so depend directly on the undulated bottom steepness ak.
The stream functioh gx,y) is determined by

2 Copyright © 1997 by ASME



p=-Uy

3
— Y (B (Bt R

2% Gehkh U 7 U=t

(10)
Note that any bed profile that is a simple harmonic function

of x can be obtain by linear superposition of expression of the
form n,(x) = a, Cos k, x since it is the most general Fourier
component Even though, in any particular case, Lhe coefficients
in the series may be small, their effect on the flow near the bed
may be large since the effect of the bottorn undulations depends
not on their amplitudes, but on their steepnesses.

3. EXPERIMENTAL PROCEDURES

The measurements were made in a steady-flow
recirculating flume which had a total length of 160 ¢m, a width
of 8 cm, and a depth of 14 cm. The cument was generated by a
constant head system. By adjusting the height of the weir at the
end of the flume, the desired water depth was obtained.

Two types of sediment material were used: sand with
diameters of 0.35 mm and 0.60 mm. The mean diameter of sand
particles was determined by the standard range particle size
analyzer MICROTRACII utilizing the phenomenon of low-
angle forward scattered light from a laser beam projected
through stream particle. '

The modeling clay was used to produce the undulated rigid
bottom forms, which were symmetrical about their crests in the
horizontal direction. The undulated section of bed was 100 cm
long. The flow took place over the section of undulations of
identical sinusoidal or triangular shape and size. The steepness
ak was varied through the range from 0.15 to 0.63.

The procedure in-the experiments was to measure the
velocity in the free soeam flow using volumetric method and
LDA, and to estimate stmultanecusly the response of the sand
bed by a photometric method. Estimates showed that
displacement of the fluid-sand interface from the equilibrium
position on the photopictures was measured within an accuracy
of 0.5 mm. A

The flow kinematic parameters were measured using a laser
Doppler anemometer (LDA DANTEC). A LDA-system
consisted of two beams having diameters 1 mm, one component
modular optics operating in the direct-scatter mode. Small
particles (1 - 5 pm), which are commonly present in most
liquids, provided the necessary scattering centers. The
kinematic data were recorded and processed using a data
acquisition and signal processor system and a personal
computer with special software. The velocity and armival-time
information were stored to reconstruct the mean velocity, RMS-
value, and Turbulent Intensity (T1). For these experiments the
signal processor was set for a Doppler frequency range of 0.12
MHz or 0.40 MHz. A frequency shift of 40 MHz was used for
the Doppler {requency ranges. These settings for the red light
(wavelength = 632.8 nm) covered the expected velocity range
of 0.4 10 1.1 m/s, respectively. The vertical velocity profiles
were obtained by displacing the modular oplics by means of a

traverse mechanism. Measurements were made al various
heights above the bed at horizontal positions equally spaced
over one wavelength of the bottom undulation. The combined
relative error of the velocity measurement did not usually
exceed 3%. Most of the velocity measurements outlined in this
paper were made at distance from 0.2 to 0.4 m from the leading
edge of the undulated section of bed.

4. RESULTS AND DISCUSSION

4.1. Flow over a movable sediment bed

Experiments showed that for certain intervals of the Froude
number, F, the surface of movable bed was characterized by
periodic iregularities - sand waves.

If the flow is wanquil, F < [, ripples and dunes could be
generated. These sand waves are similar in shape: they have the
upstream side with gradually varying. slope and the abrupt
downstream side. Introducing the length L and amplitude a of
sand waves, and considering the characteristic scale of uniform
flow to be the depth i, it is possible to distinguish ripples and
dunes : in the case of ripples L and a are not functions of A.
whereas for dunes they depend on h. These waves move in the
direction of flow with velocity u, (< 0.5 em/s} which is small in
comparison to the velocity I/ of uniform flow.

Figure | shows the theoretical curve derived from Eq. (1)
and experimental data. These results can be used as the basis to
estimate different bedforms: if the velocity U and the depth A
are known, that wavelengths of dunes and antidunes can be
predicted. The main discrepancy between the predicted and
experimental values of F 15 due to following factors. First,
experiments say that as a rule, bedforms had a random.
unsteady and three-dimensional structure, whereas the model
was determenistic and two-dimensional, Note that the case of
3D-bedforms was considered by Reynolds (1965). His modified
criterion for the maximum Froude pumber was in better
agreement with measured data bul did not compensate for the
discrepancy. Second, in the Kennedy-Reynolds’ model the
sediment transport was considered in the vicinity of the bed (so-
called ‘bed-ivad transport’). notwithstanding the transport ol
suspended material. Finally, the model was derived in the
approximation of ideal fluid. All this is well-khown and
described in greater detail in many places.

To simplify the complicated problem of fluid flow over a
sediment bed, an attempt was made to consider only the fluid
region over a ngid undulated bottom.

4.2. Flow over undulated rigid bottom

Experiments have been performed to determine the near-
bottom velocity field.~ These results are necessary to an
understanding of the response of the bed to the uniform fow in
the {luid area.

3 : Copyright © 1997 by ASME



The original bed profile is shown in detail as the full line in
the lower part of Fig. 2(a). The bed wavelength was L = 11.4
tm, 50 its steepness was ak = 0.25. The flow above the zero
streamline = 0 displays the expected features, namely that the
streamlines converge over crests and diverge over the troughs.
The consequence of this may be seen in Fig. 2(b), where
measured and predicted (See Eq.(6)) vertical profiles of
horizontal velocity u are shown. At the crest the surface velocity
is 1.27U, where U is the undisturbed free-stream velocity, and
ot the trough the surface velocity is 0.68U. The velocity
perturbation due to the bed form extends throughout the area of
the flow up io free surface because water is relative shallow
compared with the bed wavelength (/1=0.39). The presence of
a free surface caused relative increases in velocity over crests,
and relative decreases in the wroughs. The theory is in good
agreement with the experimental data.
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Figure 1. Comparison of predicted and observed forms

The dependence of results upon kh is,expected on the basis
of the results for perturbed potential flow. Fig. 3 shows the
flow features in the case kh = 3.85.

Note that in near-bottom and near-free-surface regions, the
measured velocity prifiles deviate from the theoretical
profiles.There are three major reasons for the deviations
observed in the LDA measurements: [) velocity information is
integrated over the finite size of the measuring volume. For a
zero or small velocity gradient, this integration does not affect
the mean values. However, if the velocity gradient is changing,
this effect becomes important; 2) LDA measurements are
discrete and, therefore, the measurements at different points in a
velocity profile must be phase-related. In this respect, in
addition to emrors relating to the phase trigger accuracy, the
fluctuations in the driving frequency during the measurements
must be added. These errors could not be accurately estimeted;

3) in very-near-bottom or free surface regions, reflections from
bed or free surfaces are collected by the receiving optics. These
reflections contain the shift frequency and are detected as zero
velocity. For larger velocities, the signal evaluation algerithm
can reject such influences. For small velocities, this effect leads
to lower velocity estimates. The effect could be reduced if
refractive-index matched device was used (Teufel er al, 1992).
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Flg. 2. a) Streamlines for nonseparating flow over the
undulated rigid bottom; b) Vertical profiles of the
normalized horizontal velocity above crest and trough
positions: U=38cm/s,a=0.5cm,L =114 cm

In Fig. 4 the mean velocity /U and turbulent intensity (T
at three different levels are plotted as functions of downstream
distance. Dots represent model results. In spite of the Scatter of
experimental points, the model calculation exhibits the major
features of the flow. In particular, note the profiles at y = - 5.8
cm and y = - 5.0 cm above bed. The calculation indicates that at
these levels the flow decelerates initially and then accelerates
father downstream, and the dala support this fact. A related
result of spacial non-homogeneity was obtained by McLean and
Smith (1986) in studies of the Mow over a large sand waves (2.7
m high and 74 m long) in Columbia River.

The extreme valueg of horizontal flow velocily over crests
and troughs as functions of bedform steepness, and the results
of calculations (See Eq. (9)) are plotted in Fig. 5. The
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dimensionless velocity increases at the crest and decreases at
the trough as the steepness ak increases.

The measured values of u obeyed the linear curve in the
semi-log plot. Therefore, the friction velocity u. could be
evaluated from the general log-law with the von Karman
constant 2.5. The friction velocity may be used to determine the
shear stresses 7 exerted on bottom undulations by a turbulent
fluid stream. For bedforms, the basic parameters affecting the
friction f are the water density and dynamic viscosity, the
friction velocity u., the average flow depth k, the undulation
amplitude a, and the bed length L.
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Figure 3. a) Streamlines for nonseparating fiow over
the undulated rigid bottom; b) Ven:tlcal profiles of the
normalized horizontal velocity above crest and trough
positions: U=24.5cm/s,a=0.7 cm,L =11.4 cm

The results in Figures 6 and 7 are for symmetrical
triangular bedforms, and calculations have been performed by
adopting the choice seven harmonics in Fourier series form.
This is thought to give a good compromise between
experimental and model profiles.

6. CONCLUSIONS
The flow pattern over an undulated rigid bottom has been

considered, and the results of the experimental study are
presented. The experimental observations have shown that the

bottom undulations have a significant effect upon both the mean
velocity profiles and the magnitude of the turbulent fluctuations.

The overall agreement between the potential flow lincar
model and the measurements of the horizontal average of the
time-mean velocity is suprisingly good in view of fact that this
model was derived for non-separating flow. However, the
horizontal velocity clearly deviates from calculated values in
the immediate vicinity of the bed. This is probably due to the
large-scale momentum exchanges associated with vortex
formation.
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Figure 5. Dimensionless horizontal velocities ucrAr at
crest and trough as functions of bedform steepness
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EFFECT OF INCLINATION ANGLES AND UPPER END CONDITIONS
ON THE COUNTERCURRENT FLOW LIMITATION
IN STRAIGHT CIRCULAR PIPES
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{Communicated by J.P. Hartnett and W.J. Minkowycz)

ABSTRACT
In the present study, the experimental data of the countercurrent flow limitation (CCFL)
for air and water in inclined pipes are investigated. Water is introduced at the top of the test
section while air 1s imected at the bottom as countercurrent flow. The water flow rate is
fixed while the air flow rate is siowly increased, unti] the CCFL is reached. Data from each
experiment consists of the flow rates of air and water. The curves of CCFL are built and
shown as a function of the dimensionless superficial velocity, The influence of the
inclination angles of the pipes and upper end conditions on CCFL are also discussed.
© 1998 Elsevier Science Ltd

Introduction

Countercurrent flow limitation (CCFL) or the onset of flooding refers to the Limiting condition at
which the flow rates of both the gas and the liquid phase cannot be increased further. A further increase
will canse the liquid to be carried by the gas. This is a subject of engineering interest. particularly in the
design of two-phase heat and mass transfer processes.

Many studies have been carried out, both experimentally and analytically on CCFL. mostly in
vertical pipes [1.2,3,4]. The CCFL in an inclined pipe has received comparatively very littie attention in the
literature. Some of the earliest work was performed by Bamea et. al. {5] with particular attention on the
effect of the water inlet sections. Two types of water inlet sections. an inner tube section and a porous
section. are used in the experiments. Data on flooding were collected and predictive models for calculating
the flooding conditions were proposed.

Celata et. al. [6.7] evaluated the influence of slight deviations from the vertical posttion on the

flooding parameters in a circular pipe. with and witkout obstructions respectively, An improvement on the
117
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Bamea et. al. mode! for the prediction of the onset of flooding in inclined pipes was proposed. Geweke
et.al. [8] investigated the influénce of pipe diameter and the inclination angle on the flooding Linit. Anples
of 5° to 50° from the horizontal were chosen. A new calculation procedure based upen a two-fluid model
was developed.

Relatively little information is currently available on the countercurrent flow limitation or flooding
phenomena in inclined circular pipes. The effect of the inclination angles and the upper end conditions have -
not yet been clearly investigated. In the present study, the experimental results of the CCFL ‘of air and
water in inclined circular pipes are obtained and the effects of a small inclination angle from the vertical
and upper end condition of the test section are investigated.

Experimental Apparatus and Method

A schematic diagram of the test facility is shown in Fig 1. In the experimental investigations, air
and water were used as the working fluids. The main components of the system consisted of the test
_section, an air supply, a water supply and instrumentation. The test section, with an inside diameter of 29
mm the length of 3.50 m was constructed from transparent acrylic glass to permit visual observation of the
ﬂowpattcms.fheconnecﬁonsofﬂxcpipmgsysmnmdesignedmchthaxth_ecomponeutpancanbc
changed very easily. Water was pumped from the storage tank through a rotameter, to the water inlet
section and hence flowed back to the storage tank. The water inlet section (Fig. 7) was constructed from
two concentric tubes, the inner tube being the test section or sinter which was radially drilled with 350
holes of 1 mm diameter, The inner tube of the sinter was also covered with. a fine wire mesh to distribute
the water smoothly along the inclined pipe.

The water m the inlet section flowed downwards to the storage tank while the air flowed
countercurrently. The level of water in the water outlet section was kept constant, and the excess water was
retumned to the storage tank. Two types. of upper end conditions (open and closed) (see Fig.1) were used m
the experiments. Air was supplied to the test section by a blower and the air flow was controlled by a valve
at the outlet of a blower. The inlet flow rate of air was measured by means of an orfice and
micromanometer, and the indet flow rate of water was measured by three sets of rotameter within the range
of 0-4.8 m'h.  The temperatures of air and water were measured by thermocouples (+ 6.5%). The two
phase pressure drop between the test section was measured by a digital manometer within resolution of 0.1
Pa.
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Experiments were conducted at various air and water flow rates,.at varying inclination angles from
the vertical (8) and a varicty of upper end conditions. In the experiments. the air flow rate was increased by
small increments while the water flow rate was kept constant at a preselected value. After each change in
the inlet air flow rate, both the air and water flow rates were recorded. The experiments were continued
untit the onset of flooding was observed.

Results and Discussion

The countercurrent flow limitation was determined by keeping the imjected water flow rates
constant, while the air flow rate was increased in small increments up to the onset of flooding. Flooding
was ebserved visually in conjuction with the pressure drop. For small air flow rates, the water flows.
downward from the water inlet section through the test section to the storage tank. In this case the
superficial velocities of the water phase at the water inlet and water outlet section were equal. As the air
flow rate was gradually increased, the pressurc drop of two-phase flow increased slightly. At the onset of
flooding, due to instzbilities at the interface, slugging occurred and the pressure drop suddenly increased.

- The slugs carry a fraction of the injected water to the upper end section: the water flow at the water outlet
section is thus smaller, and afterwards the pressure drop decreased.

Typical flooding curves connecting all points of the onset of flooding are shown in Figs 3 to 8.
They show the relationship between the square root of the dimensionless superficial velocity of water

(Ju )" with the square root of the dimensionless superficial velocity of air (i, )" . The variables |, .

