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PREFACE

Multi-phase flow with and without heat transfer has proved to be a true interdiscipli-
nary science of paramount importance in industrial application such as power, refriger-
ation, process, petroleum, and environmental technologies. In general, any economical
and ecological industrial development will benefit from improvements of understanding
and proper utilization of multi-phase flow phenomena.

The first German-Japanese Symposium on Multi-phase Flow has been organized to
provide a forum for experts of the two highly industrialized countries to discuss recent
experimental and theoretical investigations and to exchange informations and opinions
about further developments and research requirements in this wide field of engineering
application of ever growing importance. Moreover, the meeting is intended to renew and
to initiate personal contacts among the participants of both countries which in turn may
form a basis for future co-operations or even research agreements. The 44 invited con-
tributions to the symposium mainly focus on the measuring, understanding, and modeling
of phenomena in gas-liquid two-phase flow and gas-liquid-solid three-phase flow. In par-
ticular the following aspects are addressed: Fundamental experiments in two-phase flow,
instrumentation and measuring technique in two-phase flow, boiling and critical heat flux,
stability of two-phase flow, condensation and evaporation phenomena, two-phase flow in
pumps and cavitation, muiti-component and three-phase flow, multi-phase flow modeling,
and multi-phase flow in light water reactors. Actually, the sessions of the symposium are
arranged under these topics within the proceedings.

Mr. Klaus Rust took all the responsibility for the technical organization of the meeting
program and the handling of the papers to produce the proceedings. He did it do with
scientific competence and enthusiasm. Mrs. Doris Kéhler arranged lecture rooms and
accommodations for the participants and organized special events such as technical and
sightseeing tours as well as the social program. It is our particular desire to thank both
of them for their invaluable help.

The conference fee could be kept at a modest level due to the generous financial
funding provided by the Kernforschungszentrum Karlsruhe (KfK) which we gratefully ac-
knowledge. The Japan Society for the Promotion of Science (JSPS) and the Deutsche
Forschungsgemeinschaft (DFG) provided financial support for some research work re-
ported in the proceedings and co-sponsored this meeting by reimbursing the travel ex-
penses of several participants. This assistance is also appreciated.

Karlsruhe, August 22nd, 1994

Ulrich Miller Takamoto Saito
Kernforschungszentrum Karlsruhe The University of Tokyo







PROCEEDING INFORMATION

The Proceedings of the German-Japanese Symposium on Multi-Phase Flow consist
of two Volumes. The Report KfK 5389, August 1994, entitled

Proceedings of the German-Japanese Symposium on Multi-phase Flow

Karlsruhe, Germany, August, 23 - 25, 1994

and compiled by U. Muller (Kernforschungszentrum Karlsruhe, Germany), T. Saito (The
University of Tokyo, Japan), and K. Rust {(Kernforschungszentrum Karlsruhe, Germany)
includes the majority of the contributions to the Sessions on

- Fundamental Experiments on Two-phase Flow,

- Instrumentation and Measuring Techniques in Two-phase Flow,
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- Stability on Two-phase Flow,

- Condensation and Evaporation Phenomena,
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- Muliti-phase Flow Modeling,

- Multi-phase Flow in Light Water Reactors

and consists of a total of 574 pages.

The present Supp/ementary Report KfK 5411, November 1994, entitled

Proceedings of the German-Japanese Symposium on Multi-phase Flow
Karlsruhe, Germany, August, 23 - 25, 1994
- Supplement -

and compiled by U. Miller (Kernforschungszentrum Karlsruhe, Germany), T. Saito (The
University of Tokyo, Japan), and K. Rust (Kernforschungszentrum Karlsruhe, Germany) is
for those papers which were not received due to an unfavourable circumstance (go-slow
of the German postal service) before the first Volume was compiled. Therefore, the edi-
tors of the Symposium Proceedings appreciate the patience of the affected authors and
the participants of the Symposium with regard to the delayed publication of the remaining
papers included in this second Volume. '

Karlsruhe, November 1994

Klaus Rust
Kernforschungszentrum Karlsruhe
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INTRODUCTION INTO MULTI-PHASE FLOW STUDIES
AND ACTIVITIES IN GERMANY

D. Mewes

Universitadt Hannover
Institut fir Verfahrenstechnik
Callinstr. 36, D-30167 Hannover