) are defined by

/2
.. Py
h=hl——| »
k k[(,)L.- G)gD] k=GL

where  J, and P, denote the superficial velocity and density. respectively. of phase k: g is the
gravitational acceleration; and D is the pipe diameter.

At specific experimental conditions the onset of flooding was found 1o depend on the wiet feed
water flow rate. The air flow rate creating the onset of flooding decreased as the water flow rate increased.
The effect of the inclination angle from the vertical is shown in Figs. 3 and 4. In the case of an upper open
end, the water flows along nearly vertical inclined pipes were accelerated by grawvity and tended to depress
the growth of unstable waves. A greater air flow rate was therefore required to cause flooding. The effect
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of inclination angles is closely related to the condition of the upper end. For an upper closed end condition,
the onset of flooding is nearly the same for all inclination angles from the vertical position. This means that
the flooding points of the open system and the closed system become more distinct as the inclination angle
from the ‘vertical was increased. ( Figs. 5 to 8). The resulis are also compared with those from Bamea
etal. [S], D = 51 mm and Celata et.al. [6,7), D = 20 mm and shown in Figs. 5 to 7. The data points from
Barmea etal, [5] aré taken from a log-log plot, thus causing some uncertaintiesr Therefore only some
points are shown in the figures. However the results from Bamea et.al. correlated quite well with those of
this study in the case of an upper closed end system.

Conclusion

This paper presents new data for-countercurrent flow of gas and liguid in a pipe which is slightly
inclined from the vertical. Experiments were performed to determine the countercurrent flow limitation {or
onset of flooding). Water was ejected through the test section while air flowed countercurrently ‘and the
-phenomena was visually observed. The general flooding points depend on the water feed rate. The air flow
‘rate which causes the onset of flooding decreases while the water flow rate mcreases. The influence of the
inclination angle and upper end conditions is of significance for the onset of flooding. For an upper-open
end -system, with increasing inclination angles from the vertical, the flooding curves shift to lower gas
velocities. For an upper-closed end system, the onset of flooding is nearly the same for all inclination
angles. The difference of flooding points between two types of upper end conditions becomie large when the

inclination angle 1s increased.
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Nomenclature

D pipe diameter, m

4 gravitational acceleration, m/s’
] superficial velocity, m/s

i* dimensionless superfictal velocity
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Greek Symbols

8 inclination angle from the vertical, deg.

o] density, kg/m’

AP pressure drop, Pa

Subscripts

k gas or liquid

G gas

L hquid
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INTERFACIAL FRICTION FACTORS IN COUNTERCURRENT STRATIFIED
TWO-PHASE FLOW IN A NEARLY-HORIZONTAL CIRCULAR PIPE

Somchai Wongwises
Department of Mechanical Engineening,
King Mongkut’s Institute of Technology Thonbun
Bangmod. Bangkok 10140, Thatland

{Communicated by J.P. Hartnett and W.J. Minkowycz)

ABSTRACT
The interfacial shear stresses for a countercurrent stratified two phase flow in a nearly
horizontal circular pipe were determined from a momentum balance using gas and liquid
flow rates, wall shear stresses and liquid holdups. The interfacial shear stresses were
approximated to be a function of interfacial friction factors . gas and tiquid velocities. An
empirical correlation for predicting the interfacial friction factors has also been developed
for practical applications. © 1998 Elsevier Science Lid

Introduction

Stratified countercurrent two phase flow in pipes is encountered in several industrial applications
including the flow *of oil and natural gas in petroleum industnes and the flow of steam and water in
emergency core cooling (ECC) systems in nuclear reactors during the postulated loss of coolant accidents
(LOCA). Interfacial shear stress in two-phase flow is one of the main factors governing transport
phenomena. such as heat and mass transfer processes and it is required for modeling the flow in these
applications. The study of interfacial shear stresses in countercurrent two phase flow has been limited in
comparison to the study of those in cocurrent flow [1.2.3]. The major studies of those in countercurrent
flow have also been in rectangular channels {4.5,6]. Some of the earliest work was performed by Johnston
{7] who investigated the interfacial shear stress contnbution in two-phase stratified flow. However, any

mathematical model concerning the interfacial shear stress wasn't developed.

Relatively little information is currently available on the interfacial shear stress in countercurrent
stratified two phase flow in circular pipe. In the present study. the interfacial friction factor (f)) of the
countercurrent stratified flow for a nearly horizontal pipe is investigated. An empirical correlation for
predicting the interfacial friction factors has also been developed for practical applications.

369
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Experimental Apparatus and Method

The test facility used is shown schematically in Fig 1.The main components of the system
consisted of the test section, an air supply, a water supply and nstrumentation. The test section, with an
inside diameter of 64 mm the length of 3.50 m was constructed from transparent acrylic glass to permit
visual observation of the flow patterns. The connections of the piping system were designed such that the
component part can be changed easily. Water was pumped from the storage tank‘through a Tolameter. to
the water infet section and hence flowed back to the storage tank. The water inlet section was constructed
from two concentric tubes, the inner tube being the test section or sinter which was radially drilled with
many small holds. The inner tube of the sinter was also covered with a fine wire mesh to distribute the

water smoothly along the pipe.

Test SectioL_L,,,._ P 40,—) Alr
e ii
Water

N
Waler - ! -

inlet : / .
Outket X "h
Air | Inlet : H ——
| -— i Entrained | Water &
j i
} | Rotameter | L'J L'_
A ! : R
- i m E
T -D‘n_—_i J, Pump i
| i'
‘ J To dram
- e -
Orifice P
Blower
FIG. |

Schematic diagram of experimental apparatus

The water m the inlet section flowed downwards to the storage tank while the air flowed
countercurrently. Air was supplied to the test section by a blower and the .air flow was controlled by a
valve at the outlet of a blower. The inlet flow rate of air was measured by means of an orifice and
micromanometeér, and the inlet flow rate of water was measured by three sets of rotameter. The
temperatures of air and water were measured by thermocouples. The two phase pressure drop betwéen the
test section was measured by a micremancometer. Stainless ring electrodes were mounted flush in the tube

wall for measuring the liquid holdup. which 1s defined as the ratio of the cross-sectional area filled with
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liquid to the total crossectional area of the pipe. The measuring position was located at the middle of the
test section. It operate on the principle of variation of electrical resistance with changes in the water level
between two parallel electrode rings. Due to vanation of conductivity with temperature and coating of the

electrodes with impurities. the gauges were calibrated before and after each run.

In the experiments the air flow rate was increased by small increments while the water flow rate
was kept constant at a preselected value. After each change in the inlet air flow rate, both the air and water
flow rates and the pressure drop were recorded. The liquid holdup was registered through the transducers

and transferred to the data acquisition system.

Mathematical Model

A momentum balance can be applied to an element of steady-state stratified countercurrent pipe
flow in order to deduce the interfacial shear stress, the shear between the surface of the liquid and the gas.
flowing over it. No purely theoretical model for the fluid-wall friction factor is available, so this momentum
balance can not predict the interfacial shear without using another empirical relationship for the fluid-wall
shear. Also, the momentum balance is only onc-dimensicnal, meaning the equation will only be an

approximation in the case of wavy flow.

(] == )
/]
P/} ; Sa
. Prap
] D N
M—— A
FIG. 2

Mode! used to form momentum balance equation

The momentm equations for liquid and gas phases are
Adp+1,5,de+1,5dc ~p, 4, gsinBdr =0

. 1
Agtlp =S el - ¥ Sk - p,, A, sinBidc = 0 W
Solving for the pressure gradient in each equation gives
dp | R . .
—dx—:r(—ys, ﬁr,~8‘)+pLgsm8 2)
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dp 1 .
Ex—=z[tﬁso,m+r,&]+p6351n6 (3)

These values will agree provided the shear stresses and .other variables have theoretically correct values.
The pressure drop may be eliminated from the equation, allowing an expression for 1, to be found:
b ] S S
.85 —+— =1, % ~1, ~=+{p, - p;lgsind 4
i ![AL 14(; G AG i AL {pf. pﬁ)g ‘ ( )
In order to calculate interfacial shear stress in a general mannér, empirieal relationships for the fluid-wail
shear forces, T, and T, must be substituted into the above equation (4). Knowing the pipe friction factor,

the shear stress is
. = 1. (%p,,V: ] k=GL ()

The usual empirical result is used,

- D&-Vk
v

fi=CRe” . Re, . k=GL 6)

The Reynolds number is based on Dy the hydraulic diameter, defined for the purpose of this two-phase flow
in the manner used by Agrawal et.al. [8] and later by Johnston [7]. The biquid is visualized as if it is
flowing in an open channei. The gas is visualized as flowing'in a closed duct, thus

44, 44, .
Dz, = SL . D(; - Sp, +Sk N
(o sl somulf
Sq —(;r ZJD .8 = 5 D . S, = Dsin 5 (3)
] .
£, =I—E;(ﬁ—smﬁ) (9)

Taitel and Dukler [9] used the following empirical values for the constants in the friction factor equation
Turbulent flow regime:  , = 0.046 n=02
Laminar flow regime:  (, =16 n=1
These equations atlow the interfacial shear stréss of equation (4) to be caleulated. Forming an expression
for this shear stress in terms of a friction factor. a density and a velocity will lead to a general method for
predicting this shear stress. Johnston [7} s expression with the relative fluid velocity and density of the gas
is used. since the injerfacial flow is-considered simitar to fluid-wall flow for the smooth and possibly for the

wavy regimes being studied.

T, :f.(;_pc:[l"{;"'y.'.]z) (10)
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Results and Discussion

The calculations described in the former section were completed to give values for /. A model was
then constructed for an empirical relationship between f; and the experimental variables. The contour lines
at fixed Reynolds number of liquid phasc are shown in Fig. 3. The software used is a free-domain contour
plot routine |10} and unfortunately extends contours beyond the region of the provided data, however, the

contours still show the clear trends of the data within the data region.

log(f)

‘ 6
x 3.8}
ask /{‘g\
405 41 415 42 425 43 435 44 445
g . log(Reg)

FIG. 3

Data for interfacial friction factor in smooth flow at D = 0.064 mm 8 = 5° _log Re, levels

This graph indicates that changes in Reynolds numbers of each phase have an effect on the friction
factor. In this case, increased Re; causcs increased friction factor £. An increase in Reg causes generally
lower friction factor ;. This may be because as the flow regime changes, boundary layer effects become
less important to the shear stress and the surface shape becomes more important, giving a different

dominant factor in the tests for higher gas flow rates.
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From the experimental results, an empirical correlation of the friction factor was formulated. The
significant variables for the experiment at constant inclination angle (3°) are considered to: be: density and
viscosity values for liquid and gas, pipe diameter, and liquid and gas volume flow rates. This gives a total
of 7 variables in 3 dimensions, requiring 4 dimensionless groups. Two Reynolds numbers are possible, also
a flow rate ratio, viscosity ratio or a density rato. Regression analyses performed with these variables
however did not give convincing correlations. It was conceded that use of the dependent variable of liquid
holdup, &, gave much improved correlation by allowing pipe-flow Reynolds numbers based on hydraulic
diameters to be used, despite it adding an extra layér of dependency in the problem.

A power law relationship following the work of Lec [6] was used. It was assumed that the
significant variables for the rectangular channel would apply to the circular pipe. This equation had the
following form:

"
J.=CReg" Rei"{lﬂ“] ()
Hg
In this experiment the viscosity ratio is constant, as water and air were used for the two phases throughout
the experiment. It was thus attempted to correlate the data to the power law equation of the form:
J,=CRe;" Re,™ (12)
This equation was found to give poor correlation to the data set at adjusted R squared ( R?) of
0.57, however both Reg and Re, were shiown to be significant. Another experimental variable was sought.
but since sufficient variables according to dimensional analysis had been used. an extra redundant or
dependent variable was required. The liquid holdup, €, was chosen, and included as another factor in the
power law. Note that this vanable is redundant since it was used in the calculation of both Res and Rey
The emprical equation was now
/., =CRe;™ Re,"g,™ (I3
Correlation of this equation with the data at 8 = 3° gave population-adjusted correlation coefficients of R?

= 0.989. The corresponding cocfficients are: C = 1043, p = -1.80. mp=-144, m=218

The fit of the equation to the data is excellent with high values of R*. To show the accuracy of the fitted
equations in predicting f,. the predicted values have been plotted against the measured values as shown in

Fig. 4. A perfect fit would give a graph with all points Iving on the line v = x at a gradient of 1.
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FIG. 4
Comparison between the correlation and the experimentat data for countercurrent stratified flow

Conclusion

The effect of liquid and gas Reynolds numbers on the interfacial friction factor was investigated
graphically. It was shown that, increasing of the gas Revnolds number acted to decrease the interfacial
friction factor. Accurate curve-fits was made for countercurrent stratified interfacial friction factor data in

a nearly horizonta! pipe.
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Nomenclature

Ac,AL crossectional area of gas and liquid phase. m’
C constant

Dg.Dy  hydraulic diameter of gas and liquid phase, m
fs.fi  gas-wall and liquid-wall friction factor

f, interfacial friction factor
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g gravitational acceleration, my/s’
constant
P pressure, N/m’

Re;  gas phase Reynolds number
Re.  liquid phase Reynolds number
S gas phase perimeter, m

Sy liquid phase perimeter, m

5 interfacial width, m

Vo average velooity of gas, m/s

V.  average velocity of liquid, m/s
Greek Symbols

B angle in egs. (8) and (9), radian
] inclination angle from the horizontal, deg.
P density, kg/m’

v kinematic viscosity, m’/s

T shear stress, N/m’

£ liquid holdup

Subscripts

k gas or liquid

G gas phase

L liquid phase

i interface
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HEAT- MASS TRANSFER AND FLOW CHARACTERISTICS OF TWO-PHASE
COUNTERCURRENT ANNULAR FLOW iN A VERTICAL PIPE

Somchai Wongwises and Paisan Naphon
Department of Mechanical Engineering,
King Mongkut’s Institute of Technology Thonburi,
91 Suksawas 48 , Bangimod, Radburana,
Bangkok 10140, Thailand

{Communicated by J.P. Hartnett and W.J. Minkowycz)

ABSTRACT

Experimental and theorctical results on flow, heat and mass transfer characteristics for the
countercurrent flow of air and water in a vertical circular pipe arc compared. An
experimental setup was designed and constructed Hot waler is introduced through a porous
section at the upper end of a test section and flows downward as a thin liquid film on the
pipe wall whilc the air flows countcrcurrently. The air and water flow rates used in this stody
are those before the flooding is reached. A developed mathematical model is separated into
three parts: A high Reynolds number turbulence model, in which the focal state of turbulence
characteristics consists of the turbulent kinctic cnergy (k) and its dissipation rate (e). The
transport cquations for both k and & are solved simultancously with the momcntum eqguation
to determine the kinctic turbulence viscosity, the pressure drop,interfacial shear stress and
then the friction factor at the film/core interface; Heat and mass transfer models arc proposed
in order to estimate the distribution of the temperature and the mass fraction of water vapor in
gas core. The results from the model are compared with the present experimental ones. It can
be shown from the present study that the influence of the interfacial wave phenomena is
significant to the pressure loss, and the heat and mass transfer rate in the gas phase.

© 1998 Elscvier Science Lid

Introduction

Many of the two phase flow transportation processcs found in industrial applications occur in the
annular flow regime. Annular two-phase flow is onc of thc most imporance flow regimes and is
characterized by a phase interface separcating a thin liquid film from the gas flow in the core region. Two-
phase annular flow occurs widely in film heating and cooling processes, particularly in power gencration
and especially in nuclear power reactors. This flow regime has reccived the most attention both analytically
ard cxperimentafly [1-5] because of its praciical importance and the rclative easc 1o which analytical
treatment may be applicd.

819
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Rclativcly little information. however, is currently available on the heat and mass transfer
characteristics of two-phasc countercurrent annular flow in a ventical pipe. Some of earliest work was
performed by Suzuki et al. [6]. They proposed a theoretical method to evaluate the heat transfer and flow
characteristics of a two-phasc, two-component annular flow with a thin film heated at low heat flux. A
simplc model for the wave effect employed in their study, predicts the heat transfer well. Hijikata et al. [7)
studicd the flow characteristics and heat transfer in countercurrent water and air flows. A theoretical model
based on a low Reynolds number k-& turbulence modcl was proposed, where an additional production term
was considered to incorporate the wave cffects. In the present study, the experimental and theoretical data
on flow. heat and mass transfer characteristics for the vertical countercurrent annular flow are investigated.
The cffects of any rclevant parameter on pressure loss, and the heat and mass transfer rate are also

discussed.

Experimental Apparatus and Method

The experimental apparatus is shown schematically in Fig. 1.The test section, with an inside diamcter
of 24 mm and thc length of 1.9 m was constructed from transparent acrylic glass to permit visual
observation of the flow patterns. The water temperature was raised to the desired level by using electric
heaters and was controlled by a temperature controller and then pumped through a rotameter, to the water
infct scetion. The water inlet section was constructed from two concentric tubes, the inncr tube being the
test section or sinter which is radially drilled with many small holes. The inner tube of the sinter is also
corered with a fine wire mesh  to distribute the water smoothly along the pipe. The water in the inlet
scction flows downwards as a liquid film along the test section while the air flows countercurrently. The
level of water in the water outlet scction was kept constant. and the excess water' was drained out.

I

An upper open ond condition was used in the experiments. Air was supplicd to the test section by a
blowr and the flow rate was controlled by a valve at the outlct of a blower. The inlet flow rate of air was
measured by means of an orifice and micromanometer, and the inlet flow rate of water was mcasured by a
rotlanwter. The welative humiditics of inlet and outlct air were calewlated from wet and dry bulb
temperalores and were checked by digital humidity meter {clectrostatic capacitance type) using a polymer
lim as a scnsor. The water tomperature at three positions along the test scction was measurcd by
thernusiors. The two phase pressute drop between the fest seetion was measured by a digital manometer.
Stainless ring clectrodes were mounted flush in the tube wall for measuring the film thickness. The
measuring positions were located at 30 cm and 170 cm from the lower end of the test section. They operale

on the prnciple of the vanation of clectncal resistance with changes in the water Gim thickness between
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two parallel clectrode rings. The same  description of the cahbrauon proceduses for annular flow can be
found in Andreussi [8]. Due to the variation of conductivity with tcmperaturse and coating of the elcctrodes

with impurities, the gauges were calibrated before and after each run.

Experiments were conducted at various air and water flow rates, al varying water temperatures. The
air flow ratc was increased by small increments while the water flow rate at specific temperature was kept
conslant. After each change in inlet air flow rate, both the air and water flow rates, the relative bumidity of
air at inlet and outlet of the test section were recorded. The pressure drop across the test section and the
film thickness were registered through the transducers and transferred to the data acquisition system. The
flow phcnomena were also detected by visual observation. The experiments were stopped before the onsct
of flooding was reached.

Hesler

Thermislor | l Pump
— Waler Flow
Ring -
Eiectrodes)
5 P -
Rotameler
£ Stelic Pressure Tube
M Thermistor 4 Ring
2 Edeclrodes
- - hqu}d Gas Core
Thermistor ﬂ \ King Filrn
T Elecirodes
Lower Tank
To drain

FIG. |

Schematic diagram of experimental apparatus

Mathematical Model

In ordes to compare with the present experimental resuits, the theorctical model of Hijikata et al, [7] is
modified for this study. In the prescnt paper, a mode§ based on a high Revnolds number k-8 turbulence
model is proposed. The notation used for the calculation is shown in Fig. 2. The model is separated into
three parts; flow, heat and mass transfer characieristics with the following assumptions:

- The gas flow is fully developed because of the large length-to-diameter ratio.

- The effect of vaporization on the gas flow field is ncglected.

- Physical properties are constant and independent of the composition.
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Liquid film

Wave
—y 0
i

|
y=0 i Cester line of pipe
Pipe wall i

I Upward air flow
]
FIG. 2
Geometry of annular flow

Turbulence flow characteristic:

in turbulent flow, velocity fluctuations exchange momcentum between adjacent layers of fluid, thereby
causing apparent shear stresses that must be added to the stress caused by the mean velocity gradients, For
a fully developed turbulent channel flow, the total shear stress is, thercfore, given by

ean® v W
dy

The term - p 'y’ is referred to as the turbulent shear stress which is related to the mean rate of strain via

a turbulent viscosity (Joncs and Launder [9]).1c.

— U
- PV = @

A turbulent viscosity term thercfore appears in the present model.
Momentum cquation;

*

tdlr 12 au
0= - —Z b -— = 3
o d + ray(r(mv')ﬁy] 3)

Jones and Launder [9) presented turbulence models based on high and low Reynolds numbers in order to
predict the laminarization. A high Reynolds number k-8 modet is employed in this study.

Turbulent kinetic encrgy (k) eguation;

]
? -
10 Hs&][ﬂf} e @
I riyl \o, ) 8y ay

Turbulent kinctic encrgy dissipation (&) equation;

2 2
&n ? 7 3 AT R |
LA l_’._ ,-(“_f]ii 'H‘-‘ii“r({_’J f(zf_w (5)
g rdy\ \o, ) dy ko\éy k
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Kinctic turbulent viscosity;
v, =C ,,!:i (6)
The equations contain five adjustable constants Cy, C,, C,, 0;, &, . The standard k-t model employs
values for the constants that are arrived at by comprehensive data fitting for a wide range of turbulent
flows (Verstecg and Malalasckera [10] ; Singhal and Spalding [1i]):
Cu=009, C, =144, C; =192, 0, =10, 0, =13

The boundary conditions at the interface {y = 0) and the center of pipe {r = 0} are given as follows :

y=0:U=-U,,, k=0,=0 . )
r:O:-qu—-=-a-£=-€£—=0 (3
dy éy oy

where Uy is the mean velocity of the liquid film obtained from the cxperiment,

Heat iransfer charactenistic:

The distributions of the temperature of the mixture between dry air and water vapor along the upward

flow dircction is expressed as:

ér 17 v, &l
— = | == 9
v gz r oy [r[a+ Pr,} éy] ©

with a boundary condition;
y=0:T=T @, =@, (10)

Mass transfer characteristic:

The distributions of the mass fraction of the mixturc between dry air and water vapor along the

upward flow direction is also expressed as:

do, 13 u,]ava
J— = —— D+ — | 11
Fz rﬁy[{ S,/ oy v
with a boundary condition;
8T ode .
=0_'—»= V:O 12
r - ay (12)

In turbulent flow, there is no universal relationship between the shear stress field and the mean
velocity field, Thus, for turbulent flows we are forced to rely on experimental data. The velocity profile for
a fully devcloped turbulent flow through a rough pipe from Pao [12] is used in the ealculation. The friction
factor in his equation is replaced by those obtained from the present experiment. The transport cquations for
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both k and € are solved simultaneously with the momentum equation using the finite difference method to
determine the kinetic turbulence viscosity, pressure drop, interfacial shear stress and then, friction factor at
film/core interface.

Results and Discussion

A large number of graphs can be drawn from the resuit of the study but because of space limitations,
only typical resulls arc shown. In the experiment, mean ﬁhnthiclumseswcmmuredatz=30anﬂ
170 cm. Average values for both mean film thicknesses for various air and water flow rates are given in
Fig. 3. The liquid film mass flow rate in this figure is on a per unit width basis in the spanwise direction.
As the water flow rate is increased and the air flow rate beld constant, the film thickness also increascs. It
can also be clearly secn  that there is a great difference in the mean film thickness between experiments
with and without air flow. The mean film thickness at any air flow rate for a specific water flow rate is,
however, nearly the same. Figure 4 shows the relationship between the dimensionless turbulent kinetic
energy (k°, ®/(u.)?) and dimensionless distance from the interface (¢°, yu./v). The turbulent kinetic energy
falls to zero at the interface. As a result of a wavy interface, the turbulent kinetic encrgy in the region close
to the inlerface, rises monotonically with the distance from the interface to a maximum point and then
drops sharply and approaches an equilibrium value, Because the amplitude of the film thickness fluctuation
increases shightly with the air flow rate, the turbulent kinctic encrgy near the interface for higher air flow

ratc is higher than for lower flow rate.
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Plot of film thickness against mass flow rate Fully developed kinetic energy profiles

Fwgure 5 shows the variation of the interfacial friction factor with the air Reynolds number for typical

test condiions. The friction factor for laminar flow and the Blasius correlation for turbulent flow in smooth
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pipe are also shown in this figure, The velocity gradient at the interface s much larger for turbulent flow
than for laminar flow. This change in velocity profile causes the interfacial shear stress to increase sharply,
with the same effect on the interfacial friction factor.The friction facior decreases gradually along the
smooth pipe curve, This figurc shows also a comparison of friction factors obtaincd from the model and the
experiments. The agrecment of this comparison is not bad through the whole range. As a result of the pipe
roughness, experimental friction factors for air single phase flow are found to be higher than thosc from the
Blasius correlation. As the water flow rate is incrcased, larger disturbance waves are fonmed. The friction
factors at higher water ﬂow rates sccms, therefore, a little bit higher than those at lower ones. It should be
noticed that a similar phenomenon can be found in single phase flow in rough walled pipes. -

Figure 6 shows the relationship between the mass fraction of watcr vapor and the air temperature, The
saturated line in this figure is bascd on the saturation vapor pressure of water, A circular point shows the
inlet condition of air {(dry air and water vapor), and the solid points show the outlet conditions, While the
hot water flows down as a film countercurrently with air flow, vaporization occurs at the interface and
water vapor from this vaporization will be added to the existing water vapor. Mass fractions of water vapor
at the outlet of the test section are, therefore, higher than those of the inlet and also found to be below the
saturation line. When the water tcmperature is higher, the paints approach the saturation line. This is
confirmed by visual observation that there is an absence of mist (tiny water droplets). However, if the

watcr temperaturc is high cnough, the water vapor from the vaporization is condensed in air stream to

form a mist.
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Figure 7 shows the relationship between the Nusselt (Nu) number and the valuc of RePr®* A

completc heat balance was used to calculate the heat transfer coefficient. The cquilibrium conditions of air
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and water film after passing air through falling hot water film for any interval of time can be established by
the foliowing energy balance equation:

hAAT, + 8GC, T + G CoinToin = GowCpont Thom

- pin
The first, second. third and fourth term represent heat transfered from the falling water to the air stream,
the enthalpy of vapor evaporated from the water film, the enthalpy of the inlet air and the enthalpy of the
air leaving the test section respectively. The value of AT, is the log mean temperature difference between
both fluids. T, is the mean water temperature at interface. Consider the Nu numbez, based on a pipe
diameter, rearranged in the form, Nu = hd/§ and the heat transfes cocfficicnt from the energy balance
cquation, the following equation is obtained,
.9 (Gont Cpout Toont = OinCpynThin = AGC,  Tip)

(AT)y, #d, L

Nu

The latent heat of vaporizaticn is not included because, in this paper, the Nu number is defined for a
scnsible heat transfer. The figure also shows the effect of the upward air flow on the heat transfer
cocfficient. At a specific water temperature, the Nu number (or the heat transfer coefficient) increases with
incrcases of the air flow rate. The solid line is the Nu number calculated from Dittus-Boelter equation for
filly developed turbulent flow in smooth tubes; Nu = 0.023Re®*Pr® There is a good agreement here. Any
discrepancies are due to the wave formed at the interface and variation of the water temperature along the
pipe. Figure 3 shows the relationship between an average temperature ratio and the dimensionless distance
from the interface, at z = | m. At the same inlet water flow rate and temperature, an increase in air flow
rate causes a higher fluctuation of the film thickness, and thus higher rate of heat transfer. It corresponds to
the results in Fig. 7. The temperature profiles differ, however, slightly from each other.
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Mass transfer characteristics can be discussed in the same way as those of the heat transfer. Consider
the Sherwood (Sh) number = k,d/D in which k,, is the mass transfer coefficient and D is the mass
diffusivity. The mass transfer cocfTicicnt substituted in this cquation is caleulated from the mass balance

equation and finally the following equation is obtained:

4 .
Sh = (l—w,,)—'-—AG——
pD(Aew )y, 7d, L

The results from Figs. 9 and 10 are closely associated with those from Figs. 7 and 8.