ABSTRACT

Multi-phase flow is the most common flow in nature. Many activities in basic re-
search, product development, project engineering and production are concentra-
ted on the different types of multi-phase flow. This paper gives a survey of recent
activities which are handled by German universities, research centers and labo-
ratories of industry related to many different products. In the first part of this
paper the research programs which address certain phenomena are described in
detail. Many results of different projects are related to fundamental types of
multi-phase flow, like fluidized beds, gas-liquid flow in packings, and others. In
the second part, special types of flow phenomena are selected in order to give a
structured survey of the research activities. In the third part the research activi-
ties are listed by the different technologies which are required for in order to im-
prove the manufacturing processes for a wide variety of products.

1. INTRODUCTION

Multi-phase flow is characterized by the interfacial area between either two fluid
phases or one fluid phase (liquid or gas) and one particulate solid phase. Across
the interfacial area of all multi-phase systems momentum, thermal energy and
mass may be transfered resulting in different kinds of flow phenomena. There is
a very wide variety of multi-phase flows which can be recognized when
teaching, research as well as process and product development are considered.

2. EDUCATIONAL ACTIVITIES AT GERMAN UNIVERSITIES AND IN CHEMICAL
ENGINEERING SOCIETIES

When the concept of education in chemical and process engineering left the
classical "unit operations” about 30 years ago it turned towards a few funda-
mental subjects. These are i.e. heat and mass-transfer, multi-phase flow, particle

-technology, rheology, stage separation-processes-and-some more. Since-that—

time "multi-phase flow" is tought as a main subject within the curiculum of
chemical engineering at many technical universities [1]. The main guidelines for
lectures in multi-phase flow where given in German language by Brauer [2, 3 ].
He was also the first who took the initiative to bring up a working group for
"multi-phase flow" within the German Chemical Engineering Society (GVC)




which is part of the "Verein Deutscher Ingenieure” (VDI). In the working group
specialists from many industries and universities, working in the area of multi-
phase flow, meet every year in order to discuss the results of research projects
and the progress in running experimental and theoretical efforts in this field.

3. RESEARCH PROGRAMS

Several research programs are supported by different goverment organizations in
order to encurage experimental and theoretical developments in the broad area of
multi-phase flow phenomena by financial grants. The programs are related to
fundamentals as well as different technologies.

The "Deutsche Forschungsgemeinschaft” (DFG) is financially supported by the
German Minister of Education and Science and gives financial assistance to many
projects. There are projects within the individual grants program, a few collabo-
rative research centers, some research units and two priority programs which are
thematically located in basic studies of multi-phase flows. The different topics
organized in collaborative research centers are [4]

- energy and mass transport in aerosols (University of Duisburg)

- heterogeneous systems at elevated pressures (University of Erlangen)

- process related measurement techniques and the development of
dynamic modells for multi-phase flow systems (University of Hamburg-
Harburg)

- automatic fabrication systems under water (University of Hannover).

There is also one research unit with projects on

- methods for simulation and calculation of instationary chemical processes

(University of Stuttgart)
and two priority programs with projects on

- transient multi-phase flow systems with one or more components,

- transport processes across the interface of gas-liquid and liquid-liquid
systems.

The "Arbeitsgemeinschaft Industrieller Forschungsvereinigungen™ (AlF) is finan-
cially supported by the German Minister of Economics. It gives financial
assistance to joint-projects of the middle-sized industry and different research
institutions. The coordination of the projects is handled by product and techno-
logy orientated societies, i.e.

- Gesellschaft fur Verfahrenstechnik (GVT)

- Deutsche Gesellschaft fir Chemisches Apparatewesen (DECHEMA)

- Verein Deutscher Maschinen- und Apparatehersteller (VDMA).

The GVT has some priority programs supportmg multi-phase flow technolgies [5]
---gxtraction-and-crystallization,- i B,
- precipitation from gas flows,
- solid-liquid separation.

The DECHEMA supports programms which involve heterogeneous and homoge-
neous chemical reactions as well, like




- reaction engineering and multi-phase flow systems.

The VDMA coordinates a lot of projects with topics in
- multi-phase flow in rotating mashinery.

The Minister of Research and Technolgy (BMFT) gives his strongest financial
support to main research centers and to industry. Only a few basic technologies
for which multi-phase flows are fundamental are financially supported. These are
i.e.