The relationship between the Sh number and the value of Re”™ $¢® is shown in Fig. 9. The similaritics
between the goverming cquations for hcal. mass, and momentum transfer suggest that the empirical
correlations for the mass transfer cocfficient would be similar to thosc for the heat transfer cocfficient. This
turns out to be the casc, and some of the empirical rclations for mass transfer from a liquid that completely
wets the inside of a tube to a turbulent gas that is flowing is given by Ozisik [137;

Sh = 0023 Re®® 5B

The Sh number at any water flow rate for specific air flow rate and specific water tcmperature .is,
however, nearly the same.The solid line in Fig. 9 shows the Sh number calculated from above equation.
The Sh number from the experiment is slightly higher than the theoretical value. The difference between
them is considered 1o be a result of the wave formed at the interface, The profiles of mass fraction ratio
predicted at Z= 1 m are also shown in Fig. 10. At specific water and air flows, the rate of vaperization
increases with increases of the water temperature. It should be noted that in the present experiment where

mist formation does not occur, the tcmperature and vapor concentration profiles are atmost the same.
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Conclusions

Experiments have been performed to study the flow, heat and mass transfer characteristics of air-
water two-phase countercurrent annular flow in a vertical pipe. A theoretical model bas been dcvdoped,
The model is scparated into three parts: a high Reynolds number turbulence model, in which the local state
of turbulence charactenistics are controlled by the turbulence kinetic energy (k) and its dissipation rate (g);
and the heat and mass transfer models. The transport equations for both k and & are solved simultanecusly
with the momceatum equation to determine the kinctic turbulence viscosity, the pressure drop, interfacial
shcar stress and then, the friction factor at the film/core interface. The distribution of the temperature and
the mass fraction of water vapor in the gas core is also estimated from the heat and mass balame
cquations, and the kinetic turbulence viscosity is obtained from the former step. The results from the model
are in reasonable agreement with the experimental results. 1t was found that the interface is often wavy in
naturc and the influcnee of the interfacial wave is of significance on the momentum, heat and mass transfer

characteristics.
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Nomenclature

a thermal diffusivity, m¥/s A heat transfer area, m’

C,. C: and C, constant in Egs.(5) and (6) Cy  specific heat, J/kg "k

Cr  friction factor d pipc diameter, m

d, diamcter of gas corc, m D mass diffusivity, m¥s

G mass flow rate, kg/s b heat transfer cocfficient, W/m’C

k  turbulent kinetic cnergy, m'/s? X" dimensionless turbulent kinetic encrgy
ke  mass transfer coefficient, nvs L pipe length, m

Nu  Nusselt number P pressure, N/m?

Pr Prandtl number r radial distance coordinate

Re  Rewnolds number Sc Schmidt number

R, distance from the pipe centerbng to the interface. m
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Sh Sherwood rumber

T temperature, C

u,  friction velocity, mfs (=1, /9"

¥’y time average of the product of u’ and v'

+

y dimensionless distance (= yu. / U)

Greek Symbols

p  density, kg/m’

t  shear stress, N/m’

n dynamic viscosity, kg/sm

A differcnce

£ thermal conductivity, WimC
Subscripts

b bulk

g air

n nlet

In  log mcan differcnce
out  outlet

v waltcr vapor

SORNOW» A LN -

Longman, London (1995).

TWO-PHASE COUNTERCURRENT ANNULAR FLOW

vs

829

time
mean velocity, m/s

fluctuating components of velocity, m/s

distance from the air-water interface, m
distance from the bottom of the test scction,m

constant in Eqs. (4) and (5)

kinematic viscosity, m/s

turbulent kinetic energy dissipation, m%/s’®
mass fraction

liquid film thickness, m

value at the centerline of the pipe
interface

liquid

mean value

turbulent

saturated vapor
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St Sherwood number

T  temperature, C

u, friction velocity, mis (=(7,/0)"")

u'v’ time average of the product of u' and v*

+

y dimensionless distance (= yu. / v)

Greek Symbols

P density, kg/m®
1 shear stress, N/m?

p dynamic viscosity, kg/sm

A differcnce

E thermal conductivity, W/imC
Subscripts

b bulk

g air

in inict

In log mcan differcnce
out  outlet

v watcr vapor
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time

mean velocity, m/s

#',v" fluctuating components of velocity, m/s

Y

z

distance from the air-water interface, m

distance from the bottom of the test scction,m

oy g, constant in Eqs. (4) and {(5)

v kinematic viscosity, mzlg
£ turbulent kinctic energy dissipation, m’/s’
©  mass fraction
5 liquid fAilm thickness, m
c value at the centerline of the pipe
i interface
1 liquid
m  mean value
t turbulent
vs  saturated vapor
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FLOW, HEAT AND MASS TRANSFER CHARACTERISTICS OF TWO-PHASE
COUNTERCURRENT ANNULAR FLOW IN A VERTICAL PIPE
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Abstract

In the present study, both experimental and theorelical resulls on fiow, heat and mass transfer
characteristics for the countercurrent flow of air and water in a vertical circular pipe are investigated.
An experimental setup is designed and constructed. Hot waler is introduced through the porous
section at the upper end of the test seclion and flows downward as a thin liquid film on the pipe wall
while the air flows countercurrently. The air and water flow rates in this study are those before the
flooding is reached. A developed mathematical model is separated into three parts:

- A high Reynolds number turbulence model, which the local state of turbulence characteristics
compose by two quantities, the turbulent kinetic energy (k) and its dissipation rate (g}. The transport
equation for both k and ¢ are solved simultaneously with the momentum equation to determine the
kinetic turbulence viscosity, the pressure drop, interfacial shear stress and then, friction factor at
film/core interface.

- The heat and mass transfer models which are proposed 1o estimate the distribution of
temperature, mass fraction of water vapor in gas core.

The resuits from the model are compared with the present experimental ones. it is aiso found
from the present study that the influence of the inlerfacial wave phenomena is of significance for the
pressure loss, and the heat and mass transfer rate in the gas phase.
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1. Introduction
’

Many of two phase flow transportation processes found in the industries occur in the annular fiow
regime. Annular two-phase flow is one of the most imporiance flow regime which is characterized by
a phase interfacial seperating the thin liquid film from the gas flow in the core region. Two-phase
annular flow occurs widely in film healing and cooling process particuiarly in power generation
especially in nuclear power .reactors. This flow regime has received the most attention both
analytically and experimentally [1-5} because of its practical importance and the relative case with
which analytical treatment may be applied.

Relatively httle information is, however, currently available on heat and mass transfer
characteristics of two-phase countercurrent annular flow in a vertical pipe. Some of earliest work was
performed by Suzuki et al. [6]. They proposed a theorelical method to evaluate the heat transfer and
flow characteristics of twe-phase two-component annular flow with a thin film heated at low heat flux.
A simple model for the wave effect employed in their study can work very well in the prediction of

. heat transfer. Hijikata et al. [7] studied the flow characteristics and heat transfer in couniercurrent
water and air flows. A theoretical model based on the low Reynolds number k-¢ turbulence model was
proposed, where an addition production term was considered 1o incorporate the wave effecl.

In the present study, the experimental and theoretical data on flow , heat and mass transfer
characleristics for the vertical countercurrent annular flow are investigated. Effect of any parameter
on pressure loss, and the heal and mass transfer rate are also discussed.
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2. Experimental Apparatus and Method

The experimental apparatus is shown schematically in Fig. 1.The test section, with' an inside
diameter of 24 mm, the length of 1.9 m is constructed from transparent acrylic giass to permit visual
observation of the flow paltems. The water temperature is raised to the desired level by using
electrical heaters and is controlled by a temperature controfler and then pumped through a rotameter,
to the water inlet section. The water inlet section is constructed from two concentric lubes, the inner
tube being the test section or sinter which is radially drilled with many small holes. The inner tube of
the sinter is also covered with a fine wire mesh to distribute the water smoothly along the pipe. The
water in the inlet section flows downwards as a liquid film along the test section while the air flows
countercurrently. The level of waler in the water outlet section is kept constant, and the excess water
is drained out.

Upper open end condition is used in the experiments. Air is supplied to the test seclion by a
blower and the flow rate is controlled by a valve at the outlet of a blower. The inlet flow rate of air is
measured by means of an orifice and micromanometer, and the iniet flow rate of water is measured
by a rotameter. The relative humidities of iniet and outlet air are calculated from wet and dry bulb
temperatlures and are checked by digital humidity meter (electrostatic capacitance type) used a
polymer film as a sensor. The water temperature al three positions along the test section are
measured by thermisters. The two phase pressure drop between the {est section is measured by a
digital manometer. Stainless ring electrodes are mounted flush in the tube wall for measuring the film
thickness. The measuring positions are located at 30 cm and 170 cm from the lower end of the test
section. They operaile on the principle of variation of electrical resistance with changes in the water
film thickness beilween two parallel electrode rings. The same description of the calibration
procedures for annular flow can be found in Andreussi [8]. Due to variation of conductivity with
temperature and coaling of the electrodes with impurities, the gauges are calibrated before and after
each run.

Experimenis are conducled at varicus air and water flow rates, at varying water temperature.
The air flow rate is increased by smalt increments while the water flow rate at specific temperature is
kept constant. After each change in inlet air flow rate, both the air and water flow rates, the relative
humidity of air at inlet and oullet of the test section are recorded. The pressure drop across the test
section, the film thickness are registered through the transducers and transferred to the data
acquisition system. The flow phenomena are also detecled by visual observation. The experimenis
are stopped before the onset of flooding is reached.
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Fig. 1. Schematic diagram of experimental apparatus
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3. Mathematical Model

In order to compare with the present experimental results, the theorelical model of Hijikata et al.
{7] will be modified for this study. In the present paper, the model based on the high Reynoids number
k-t turbulence model is proposed. The model is separated into three pars; flow, heat and mass
transfer charateristics with the following assumptions: '

- The gas flow is fully developed because of the large length-to-diameter ratio.

- The effect of vaporization on the gas flow field is neglecled.

- Physical properties are constant and independent of the composition

3.1 Turbulence flow characteristic
in turbulent flow, velocity fluctuations exchange momentum between adjacent layers of fluid,
thereby causing apparent shear stresses that must be added to the stress caused by the mean

velocity gradients. For fully developed turbulent channel flow, the total shear stress is, therefore,
given by

rzﬂc—i—g—pu'v' (M
dy

The term — pﬁ is referred to as the turbulent shear stress which is related to the mean rale of
strain via a turbulent viscosity (Jones and Launder [9]).ie.

— oU
= it el 2
puv =p, ay 2)

Therefore, a turbulent viscosity term appears in the present model.

Momentum equation;

o= __Liglﬁ(,(w,,éy_] @
pdz rdy dy

Jones and Launder [9] presenied the turbulence models based on the high and low Reynolds
numbers to predict the laminarization. The high Reynolds number k-= model is employed in this study.

Turbulent kinelic energy (k} equation;

2
k s
ot réy\ \o,;dy ay
Turbulent kinetic energy dissipation (g) equalion;
2
. 9 2
2 _ 12.[,(&]@ +CI£U{£} s s
ot réoy\ \o./dy k oy k
Kinetic turbulent viscosity;
42
v, =C,— )
£

The equations contain five adjustable constants Cu, C, C,, o,, o, . The standard k-« model

employs values for the constants that are arrived at by comprehensive data fitling for a wide range of
turbulent flows (Versteeg and Malalasekera [10] ; Singhal and Spalding [11]):

CCu=009, C, =144, C, =192, 0, =10, o, =13
The boundary conditions at the interface (y = 0) and the center of pipe (r = 0) are given as follows :
y=0:U=-U,, , k=0,=0 N

U ok 4
pop ¢ _(6‘_0

ey oy dy
where'Ulm is the mean velocity of the liquid film oblained from the experiment.

(8)
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3.2 Heat transfer characteristic
The distributions of the temperature of mixture belween dry air and water vapor along the upward
fiow direction is expressed as:

57 7z '
vl li[r[“&) i] ©
dz rdy Pr, ) dy
with a boundary condition;
=w,, (10)

3.3 Mass transfer characteristic
The distributions of the mass fraction of mixture between dry air and water vapor along the
upward flow direction is also expressed as:

U(?w" = l_f?_ r[D+£J_J_"?_@_".} (11)
oz rdy Sc,/ dy
with a boundary condition;
r=0:20_99 _, (12)
dy Oy

In turbulent flow, there is no universal relationship between the shear stress field and the mean
velocity field. Thus, for turbulent flows we are forced to rely on experimental data. The velocity profile
for fully developed turbulent flow through a rough pipe from Pao [12] is used in the caiculation. The
friction factor in his equation is replaced by those obtained from the present experiment.The transport
equation for both kX and = are solved simultaneously with the momentum equation using the finite
difference method to detenmine the kinetic turbulence viscosity, pressure drop, interfacial shear siress
and then, friction factor at film/core interface,

4. Results and Discussion

A large number of graphs can be drawn from the resuit of the study but because of space
limitation, only typical results are shown.In the experimeni, mean film thicknesses are measured at Z
= 30 cm and 170 cm. Average values from both mean film thicknesses for various air and water flow
rates are given in Fig. 2. Liquid film mass flow rate in this figure is that per unitl width in the spanwise
direction. As the waler flow rate is increased and the air flow rale held constant, the film thickness
increased. It can be also clgarly seen the great difference of the mean film thickness between with
and without air flow. The mean film thickness at any air flow rate for specific water flow rate is,
however, nearly the same.

Figure 3 shows the relationship between the dimensionless turbulent kinetic energy (k*, k/(u. )2)

and dimensionless distance from the interface (y’, yu. /v). The turbulent kinetic energy goes to zero
at the interface. As a result of wavy interface, the turbulent kinetic energy in the region close to the
interface, rises monotonically with the distance from the interface to a maximun point and then drop
sharply and approach an equiiibrium value. Because the amplitude of the film thickness fluctuation
increases slightly with the air flow rate, the turbulent kinetic energy near the wall for higher air flow
rate is higher that for lower flow rate.

Figure 4 shows a variation of the friction factor with the air Reynolds number for typical test
conditions.The friction factor for laminar flow and the Blasius correlation for turbulent flow in smooth
pipe are also shown in this figure. The velocity gradient at the interface is much larger for turbulent
flow than for laminar flow. This change in velocily profile causes the interfacial shear stress to
increase sharply, with the same effect on the friction factor. The friction factor decreases, therefore,
gradually along the smooth pipe curve. This figure shows also a comparison of friction factors
oblained from the model and the experiments. The agreement of this comparison is not bad on the
whole range. As a result from the pipe roughness, experimental friction faclors for air single phase
flow are found to be higher than those from the Blasius correlation. As the water flow rate is
increased, the larger disturbance waves are formed. The friction factors at higher water flow rates
seems, therefore, a little bit higher than those at lower ones. It should be noticed that a similar
phenomenon can be found in single phase flow in rough walled pipes.

4
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Figure 5 shows the relalionship between the mass fraction of waler vapor and the air
temperature. The saturated line in this figure is based on the saturation vapor pressure of water, A
circular point shows the infet condition of air (dry air and waler vapor), and the solid points show the
outiet conditions. While the hot water fiows down as a film countercurrently with air flow, vaporization
will be formed al the inlerface and waler vapor from this vaporization will be added to the existing
water vapor. Mass fractions of water vapor at the outlet of the test section are, therefore, higher than
those of the inlet and also found to be below the saturation line. When the water temperature is
higher, the points approach the saturation line. It corresponds to visual observation that mist (tiny
water droplets) hasn't been seen in the experiment. However, if the water temperature is high enough,
the water vapor from the vaporization will be condensed in air stream to form mist.

Figure 8 shows the relationship between the Nusselt (Nu) number and the value of RePr®*
Complete heat balance is used to calculate the heat transfer coefficient. The equilibrium conditions of
air and water film after passing air through falling hot water film for any interval of lime is established
by the following energy balance equation:

hAAT, + AGC ), Ty + Gin CpinTpin C
The first, second, third and fourth term represent heat transfered from the falling water o the air
stream, the enthaipy of vapor evaporated from the water film, the enthalpy of the inlet air and the
enthalpy of the air leaving the test section respectively. The value of AT,, is the log mean
temperature difference between both fluids. The Ty, is the mean water temperature at interface.
Consider the Nu number, based on a pipe diameler, rearranged in the form, Nu = hd/Z and the heat
transfer coefficient from the energy balance equation, the following equation is obtained;

_ i (Goul Cp,om‘ T;J.ON‘! - Gin Cp,in ?i).m - AGCp.v ];ﬂr)
g ' (AT} 7d, L

The latent heat of vaporization is not included because, in this paper, the Nu number is defined for
the sensible heat transfer. The figure also shows the effect of the upward air flow on the heat transfer
coefficient. At the specific water temperature, the Nu number (or the heat transfer coefficient)
increases with increases of the air flow rate. The solid line is the Nu number calculated from Dittus-
Boelter equation for fully developed turbulent flow in smooth tubes; Nu = 0.023Re”®P®* .There is a
good agreement with respect to the tendency. The discrepancy are due to the wave formed at the
interface and variation of the waler temperature along the pipe. Figure 7 shows the relationship
between an average temperature ratio and the dimensioniess distance from the interface, atz = 1 m.-
At the same inlet water flow rate and temperature, the increase in air flow rate causes higher
fluctuation of the film thickness, then higher rate of heat transfer. It corresponds to the results in Fig.
6. The temperature profiles differ, however, slightly from each other.

~ . .
- (’our - p.ont Tb‘oul

Nu

»

50 —Ll rh'{rrrrrrr'rr'lrrTTITrTrrr'rTr"rrrr'iTrrrr”’"TTl’Tr: H NSRRI RASSRARAREREARE At hE Santh RESLE

L2 o P E ¢+ R

3 o 3 ] r Wamlow 06 m b |

40 - | ArfowOm by E 8 i ——— Arveity 168 ms

8 " Arluw 1% m.‘l'r E T ~ — — Arweloaty 247 ms ]

: & Ahow 367m e . SN Asvelooty 102 ovs 1
E W T+ - L E 6 Iy - -~ Awveketty YAt me ]
5+ . ! o ? E s \ E

. » { 1

w - 0t . - \ .

g o1s | * 3 - o .

E ™~

1 -} 3 2- f/ A L 3

s -4 = 1 T T

E E — T T— —— e 2

o 'lJll}]lll}llLl%llll}llll{lllll{llIII[I[II{!]II}IIII 9*@"}“*‘“—‘[3:“‘ e ’EZFEHFMJJ;
M N2 M 66 08 W 12 M 16 I8 D @ @ R W D

. v
{ i muess B rate pernit width (kgfum )
Fig. 2. Plot of film thickness against mass flow rate Fig. 3. Fully developed kinetic energy profiles



Third International Conference on Muitiphase Flow, ICMF’'98

Lyon, France, June 8-12, 1998

- 1 v v D50 —prreepresepemrep T T e merr g s e gy e pe ey e e g e e
Fo | tip. | Watet flow | O infel condition | T
Lo ol 000 mmwr 009 -Fl 7 -1a"c ), =00 E
- - - . 3
o :g‘: :ﬁ i 5 0.08 ! ouiler condionn : o
- & . T =M C H
s 10 - | s oeer | o ate
L) & Lo .
= b e 006 | - T -asc 4
§ . o 'g' Sal lme
.§ o ar, E o.05 -
g o ° 9% 000 W 004
‘ s D - e B -
E 0 -F P 3 F 00 E
E € - Ry P— 0.02 -
o 0.6l - E
0! i L " L P T N [T R 2TV FEVET INTUY FUVUE FUVIT FUITS IVUUN FEUUE FTTRS NPOUE SUWT|
0 10" q ) 10 15 20 2% 30 35 A0 45 30 85 a0
Asxr Reynolds number (Re ) .
¥ Temperature { C)
Fig. 4. Plot of friction factor against Re Fig. 5. Plot of mass fraction against temperature
10? 1o - AIRARRS AR AR AR RARRS
0.9 ‘“\ T, WO s
08 + \ Waet fow 018 m M
oY L 3 2
v ~ 07 b \ Arflow 350 m, 1y
v - E 3 Anflow 432 m
u./n/a I;.. &6 \ = — Aufow $76 mim [~
AT o — = E N
] 2o | \’\
1 [ 3
Wakay Rew 0,20 II’M g — 03 E
o T =4vC 02 -E Z=100m
v T.=acC ] 3
e = oomRe N o+ \\\__
W' - v L L L PR 0o 73J_1_Li_lJJJ+_LJ_LL}‘LLU.+LLL+LJJ_%_LuJ+I.J_:tf31u_*
0’ o 10 0p 01 02 03 04 05 N6 07 0B 0% 1D
Rcll"r

yR

Fig. 6. Plot of Nu against RegF'rG" Fig. 7. Fully developed temperature profiles

Mass transfer characleristics can be discussed in the same way as those of the heat
transfer.Consider the Sherwood (Sh) number = k,,d/D which k,, is the mass transfer coefficient, D is
the mass diffusivity, the mass transfer coefficient substituted in this equation is calculated from the
mass balance equation and finally the following equation is obtained;

Sh = (|_ww)f'____§('_;___
pD (Aw )y, md,; L

The results from Figs. 8 and 9 are closely associated with those from Figs. 6 and 7.
The relationship between the Sh number and the value of Re®®® Sc®® is shown in Fig. 8. The
similarities between the goveming equations for heat, mass, and momentum transfer suggest that
empirical correlations for the mass transfer coefficient would be similar to those for the heat transfer
coefficient. This tumns out to be the case, and some of the empirical relations for mass transfer from a
liquid that completely wets the inside of a tube to a turbulent gas that is flowing is given by [13];

Sh = 0023Rc™® 5c0%

The Sh number at any water flow rate for specific air flow rate and specific water temperature is,
however, nearly the same.The solid line in Fig. & shows the Sh number calculated from above
equation. The Sh number from the experiment is slightly higher than the theoretical value. The
difference between them is considered as a result of the wave formed at the interface. The profiles of
mass fraction ratio predicted at Z= 1 m are also shown in Fig. 9. At specific waler and air flows, the
rate of vaporization increases with increases of the water temperature. It should be noted that in the
present experiment where misl formation does not occur, the temperature and vapor concentration
profiles are almost the same.
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5. Conclusions

Experiments have been performed to study the flow, heat and mass transfer characteristics of
air-water two-phase countercurrent annular flow in a verlical pipe. A theoretical model has been
developed. The model is separated into three parts: a high Reynolds number turbulence model, which
the local state of turbulence characteristics compose by the turbulence kinetic energy (k) and its
dissipation rate (g); the heat and mass transfer models. The transport equation for both k and ¢ are
solved simultaneously with the momentum equation to determine the kinetic turbulence viscosity, the
pressure drop, interfacial shear stress and then, friction factor at film/core interface. The distribution
of lemperature and mass fraclion of water vapor in gas core are also estimated from the heat and
mass balance equations, and the kinetic turbulence viscosity obtained from the former step. The
results from the model is in reasonable agreement with experimental results. it is found that the
interface is often wavy in nature and the influence of the interfacial wave is of significance on the
momentum, heat and mass transfer characteristics.
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Appendix A: Nomenclature

a  thermal diffusivity, m’/s A heat transfer area, m*

C,, C; and C, constant in Eqs.(5) and (6) Cp  specific heat, J/kg °k

C friction factor d pipe diameter, m

d, diameter of gas core, m D mass diffusivity, m*/s

G mass flow rate, kg/s h heat transfer coefficient, W/m’C
k  turbulent kinetic energy, m/s’ K" dimensionless turbulent kinetic energy
kn  mass transfer coefficient, m/s L pipe length, m

Nu  Nusselt number P  pressure, N/m’

Pr  Prandt! number r radial distance coordinate, m
Re Reynolds number S¢  Schmidt number

R distance from the pipe centerline to the interface, m

Sh  Sherwood number t time

7
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T temperature, C U mean velocity, m/s

u, friction velocity, m/s (= (‘(,'/p)m) u’ v’ fluctuating components of velocity, m/s

n'v’ lime average of the product of »’ and v’ y distance from the air-water interface, m

y dimensionless distance (= yn, /) z distance from the bottom of the test seclion,m

Greek Symbols

p  density, kg/m® o o, constant in Egs. (4) and (5)

T shear siress, Nfm? v kinematic viscosity, m*/s

i dynamic viscosity, kg/sm £ turbulent kinetic energy dissipation, m¥/s®

A difference 0] mass fraction

£ thermal conductivity, W/mG

Subscripts

b bulk c value at the centerline of the pipe

g air - i interface

in infet | liquid

in log mean difference m mean value

out outlet t turbuient

v water vapor vs  saturated vapor

References _'

[1] Sullivan, D.A. and G.B. Wallis, Two-Phase Annular Flow in Pipes; Analytical Models, Thayer
School Report No. 27327-10, August 1970.

[2] Azzopardi, B.J.and Williams, N.M., Mulfi-Phase Transport, McGraw-Hill, New York, 1980.

[3) Fore, L. B., The Distribution of Drop size and Velocily in Gas-Liquid Annular Flow, Inf. J. -
Multiphase Flow, 21(2),137-149,1895.

[4] Joseph,D.D. and Bannwarl,A.C., Stability of Annular Flow and Slugging, Int. J. Multiphase Flow,
22(B), 1247-1254,1996.

[5] Wolf, A, Jayanti, S. and Hewitt, G.F., On The Nature of Ephemeral Waves in Vertical Annular
Flow, Int. J. Muitiphase Flow, 22(2), 325-333,1996.

[8] Suzuki, K., Hagiwara,'Y. and Sato, T., Heat Transfer and Flow Characteristics of Two-Phase
Two-Component Annular Flow, Int. J. Heat Mass Transfer, 26(4) 597- 605,1983.

[71 Hijikata, K., Nagasaki, T., Yoshioka, J. and Mori, Y., A Study on Flow Characteristics and Heat
Transfer in Countercurrent Water and Air Flows, JSME International Journal, 31(3), 429-438,
1988.

[8] Andreussi, P., Di Donfrancesco, A. and Messia, M., An impedance Method for The Measurement
of Liquid Hold-Up in Two-Phase Flow, Inl.J Multiphase Flow, 14(6),777-785, 1988.

[9] Jones, W.P. and Launder, B.E., The Prediction of Laminarization with a Two-Equation Model of
Turbulence, Int.J. Heat Mass Transfer, 15(2) 301-314,1972.

[10] Versteeg, H.K. and Malalasekera, W., An introduction to Computational Fiuid Dynamics, 1% ed.,
Longman, London, 1995,

[11]} Singhal, A K. and Spalding, D.B., Prediction of Two—Dimensional Boundary-Layers With The Aid
of The k-c Model of Turbulence, Computer Methods in Applied Mechanics and Engineering,
25,365-383, 1981.

[12] Pao, R.H.F., Fluid Mechanics, Wiley, New York, 1961,

(13]

Ozisik, M., Heat Transfer, McGraw-Hill, New York, 1985.



Wongwises, S., Thanaporn, R., Experimental and
theoretical investigation of  countercurrent flow
limitation in inclined pipes, The third International

Conference on Multiphase Flow 98 (ICMF’98), Lyon,
France, June 8-12, 1998.

26



ICMF'98 .

International Organizing Committee
Chairman

Professor J. BATAILLE

LMEFA, UMR CNRS 3509

Ecole Centrale de LYON, BP 163
59131 Ecully cedex, France

phone ;: + 334 72 1361 56

e.mail : bataille@mecaflu.ec-lyon fr

Vice-Chairmen

Professor K, AYUKAWA
Department of Mech. Engineering
Ehime University. Bunkyocho-3
Maiswyama 790-77, Japan

phone : + 81 89 927 9717

Jax ; + 81 89 927 9744

e.mail : kayuk@dpe.ehime-u.ac.jp

Professor M.C. ROCO
National Science Foundation
Room 525, Eng. Directorate
4201, Wilson Blvd
Arlington, VA 22230. US A
phone ; + 1 703 306 1371
Jax: + 1703306 0319
e.mail ; mroco@nsf pov

Scientific Committee
Co-Chairmen *

Professor R.J. PERKINS

LMFA, UMR CNRS 5509

Ecole Centrale de LYON, BP 163
69131 Ecully cedex, France

phone : + 33472 1861 53

e.mail ; perkins@mecaflu.ec-lyon fr

Professor A. SERIZAWA

Dept. of Nuclear Engineering

Kyoto Univ. Yoshida, Sakye

Kyoto 606-01, Japan

phone + fax ; + 81 75 753 5829
e.mail ; serizawa@kuiae.kyoto-u.ac jp

Professor D.E. STOCK

School of Mech. & Mur. Engineering
Washington State University
Puliman, WA 95164-2920, 1 5 A
phone - + 1 509 335 3223

fax o+ 1509 335 4662

e.mail : stock@wsu.edu

Conference Committee
Co-Chairmen

Professor J. BATAILLE
Professor M. LANCE

Secretariat of \CMF’93

Dr A, JOIA

LMFA, UMR CNRS 5509

Ecole Centrale de LYON, BP 163
69131 Ecully cedex, France

Jux o+ 3347843 3967

e.mail - iemfP8@mecaflu.ec-lyon fr

THIRD INTERNATIONAL CONFERENCE ON MULTIPHASE FLOW

June 8 - 12, 1998
LYON, FRANCE

Palais des Congrés de Lyon

2nd December 1997

Paper no. : 422
Title : Experimental and theoretical investigation of countercurrent flow
limitation in inclined pipes.
Author(s) : Wongwises, S. , Thanaporn, R.

Dear Author =

I am pleased to inform you that the above paper has been accepted for oral
presentation. You must now prepare the full-length version of your paper, which
will be included in the proceedings of the conference. Your paper was sent for
review, and the comments of the referee are enclosed with this letter; please take
them into account when writing your paper.

Please note the following:
1. We must receive the full paper before the 15th January 1998.

2. The proceedings will be published on CD ROM. It is therefore extremely
important that you follow the Mnstructions to Authors enclosed with this letter.
If you think that you will not be able to send your paper in the required format,
you should contact us immediately.

3. Your paper has been accepted on the understanding that at least one of its-
authors will be registered for ICMF’98, and will be present at the Conference
to present it. :

4. We hope to publish a selection of papers in a Special Issue of an appropri-
ate journal. We are currently discussing the detailed procedure that will be
followed, but if you wish your paper to be considered for publication in the
Special Issue, you should indicate this on the enclosed ‘Paper Submission
Form’ that you MUST retumn with the hard copy of your paper and its
abstract.

5. Several authors have already sent us informal requests for financial support.
We hope to be able to offer some support to authors who might otherwise be
unable to attend, because of the geperal economic situation in their country.
The availability and the level of this support will depend on the final confer-
ence budget, and we will not be able to take a decision until some time in
1998. If you wish to apply for financial support, you must send us a written
application, including a short justification, BEFORE THE 15th JANUARY
1998. We would prefer to receive such requests by post, but will also accept
e-mail requests {to icmf98@mecafiu.ec-lyon.fr} if absolutely necessary.

I look forward to seeing you in Lyon.

Yours sincerely

itz

R.J. kins Co-Chairman, Scientific Committee

URI, : Europe hilp:/fwww mecallu.ec-lyon. fr/ICMF98/ USA  hup/famy me.tofts. edw/ICMFYR Japan  hup/Awwwiijnet.or jpASMFfiem9s/



June 8-12, 1998

Palais des Congres de Lyon

Lyon, France




Third International Conference on Multiphase Flow, ICMF’98
Lyon, France, June 8-12, 1998
Table of contents by subject

Session 3.4 Annular’and stratified flow

117

Entrainment Rate of Droplets in the Ripple-Annular Regime for small
Vertical Ducts

Lopez de Bertodano, M.A.

Assad, A.

Beus, S. -

=

369 ' .

Droplet deposition and film atomization in gas-liquid annular flow
Zaichik, L.I.

Nigmatulin, B.I.

Alipchenkov, V.M.

386 - )
Turbulent Mixing of Both Gas and Liguid Phases between Adjacent
Subchannels in a2 Two-Phase Annular Flow ~° :
Kawahara, A. . 3
Sadatomi, M.

Sato, Y.

669

Self-aeration and drag reduction in stratified, two-phase pipe flow
Lunde, K.

Nossen, J.

451

First zone transition iﬁ a core—annular film
Tijani, N.

Gueu, S.

Lusseyran, F.

Izrar, B.

619

Experimental investigation of the diameter effect on flooding in
countercurrent flow

Watson, M.J.

Hewitt, G.F.

422

Experimental and theoretical investigation of countercurrent flow
limitation in inclined pipes.

Wongwises, S.

Thanaporn, R.



Third International Conference on Multiphase Flow, ICMF’98
Lyon, France, June 8-12, 1998
Table of contents by author

Weiss,~D.A.

570 Kinematic effects related to single drop impact onto liquid films: Jetting, tiny buble encapsulation,
and crown formation _

571 .  Acoustically levitated drops: Ultrasound modulation and drop dynamics on and off resonance

Werther,~J. ,
214 Modeling of Gas Mixing in the Bottom Zone of a Circulating Fluidized Bed

Whitelaw,~1. H. _ -
566 Heat Flux Measurements in a Vertical Bubble-driven Plume
610 Lagrangian particle tracking in swirl-stabilised burners

Withelm,~A.M. .

516 Bubble dynamics in an acoustic pressure field including gas-vapour interdiffusion, phase changes
and van der Waals equation '

Witliams,~R.A.
255 Application of electrical tomography for multi-phase flow measurements

#illmann~M.
685 An enhanced model for predicting the heat transfer to wavy shear-driven liquid wall films

Wittiz, ~S.
685 An enhanced model for predicting the heat transfer to wavy shear-driven liquid wall films

Winkler, G. :
042 Steady and unsteady condensate formation in turbomachinery - blade to blade flow and rotor/stator
interaction

Wolanski,~P. s
149 Turbulent Combustion of Inhomogeneous Dust-Air Mixtures

Wongwises,~S.
421 Flow, heat and mass transfer characteristics of two-phase countercurrent annular flow in a vertical

pipe.
422 Experimental and theoretical investigation of countercurrent flow limitation in inclined pipes.

Woodhurn~P.J.
257 Numerical prediction of instabilities and slug formation in horizontal two-phase flows

Woods, 5.
003 The roles of interfacial stability and particle dynamics in multiphase flows



Third International Conference on Multiphase Flow, ICMF’38
Lyon, France, June 8-12, 1998

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF
COUNTERCURRENT FLOW LIMITATION IN INCLINED PIPES

Somchai Wongwises and Rangsee Thanaporn
Department of Mechanical Engineering
King Mongkut's Institute of Technology Thonburi
91 Suksawas 48, Bangmod, Radburana,Bangkok 10140, Thailand

Abstract

Experimental and theoretical results of the countercurrent flow limitation (CCFL) for air and water
in inclined pipes are investigated. Water is introduced at the top of the test section while air is injected
at the bottom countercurrently. The water flow rate is fixed while the air flow rate is slowly increased,
until the CCFL is reached. The curves of CCFL are built and shown as a function of the
dimensioniess superficial velocity. The influences of the inclination angles and upper end conditions
on CCFL are also discussed. A mathematical model of Bamea et al. is modified to predict the CCFL.
Flooding curves calculated by this model are compared with present experimental data. The
predictions of the CCFL made with the model compare favorably with experimental data in the case
of upper open end at smaller inclination angles, especially for a higher water flow rate. :

Key Words:Two-Phase Flow,Countercurrent Flow Limitation, Onset of Flooding, Inclined Pipe

1. Infroduction

Countercurrent flow limitation (CCFL) or the onset of flooding refers to the limiting condition at
which the flow rates of both the gas and the liquid phase cannot be increased further. A further
increase will cause the liquid to be carried by the gas (Fig. 1). This is a subject of engineering interest,
particularty in the nuclear power plants safety. During a postulated loss of coolant accident (LOCA)
caused by a damage at any position of the primary recircufation loops, the generated steam from
pressurized water reactor (PWR) will flow upward through piping system countercurrent to the flow of
emergency core cooling (ECC) water. In another case, the condensate will flow back to the PWR
against the steam flow from the upper plenum. This emergency core cooling is limited by the flooding
phenomena. The stability of this countercurrent flow is a matter of concern and should be fully
determined.

Many studies have been carried out, both experimentally and analytically on CCFL, mastly in
vertical pipes ( Tien et al. [1], Bankoff et al. [2], Ragland et al. [3], H.C. No. et al. [4], Koizumi et al.[5)],
Jayanti et al. [6] ). The CCFL in an inclined pipe has received comparatively very little attention in the
literature. Some of the earliest work was performed by Barnea el. al. [7] with particular attention on
the effect of the water inlet sections. Two types of water inlet sections, an inner tube section and a
porous section, were used in the experiments. Data on flooding were collected and predictive models
for calculating the flooding conditions were proposed. Celata et al. [8,9,10] evaluated the influence of
slight deviations from the vertical position on the flooding parameters in a circular pipe, with and
without abstructions respectively. An improvernent on the Barnea et. al. model for the prediction of
the onset of fiooding in inclined pipes was proposed. Kawaji el al. [11] investigated the flooding
mechanisms in vertical-to-inclined pipes with inclinations of 22.5°, 45" and 67.5 “from the horizontal.
They found that flooding gas velocities were much greater compared to those in a vertical-to-
horizontal pipe. Geweke el.al. [12] investigated the influence of pipe diameter and the inclination
anglé on the Aooding jimit. Angles of 5° to 50° from the horizontal were chosen. A new calculation
procedure based upon a two-fluid model was developed. Recently Ghiaasiaan et al, [13} have
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presented the hydrodynamic characteristics of countercurrent two-phase flow in vertical and inclined
channels, Effects of liquid properties have been investigated.

—

Liquid in
{constant rate).

Gas {Flooding) !

¥

Increasing gas rate

Figure 1. Flow pattern transitions in vertical countercurrent flow

Relatively little information is currently available on the CCFL or flooding phenomena in inclined
circular pipes. In the present study, the experimental resulis of the CCFL of air and water in inclined
circular pipes are obtained, the effects of the inclination angles from the horizontal and those of the
upper end conditions of the test section on the CCFL are investigated. A mathematical model is also
presented to predict the CCFL.

2. Experimental Apparatus and Method

A schematic diagram of the test facility is shown in Fig. 2.The main components of the system
consist of the test section, an air supply, a water supply and instrumentation.The test section, with an
inside diameter of 29 mm the length of 3.50 m is constructed from transparent acrylic glass to permit
visual observation of the flow patterns. The connections of the piping system are designed such that
the component part can be changed very easily. Water is pumped from the storage tank through a
rotameter, to the water inlet section and hence flows back to the storage tank. The water inlet section
is constructed from two concentric tubes, the inner tube being the test section or sinter which is
radially drilled with 350 holes of 1 mm diameter. The inner tube of the sinter is also covered with a
fine wire mesh to distribute the water smoothly afong the inclined pipe.

The water in the inlet section flows downwards to the storage tank while the air flows
countercurrently. The level of water in the water outlet section is kept constant, and the excess water
is returried to the storage tank. Two types of upper end conditions (open and closed) (see Fig. 2) are
used in the experiments. Air is supplied to the test section by a blower and the air flow is controlled by
a valve at the outlet of a blower. The inlet flow rate of air is measured by means of an orifice and
micromanometer, and the inlet flow rate of water is measured by three sets of rotameter within the
range of 0-4.8 m°/h.  The temperatures of air and water are measured by thermocouples (£ 0.5%).
The two phase pressure drop between the test section is measured by a digital manometer within
resolution of 0.1 Pa.

Experiments are conducted at various air and water flow rates, at varying inclination angles from
the horizontal (B) and a variety of upper end conditions. In the experiments the air flow rate is
increased by small increments while the water flow rate is kept constant at a preselected value. After
each change in the inlet air flow rate, both the air and water flow rates are recorded. The experiments
are continued until the onset of flooding is observed.

I~
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Figure 2. Schematic diagram of experimental apparatus

Energy Line

Figure 3. Local disturbance at the water inlet section
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3. Analytical Model

For comparison with the experimental results, the theoretical flooding curves will be derived to
show the curves as functions of the gas and liguid superficial velocities. Barnea et al. [7] presented a
model based on a local disturbance generated at the liquid entrance. The model will be modified for
this study.The flow phenomenon which is used as the basis for the calculation is shown in Fig. 3.
Water is ejected through the water inlet section in the radial direclion. The water film thickness at this
position, therefore, increases and the air passage is restricted. Because the water flow along the
inclined pipe is acceteraled by gravity, the film thickness is gradually decreased until an equilibrium
film thickness is reached. The reduction of the cross sectionat area of air flow caused by large film
thickness at the water inlet section creates higher air flow in the vicinity of this position and lead to the
blowing up of the wave crests. At first, consider the specific energy which is defined as the energy of
the fiuid referred to the bottom of the channel as the datum. The specific energy, E at any section is
given by
(@4

2g
i the specific energy equation is differentiated and set equal to zero, critical velocity is obtained; then
dE__ Q' A _ ,

dy  gA*dy

o [gAJlil

I A
Because the pipe is inclined, the above equation is , therefore, modified to

1/2
sty
c= :
S; cos(f)

which S, =D,[1- (2"‘7 1]
J D

The values of Ay and S;.at the critical position are determined by assuming the critical level (h).

E=y+

Taitel and Dukler {14) considered growth of a solitary wave in stratified flow and suggested the

following slugging criterion:
1/2

Ug >(1_£’LJ (PL"PG)gcos(ﬁ)AG
dA;
Y dn,

The above criterion is used to determine the gas velocity at the oneset of flooding. The liquid level h.

in the criterion is replaced by the water level at inlet section, H. The value of H is calculated from the

modified Bemoulli's equation which is taken between the inlet of the test section and the critical
position as follows:

2 2

H v 2+ Pjr,r aUH _ he +Zz+'£C—+aUC

cos f§ pg 2g cos f rg 28

+hfc

The present flooding curves show the relationship between the square root of the dimensionless
superficial velocity of water (; 1_)” 2 with the square root of the dimensionless superficial velocity of

air (j5)!? . The variables j; , j; are defined by

172
Je=J [————"" } i =
k~Jk *
(pp - PG)ED A

where j_ and p, denote the superficial velocity and density, respectively, of phase k; g is the
gravitational acceleration; and D is the pipe diameter.

4
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4. Results and Discussion

The CCFL is determined by keeping the injected water flow rates constant, while the air flow rate
is increased in small increments up to the onset of flooding. Fleoding is observed visually in
conjuction with the pressure drop. For small air flow rates, the water flows downward from the water
inlet section through the test section to the storage tank. in this case the superficial velocities of the
water phase at the water inlet and water outlet section are equal. As the air flow rate is gradually
increased, the pressure drop of two-phase flow increases slightly. At the onset of flooding, due to
instabilities at the interface, slugging occurrs and the pressure drop suddenly increases. The siugs
carry a fraction of the injected water to the upper end section; the water flow at the water outlet
section is thus smaller, and afterwards the pressure drop decreases.

Typical flooding curves connecting all points of the onset of flooding are shown in Figs, 4 10 9. At
specific experimental conditions the onset of flooding is found to depend on the inlet feed water flow
rate. The air flow rate creating the onset of flooding decreases as the water flow rate increases,. The
effect of the inclination angle is shown in Fig. 4. In the case of an upper open end and larger
inclination angles, the water flows along inclined pipes are accelerated by gravity and tended to
depress the growth of unstable waves. A greater air flow rate is, therefore, required to cause flooding.
The effect of inclination angles is closely related to the condition of the upper end. For an upper
closed end condition, the onset of flooding is nearly the same for all inclination angles. This means
that the flooding points of the open system and the closed system become more distinct as the
inclination angte is decreased. ( Figs. 5 to 9). The resuits are also compared with those from Bamea
et.al. [7], D = 51 mm and Celata et.al. [8,9], D = 20 mm and shown in Figs. 7 to 3. The data points
from Bamea et.al. [7] are taken from a log-log plot, thus causing some uncertainties. Only some
points are, therefore, shown in the figures. However the results from Barnea et.al. correlate quite well
with those of this study in the case of an upper closed end system.
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Figure 4. Effect of inclination angle (8) on flooding

The results obtained from the calculation using the methods described above are also shown in
Figs. 4-9. The agreement of the present model with the experimental data is satisfactory for smaller
inclination angles, especially for higher water flow rates. That is reasonable. At higher water flow
rates, the radial velocity of the water entering at the water inlet section increases. The water film
thickness increases, and the air flow is accerelated. In the case of higher inclination angles, the
prediction fails, because of a change in the flooding mechanism. Due to the effect of gravity, the axial
velocity of water from the water inlet increases and the local disturbance at the water inlel decreases.
In this case, flooding is formed due to an instability of interfaces somewhere along the pipe.
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Figure 5. Effect of upper end condition on fiooding for the inclination angle (p) = 60°
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Figure 6. Effect of upperend condition on flooding for the inclination angle (B) = 65°
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Figure 7. Effect of upper end condition on flooding for the inclination angle (B) = 70°
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Figure 8. Effect of upper end condition on flooding for the inclination angle (B) = 75°
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Figure 8. Effect of upper end condition on flooding for the inclination angle (B) = 8o?

5. Conclusions

*

Experiments are performed to determine the countercurrent flow limitation {or onset of flooding).
Water is ejected through the test section while air flows countercurrently and the phenomena is
visually observed. The general flooding points depend on the water feed rate. The air flow rate which
causes the onset of flooding decreases while the water flow rate increases. The influence of the
inclination angle and upper end conditions is of significance for the onset of flooding. For an upper-
open end system, with decreasing inclination angles, the flooding curves shift to lower gas velocities.
For an upper-closed end system, the onset of flooding is nearly the same for all inclination angles.
The difference of flooding points between two types of upper end conditions become large when the
inclination angle is decreased. The predictions of CCFL are in favorable agreement with experimental

data in the case of upper open end and smaller inclination angles, especially at a higher water flow
rate.
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Nomenclature

A cross-sectional area of the flow, m?’ D pipe diameter, m

E specific energy, m g gravitational acceleration, m/s’
h water level, m hy  friction head, m

H water level at the entrance, m | superficial velocity, m/s

j* dnmensnonless superficiat velocity P pressure, Pa

Q fiow rate, m 3fs S perimeter, m

U velocity, m/s y water level, m

z elevation (in Fig. 2), m ‘

Greek Symbols

B inclination angle from the horizontal, deg. p density, kglm‘3

AP pressure drop, Pa o kinetic energy correction factor
Subscripts

c critical i interface

k gas or liquid G gas

H water inlet section L liguid
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Prediction of Liquid Hold*ui) in
Horizontal Stratified Two-Phase Flow

S. Wongwises, W. Khankaew, W. Vetchsupakhun
Department of Mechanical Engincering,
King Mongkut’s University of Technology Thonburi
Bangmod, Bangkok 10140, Thailand

Abstract

This paper provides a combined theoretical and experimenta] investigation into the prediction
of hold-up for a stratified two-phase concurrent flow in a horizontal circular pipe. The test section,
10 m long, with an inside diameter 54 mm was made of transparent acrylic glass to permit visual
observation of the flow patterns. The experiments were carried out under various air and water flow
rates in the regime of smooth and wavy stratified flows. Stainless ring electrodes were mounted
flush in the tube wall for measuring the liquid hold-up which is defined as the ratio of the cross-
sectional area filled with liquid to the total crossectional area of the pipe. Calculation method for
predicting the liquid hold-up was developed by using the Taitel and Dukier momentum balance.The
ratio of interfacial friction factor and superficial gas-wall friction factor,{f;/fsg) was assumed to be
constant. Hold-up curves calculated by this method are compared with present experimental data
and those of other researchers. A ratio of fi/fg; ,which corresponds with the flow conditions,

(laminar ot turbulent) are presented.

I

Key Words: Two-Phase Flow, Co-Current Flow, Stratified Flow, Liquid Hold-Up

1. Introduction

Stratified two-phase flow regime is
frequently encountered in various chemical and
industrial processes; e.g. the flows of steam and
water, or otl and natural gas in pipelines etc.
One of the main problems in two-phase flow is
the calculation 1o determine the liquid hold-up
and pressure loss. Lockhart and Martinelli [1]
have developed a procedure for calculating the
frictional pressure loss for adiabatic two-phase
flow using their data on the horizontal flow of
air and water and various other liquids at
atmospheric pressure. Their correlations have
been applied to all regions of two-phase flow
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both by the originators and by several other
investigators, Chisholm [2] has developed the
Martinelli models in such a way that the
original Martinelli curves for the various flow
regimes can be fitted quite well by selecting a
fixed value of a parameter for each flow regime.
Johannessen [3] has developed a theoretical
solution of the original Lockhart and Martinelli
flow model for calculating two-phase pressure
drop and holdup in the stratified and wavy flow
region. He has shown that his theoretical
solutions of pressure drop and holdup agree
much better than those of Lockhart and
Martinelli in the separated flow region.



The semi-empirical methods  for
calculating the two-phase flow pressure drop
have been proposed by numerous investigators.
Wallis [4] correlation which has been improved
fusther by Hewitt and 1lall-Taylor {5] can be
used in the annular flow region. Hughmark {6]
developed a semi-empirical pressure drop
correlation independently which is applicable in
slug flow region. Kadambi {7] proposed an
analyiical procedure to determine the pressure
drop and void fraction in two-phase stratified
flow between parallel plates.

Most stratified flow models were based
on an iterative solution of the two phase
momentum balance, but differed in the model of
the interfacial shear stress. To solve this
problem, Taitel and Dukler [8] made the
assumption that the interface was smooth and
interfacial friction : ~ual to the gas-wall
friction factor and the “eial shear
stress was evaluated with the saime |
the gas wall shear stress.

vy

In another paper {Taitel and Dukler [9]),
they demonstrated that the hold up and the
dimensionless pressure drop for stratified flow
are unique functions of X under the assumption
that fo/f; = constant. Kawaji [10] predicted
holdup successfully by substituting the ratio of
the gas-wall friction factor and the gas
interfacial shear stress ‘into the Taitel and
Dukler momentum balance.

Inaccuracies in previous stratified flow
models are found to be a result of the
interfacial shear stress used in the model. In the
present study, the method for prediction of
tiquid hold-up will be presented. The method is
based on that of Spedding et al. [11,12] and
Wongwises [13] where the ratio of the
interfacial friction factor and gas-wall friction
factor is assumed to be a constant. With this
technique a mathematical model of interfacial
friction factor is not necessary. The value of the
constant depends on whether the phases are in
turbulent or laminar flow.
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2. Experimental Apparaius and Method

The experimental facility used is shown
schematically in Fig 1.The main components of
the system consisted of the test section, air
supply, water supply, instrumentation, and data
acquisition system.The horizontal test section,
with an inside diameter of 54 mm and length of
10 m was made of transparent acrylic glass to
permit visual observation of the f{low
patterns.Water was pumped from the storage
tank through the rotameter to the water inlet
section at the bottom of the pipe. Air was
supplied to the test section by a suction-type
blower. The air flow could be controlled by a
valve at the outlet of the blower. Many smali
rods were used as guide vanes at the air inlet
section to maintain a uniform flow. Both the air
and water streams were brought together in a
mixer and then passed through the test section
concurrently. The inlet flow rate of. air was
measured by means of a round-type orifice and

© »f  water was measured by two sets of
rotdi..

The temperatuie vl the air and water was
measured by thermocouples. Stainicss ring
electrodes were mounted flush in the tube wall
for measuring the liquid hold up. They operate
on the principle of the variation of electrical
resistance following changes in the water level
between two paraliel electrode rings. The same
description of the calibration procedures for
stratified flow can be found in Andreussi [14].
Due to the variation of conductivity caused by
temperature change and coating of the
electrodes with impurities, the gauges were
calibrated before and after each run.

Experiments were conducted with various
flow rates of air and water at ambient condition.
In the experiments the air flow rate was
increased by small increments while the water
flow rate was kept constant at a preselected
value. Afier each change in iniet air flow rate,
both the air and water flow rates were recorded.
The liquid hold-up was registered through the
transducers. The flow phenomena was detected
by visual observation.
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Figure 1. Test facility

i Figure 2. Stratificd co-current two-phase flow
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3. Mathematical Model

Consider an equilibrium horizontal stratified
flow as shown in Fig. 2. A momentum balance
on each phase yields:

—AL(d—},']—TWLSL +ij’= 0 (1)
dx
dP

Al — |- Sp—1:5, =0 2

G(dx} Twewe — Ty 2)

Equating pressure drop in the two phases and
assuming that the hydraulic gradient in the
liquid is negligible, the following result is
obtained;

rmS_c_,WLS_L+,,&(_L+L) -0 )
A At 4, 4g
The shear stresses are evaluated in a
conventional manner
2
rin = £ PLEE 4)
2
g = 1o 25 (5)
y 2
Pglug=ug)
;= f',_ﬁ__f-__ (6)

2

Normally for equilibrium flow ug 2u such
that u , in eq.(6) can be neglected. A widely
vsed method for the correlation of the liquid and
gas friction factors is in the form of Blasius
equation:

D -n
fi =cL[—;“LJ 9
L
fo= Ca[Dj“G] (8)
G

where Dy and Dg are the hydraulic diameter
evaluated in the manner as suggested by
Agrawal et al.[15]. The liquid is visvalized as if
it was flowing in an open channel .
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D, =44

5, 89

The gas is visualized as flowing in a closed duct
and thus

445

(10)

Furthermore, the coefficients C;, n, Cg and m
used in Eq. (7) and Eq. (8) are those used by
Taitel and Dukler [8] in their co-current studies,

in turbulent flows; Cg = C = 0.046,

m=n=0.20
in laminar flows; Cg=C_L =16,
m=n=10,

Turbulent or laminar flow conditions in each
phase are identified by calculating the Reynolds
number for each phase using the superficial
velocity and diameter of the pipe, i.e.

Ug

Reg =

where K=G, L

Laminar flow is also assumed for superficial
Reynold number < 2000.

Substituting Twy, twg T from Eq.(4), Eq.(5) and
Eq.{6) into Eq.(3),the following equation is
obtained;

prGuéSG _ fLPLulz.SL 4

ZAG 2AL
2

fpcusSii 1 Vg
2 |4 4

In the case of the single phase flow, the pressure
gradient is determined from;

_2f56Pg¥sg

dpP
(55), gl oo



where fy = CG[D“”J

Vg

Equation (11) is non-dimensionalized by
dpP

dividing by [—)
dx/ g

Finally the following equation is obtained;

quéSGD _ prLuiSLD +
4fsc“’c"§c 4fssPcALu§c
2
ﬁPc"aSaP[J_+_L] =0 (13)
4fscPctisc| A, A

or in dimensionless form

where X2.=(dP/dx)g /(dP/dv)g is the
ratio of the frictional pressure gradient. of the
liquid to that of the gas when each phase flows
along in the pipe.

E%@ﬁy?&mf
D I)L 2
Xz —-m 3 2
4Cs ["saDJ pc(usc)
D vg i/ 2

(15)

X is recognized as the parameter introduced by
‘Lockhart and Martinelli [1] and can be
calculated unambiguously with the knowledge
of the flow rate, fluid properties and tube

52

Thammasat.Int. J. Sc. Tech., Vol.3, No.2, July 1998

diameter.Liquid hold up can be calculated from
hy/D which is in the form of X5 A

All dimensionless variables with the superscript

.can be seen from

A =n/4,
A =410,
S, =S,/D,
Ag = A 1 D,
()
S;=8,/D,
§, =8/D,
D, =D, /D,
D, =D;/D,
h, =h, D
§, =rn—-cos(2h, - 1),
S, =cos™'(2h, - 1),
§ =1-(h -1y,
~ A
UG:Z’
g,-4
AL

—~

A = 025[:r —cos™'(2h, - 1) ]+

025[(2?:1 —DJ1- (2R, -1)? ]

A = 0.25[005” (2?11 - l)] -
0.'25[(21}; ~)J1- 2k, - 1)’]

In order to solve Eq.(14) for liquid hold up, gas
held up and pressure drop, an iterative computer
program is required. A flow chart of this
program is shown in Fig 3.
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Figure 3. Flow chart for calculation of liquid hold-up and pressure drop

53



4. Results and Discussion

To handie practical problems, it is necessary
to gain a better understanding of flow
characteristics. Visval observation shows that
different flow patterns may occur with gas-
liquid cocurrent flow in horizontal pipes. In
accordance. with results obtained from this
experiment, the following flow patltemns were
obtained : ~

a) Stratified flow: The water flows in the
lower part of the pipe and the air over it with a
smooth interface between the two phases.

b) Two-dimensional wavy flow: Similar to
stratified flow except for a wavy interface, due
to a velocity difference between the two phases
and two-dimensional steady waves travel with a
relatively regular pitch,

¢) Three-dimensional wavy flow: At a
higher air flow rate, the water surface is
disturbed and three-dimensional waves occur,
which have small irregular ripples on the
fundamental waves.

d) Violent wavy flow: The interface is
violently disturbed by the air stream. This flow
pattern oceurs at a relatively high air flow rate.

¢) Plug flow: Air moves along the upperside
of the pipe. This flow pattern occurs at a
relatively low air flow rate. The interface is
smooth and no bubbles are contained in a water

plug.

f) Stug flow: Splashes or slugs of water
occasionally pass through the pipe with a higher
velocity than the bulk of the water. The tail of
water slug is relatively smooth and sometimes
contains some small bubbles. The upstream
portion of the water slug is similar to the wavy
flow, and the downstream portion to the
stratified flow or wavy flow.

g} Pseudo slug flow: The semi-slug is
defined as a highly agitated long wave which
contains many bubbles. Its upstream and
downstream portions are similar to the wavy
flow.
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The typical photographs of flow patterns are
shown in Figure 4. The focus of the study was
on the stratified and small wavy flow. Figures 5

~and 6 show the relation between the liquid

holdup,g, against the Lockhart-Mantinelli
parameter, X for a laminar liquid -turbulent gas
flow in the 0.054 m. dlameter pipe and Q; =
1.67 x107, 6.67x10°.m%s respectively. The
values CG-CL;'O 046, n=m=0.2 for turbulent
flow and Cg=C=16,0=m=1.0 for laminar flow
are used. The figures show a comparison of the
experimental data with the present model
where the ratio, f/fsg is assumed. It is found
that an agreement of the present model with the
experimental data is obtained by using fi/fy; =
0.30-1.0. The data obtained by Spedding et al.
[1i] who tested the model against wavy and
stratified flow data from 93.5 and 45.5 mm
diameter pipes are compared with the
predictions from the present model. Their data
points were taken from log scale, thus were a
cause of some uncertainties. Their data can be
accurately predicted with f/fsg 0.6 for
laminar  liquid-turbulent gas flow. Their
predicted fi/fsg are in the recommended range
in this work. The scatter of Spedding et al. data
for the smalier diameter pipe is much greater
than the large diameter.

Figures 7 and 8 show also the relation
between g against X for a turbulem liquid-
turbulent gas flow for Q= 8. 3x107 and 1.67x1
0™*.ms respectively. They show that the liquid
holdup.can be accurately predicted by assuming
fifsg = 2.0-4.0. The data shows that the
assumiption of f/fsg = 1.0 overpredicted liquid
holdup for the stratified flows.The results
correspond to those from Kawaji [10] who
predicted holdup successfully by substituting.
fiffsg = 3.0 and also from Spedding et.al.{11] by
substituting f/fsg = 4 for turbulent liquid-
turbulent gas flow into the Taitel and Dukler [8]
momemtum balance. Their predicted fi/fsg are
also in the recommended range in this work.

However, for Spedding et al. results, a
discrepancy is found between the present
recommended ratio of fiffsg and  the

experimental data at greater Lockhart Martinelli
Parameter. This is because of a change of
interfacial phenomena. The amplitude of the
water layer fluctuation increases slightly with
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Figure 4. Photographs of flow Pattemns
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air flow. Two-phase pressure drop can be
determined further by substituting b /D into
Eq. (1) or (2). In this work, the situation when
gas flow was laminar, was not considered.

5. Conclusion

This paper presents new data to predict the
liquid holdup in horizontal concurrént stratified
flow in a circular pipe. It has been
demonstrated that the liquid holdup can be
predicted by. using Taitel and Dukler
momemium balance between both phases. The
ratio of the friction factor of the gas at the
interface and the gas at the pipe wall, f; /fgg is
assumed to be constant. The constant depends
on the phase being either turbulent or laminar.
With this method a model of interfacial friction
factor is not necessary. For turbulent liquid-
turbuient gas. flows, the former assumption that
f,= fsg is shown to give a result which does
not agree with the experimental data Future
work should examine the effect of pipe
diameter. It may be also worthwhile to study in
countercurrent flow for comparison with
concurrent flow data.

Nomenclature

A Crossectional area of pipe, m?

Ag, AL  Crossectional area of gas and
liquid phase, m*
Cg, Cy. Constant in Eq.(7) and (8)
D Pipe diameter,m
Dg. DL Hydraulic diameter of gas and
liquid phase, m
fo, fL Gas-wall and liquid-wall
friction factor
f; Interfacial friction factor
fsg Superficial gas-wall friction factor
g Gravitational acceleration, m/s®
h Liquid height, m
n,m Constant in E%.("I) and (8)
P Pressure, N/m
dP/dx Two phase pressure gradient, N/m’
(dP/dx)s;  Pressure gradient of single
gas phase, N/m®
(dP/dx}s.  Pressure gradient of single
liquid phase, N/m®
Qg Volume flow rate of gas,msls
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QL Volume flow rate of liquid,m’/s

Reg Gas phase Reynolds number

Re;, Liquid phase Reynolds number

Resg Superficial gas phase
Reynolds number

Reg, Superficial liquid phase
Reynolds number

Sg Gas phase perimeter,m

S¢ Liquid phase perimeter,m

5 Interfacial width,m

Ug Average velocity of gas, m/s

Up Average velocity of liquid, m/s

Usg Superficial velocity of gas, m/s

Ugy. Superficial velocity of liquid, m/s

X Lockhart-Martinelli parameter

Greek Symbols

P Density, kg/m3

v Kinematic viscosity, m¥/s

T Shear stress, N/m?

€ Liquid hold up

Subscripts

G Gas phase

L Liquid phase

i Interface

WL Liquid-wall

WG Gas-wall

SG Superficial gas

SL Superficial liquid

Superscripts

~ dimensionless term
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FLOW REGIME MAPS FOR THE DEVELOPING STEADY
GAS-LIQUID TWO-PHASE FLOW IN A HORIZONTAL PIPE
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Bangkok 10140, Thailand

ABSTRACT

Visual obscrvations of flow paticrns for the developing steady air-water lwo phasc
flow wcere obtained in a 54 mun diameter test scction with 10 m. long. A flow
recgime map for the developing two phasc flow was developed in the form of two
dimensional graph which was scparated into arca corresponding lo various flow
patterns. The prescat flow regite map was comparcd with those of other rescarchers.
The map will be useful for predicting the Mow palterns at given conditions and will
be a basis to derive the flow regime maps for the transienl conditions.

INTRODUCTION
’

Two-phasc pas-liquid flow in horizontal pipe lines has become of greater concern
in a wide varictly of engincering cquipment and process. This type of flow has been
cncountcred cxiensively in an increasing number of important situations for cxample
in gas-oil pipelines, boiler. chemical and nuclear reactors cle. 1t is not possible to
understand the two-phasc (low phenomena without g clcar understanding of the
flow paticrns cacountered. 1t is to be cxpected (hat Lwo-phase pressurc drop. holdup.
system stability, exchange rales of momcnium |, heil and mass will be infllucnced by
the flow pattern which cxists. The ability to predict the (ype of flow accuraicly is
necessary before the relevant calculation tcchniques will be developed.

The steady two phasc Now can be divided into a fully developed flow and a developing
flow. A fully developed Row results when the velocity profiic cecascs Lo change in
the flow direction. Many studics have been carricd out to perform the flow regime
maps in horizoatal pipes, mostly for fully developed Mow. Alves' suggesied a map
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bascd on data for air-water and air-oil mixturcs utitizing the superficial liquid and
gas velocitics as the coordinates. The test scetion uscd in his investigation consisted
of four 18-foot passes of 1.042 inch pipc connccled by upward flow rcturn bends.,
The flow pattcros were obscrved through 18-inch leagths of glass pipe located al
the beginning of the first and second passes and at the cnd of the first and lourth
passcs. Baker? proposed 2 flow pattern map based on the data of several rescarchers.
Most of these data arc for the air-watcr sysicm. Baker plotied G/l versus Lly/G,
which is cquivalent to gas mass velocity, G, versus ratio of liquid to gas vclocity,
L/G. Here, 1 and y arc Muid property correclion factors and arc defined as:
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which r, s and m represent densily, surface tension aad viscosity respectively. The
subscripts G and L represent the gas and Jiguid phiises, and the subscripts A and W
represent the values for air and water al atmosphcric conditions (lypical 20 °C and.
atmospheric pressute). The Baker map is still widely used and is presenled for
rcference purposcs.

Hoogendorn' fuvestigated flow paticrns in smootls 25 mcler long test scctions which
had diamcters of 15, 24, 50, 91 and 140 mam. The liquids uscd were water, spindle
oil, pas-oil, and frcon-11. Air and frcon vapors were the gascs used. Gas pressurc
ranged between 1 and 3 atm and operating temperature was 28 °C. He used the
mixture velocity and the input gas volume fraction as coordinales.

Morc data on flow patlcras in horizontal flow have shown that the original map is
deficient in representing the clfecls of various svstem paramcters. These subjects
have led to the development of a number of alicraative flow maps: for example
those produccd by Mandhanc et al.* whiclh is probably the most successful. [t is,
however, impossible to represent all the appropriate {ransitions in terms of a single
sct of paramcter, This has been recopnized by a wwmber of authors and devcloped
later by Taite! and Dukler’, Weisman ct al., Barucy’, Lin ct al.*, Spedding ¢t al”
have proved successful in predicting a fairly wide range of system condilions.
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Flow regime maps for developing stcady flows have reccived comparatively very
little attention in the litcrature. The carlicst work was performed by Sakaguchi ct
al."™" who investigated the developing steady -state and transient behavior of air-
walcr two-phasc flow in horizental tubes. The experiment was carricd out in the
diffcrent test scctions. It was found that the flow pattern transitions occur at lower
flow rates (both liquid and gas flow rates) in transient condition than in steady
condition. Wong cl. al.”? sludicd thc Iow patterns transition in two-phase gas
liquid flow and proposcd a sct of standardiscd low pattern terminology through
cxperimental obscrvation. '

In the present study, the main concera is to clarify the characleristics of the fllow
patterns and perform the flow regime maps for the developing sicady flow.

EXPERIMENTAL APPARATUS AND METHOD

A schematic diagram of the test lacility s given in Fig 1. Air and water were uscd
as the working fluids. The main components of the system consisted of the test

2m 2m  2m o 2m  2m | Mixing Section
I | I I I |
+ k 1 ) 1 L 1 —
Tes! Section
Reservior Waler Flow
0 drain A—ob——[ Air Flow
th  Gale Valve ) Woaler Fiow
¢ Globe Valve ump Air Flow
M Fiter - Air Flow

— m th

Orifice

Figure 1. Schematic diagram of experimental apparatus
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scelion, air supply, water supply. A horizontal test section, with an inside diameler
of 54 mm and length of 10 m were made of transparent acrylic glass lo permit
visual observation of the flow patterns, The connectivns of the piping systems were
desipgned such that parts could be chanped very casily. Water ‘was pumped from the
storage lank through the rotamceter lo the waler inlet scction. Air was supplicd to
the test section through an air inlet scction which was constructed of a lot of small
diameter tubes with 4 mm. inside diameter (Fig, 2) to maintain a uniform Mow.
Both the air and waler sireams were brought together in a mixer and then pussed
through the test section cocurrently The inlet flow yatc of air was mcasurcd by
mcans of a round-lype orifice and that of water.was mcasured by three scts of
rolamelers, Experiments were conducied with various Mow rales of air and waler (o
perform the Now regime maps for the developing sicady Nows. The air flow rate was
increased by small incremenis while (he water flow rale was kepl conslamd at
prescliceted value. Aller cach change in inlet air flow rate, both the air and water

Mow rates were recorded. The process of cach {Tow patiern formaltions were delecled”

in detail by visual observation. video rccorder and hipgh speed camera.

I \,

l 910 mm
|
i

Waler
1300 mm

Seclion A-A

Fipure 2. Schematic dingram of mixing seclion
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RESULTS AND DISCUSSION

Visual obscrvation shows thal different Mow palicrns may occur with gas-liquid
cocurrent [tow in horizontal pipes. The typical photographs of flow palterns in
accordance wilh resulls obtained between 2 to 4 nu [tom the outlet ol the test
scction are shown in Fig.3 . Dcscription of cach flow patterns arc defined as foilow:

a. Stralificd {low:
The water flows in the lower part of the pipe and the air Mows over il with a
smooth interfiice between both phases (Fig. 3a).

b. Two-dimensional wavy flow:

Similar o steatificd Mow except for a wavy intefice. Due Lo a velocity differeace
between the  two phascs, {wo-dimensional stcady waves occur and move willh a
relatively regular pilch (Fig. 3b). ’

c. Three-dimcnsional wavy flow:

In a  higher air flow rate, witer surfuce ae stronger disturbed and three-
dimensional waves which have small irrepular ripples on the fundamental waves
vccur. There is stitl no bubbles in the water pluse (Fig. 3c).

d. Violent wavy flow:
The interface is violently disturbed by the air strcam. This Mow paltern occurs
al a refatively very high air flow rate (Fig. 3d.).

¢. Plug Mow

This flow patlcrn occurs at a rcfatively lower air flow ratc but higher water
Aow rate. Air moves along the upperside of the pipe. without any shearing of waler
[rom wave crest. The inlerfice is smooth aud no bubbles urc contained in a water
plug (Fig. 3u).

f. Shug flow:

At a certain air flow rite. the aic-waler interface bucame more wavy and uastabic.
Wave with higher amplitude grow up and blocks the wholce pipe scction and is then
pushed strongly by the air with very high velocity. Waitcer slugs conlain some small
bubbles and occasionally pass through the pipe with a higher velocity than the bulk
of the water (Fig, 30.

g. Pscudo slug flow:
An initixl formation of pscudo slug is similir to that of slug Oow. Higher
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Figure 3. Typical photographs of flow paticrns
a. Stratified flow: c. Vlug flow:
b. Two-dimensional wavy llow: . Slug flow:
¢. Fhree-dimensional wavy flow: g. I'scudo slug flow
d. Vielent wavy flow:
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amplitudes of waves decrcase he flow path. Air with higher velocities ncar the
crest wave lead to the blowing up of the wave crests, which Jater break up inte
droplels and splash up (Fig. 3p).

h. Pscudo slup + annular fow:
An information of the pscudo stug + annular flow is similar to that of the
pscudo stug Row, excepl some waler appears on the aaner pipe wall as a thin film,

It is quite difficult to scc the thin film of water in the pscudo slug + annular fow
from he photopraph. 11 is, thercfore, not shown in the Ggure. The definitions of
two and three dimensional wavy flows and the violeut wavy [low have been also
proposcd by Sakaguchi cl. al.'®".

The wsual mcthod in the presentlation of ow paticra data is to classify the {low
paltcen by visual obscrvation and plot the data as o flow reglime map in lerns of
system paramelcrs. Paramcters that arc commonly used arc the phase superficial
velocitics. A Now regime map obtained in the prescnt study for pipe diameler 54
mm is presented in Fig. 4. The subscripts L and G refer to the water and air
respectively, the subscript o dcsignalcs “superficial™ or the situation where the
designated phasc flows alonc in the pipc. Both superticial velocilics, V,, and V
reler to average ambicnt conditions (1.013 bar, 307C). The flow regime map is
valid in the range of 0.5 to 7 nvs for V and 0.02 10 0.26 m/s for V. The cross
hatched arca represemt the regions in which the trassition from one Mow lo another
occurs. The presenl Now regime map is also compared with that of Sakaguchi ct.
al.” for pipe diamcler 30 mm.(Fig. 5). Some experimental resulls-agree quatitatively.
Somc part of (he transition lincs between the stralified and the wavy flow, and the
wavy and the slug flow, and the plug and the sluy Mow agree with Sakaguchi’s
boundary. The plug Now region is larger whilc the sIug flow region is smaller than
those from Sakaguchi’s map. In the preseat map, the 1egion of the pscudo slug Mow
is largest.  The present regime map is also comparcd with that of Wong et al. ' (or
pipc diamcter 25.4 mm. and shown in Fig. 6. The Jista points from Wong cl. al."?
arc taken from a log-log flow rcgime map, thus cause of some uncertaintics. The
transition linc between plug and slug flows paticrns agree very good with that
between plup and plug-stug flows in Wong's wap. The causc of shilt of boundary is
duc to Wong ct. al.” demarcaied the region between plug and slug flows in three
regions; plug, plug-slug, and slug fow, The stratilicd flow and region of pscudo
slug fow is smaller than that of Wonp cl. al."2. The region of pscudo slug from
both are very good agree qualitatively. Violent wavy Mow region cover the region
of roll wave in Woug’s map. The discrepancics fron conyxirsous with other investigations
depead mainly on the identification of flow paltern according to their definitions.
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peomwtrics of pipe and the conditions of inlet and vutlel sections (sce Bendiksen ct,
al.”). Howcver, the results agree qualitatively, in peneral.

CONCLUSION

This paper presents new data to clarify the Mow patterns of developing stcady {low.
Air flow is slowly increascd while the waler flow is fixed. The fAow phenomena
which are stratificd, two-dimensional wavy, Ihree-dimensional wavy, violcat wavy |
plug, slug, pscudo slug and pscudo slug + annular flows arc obscrved and recorded
by high spced camcera. The flow regime maps have been presented as functions of
the superficial velocily of buth phases and are compared with other fow regime
waps. These maps are wsclul to predict the flow pattern for developing [low at
stecady conditions in various fMow systems and can be uscd as the basis information
to perform the transient flow regime maps. The resulls will be very important for
the further development Lo analyse the behavior of flow inslability in a two phasc
flow sysicm for cxample the burnoul phenomena in oscillating flow , initiation of

waler hanuner in horizontal pipes duce to increasing condensation heat transfer and
' stcam velocily caused by a local chunge ol heat transler Lo the system.
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