- research for safety in chemical processes and technologies, coordinated
by Verein Deutscher Ingenieure (VDI) [6].

- long distance transport of multi-phase mixtures from crude-oil, water, gas
and particles along pipelines, coordinated by Forschungszentrum
Geesthacht (GKSS)

- nuclear reactor safety research programm on the thermal-hydraulic
response of the pressure water reactor primary coolant system to loss-of-
coolant accidents, coordinated by Gesellschaft fur Reaktorsicherheit
(GRS) [7].

The "Volkswagenstiftung”" (VW) financially supports within one of its priority
programs basic theoretical research in multi-phase flow. This program is named
[8]
- simulation of static and dynamics transport phenomena in complicated
technical production processes.

Many projects in this program are dealing with multi-phase flows in special desi
gned equipment of production process. The results are leading towards better
simulation and numerical prediction of process parameters during normal pro-
duction and during instationary situations.

4. TOPICS OF RESEARCH AND MAIN ACTIVITIES

The results of the many different projects in research and development are con-
tinously increasing our basic knowledge in physics, fluid flow, chemical and
process engineering as well as equipment design. In order to summarize the la-
test results and to give an idea of running developments, a survey of the latest
publications from the main German research teams and active institutions at the
universities and in research centers was made. The results are given in two ta-
bles. One is grouped according to the fundamentals of multi-phase flow and the
different methods of research in this field. The second is centered on the diffe-
rent technologies that handle multi-phase flow systems for production.




5. FUNDAMENTALS IN MUTLI-PHASE FLOW

In Table 1 the topics of research are grouped by fundamental flow phenomena.
The different research groups and their special field of interests are listed. The

different subjects are

- multi-phase pumping and transport

- flow phenomena and pressure loss in pipes and tube bundies
- measurement techniques

- bubbles and swarms of bubbles

- gas-liquid reactors of different types

- droplets and sprays

- coalescence and foams

- solid particle techniques

- packed and fluidized beds

- particle precipitation from gases and liquids
- heat transfer in multi-phase flow

- mass transfer and interfacial phenomena.

6. TECHNOLOGIES WITH MULTI-PHASE FLOW

In Table 2 the topics of research are derived from technologies which are in the
stage of rapid development at the moment. Basic research and applied research
are strongly coordinated with industrial application. Some topics are:

- bioengineering

- enviromental techniques

- recycling and waste treatment

- safety techniques for chemical plants

- safety techniques for nuclear reactors

- food processing techniques

- fine particle technology and new materials




Table 1:

Research focused on basic phanomena

Multiphase transport:

Research group Citations, see references |Subject

Mayinger [65] Multiphase pumps
Kecke [62] -

Kleinert [72] - "

Grabow [47] ="

Mewes [84, 85] Flow through pipelines
Mewes [36] Formation of hydrates
Ulrich [43] Freezing in pipe flow
Mewes [86] Under water welding
Development of measuring devices:

Research group

Citations, see references

Subject

Schubert [99] Fraunhofer diffraction

Durst ' [9, 93] Phase doppler

Bauckhage [14] -

Vogeipohl [42] Photoelectric probe

Mewes [45] Refraction at droplets

Mewes [37] Holography

Mayinger [76] -" -

Blass [20] - " -

Bubbly flows:

Research group Citations, see references |Subjects

Sommerfeid (18] Mass transfer at single
bubbles

Vogelpohl [35, 75] Gas distributor

Scﬁumpe, Deckwer [32, 34, 101] Bubble column

Eigenberger [16] -"-

Hofmann [50, 67] - "

Mewes [81] - -

Hempel [57, 63] Airlift reactor

Libbert, Schigerl [10] - "

Blass [21] Bubble wake

Mersmann [78] State of the art for G/L

reactors

Heat transfer in multiphase flows:

Research group

Citations, see references

Subject

Schilinder [90, 97] Evaporation
Cémpmbnmrm [IR?R B4 Q8 1041 Fraa ranuvartinn
\JLG}JHQII LWy Wiy Wy Ty FTIooe OUIvoouTtivnt
Bohnet [24] Stirred tank
Molerus - [30] Fluidized bed
Weinspach [105] Direct condensation




Other Gas-Liquid reactors:

Research group

Citations, see references

Subject

Hempel [41] Inverse internal loop airlift

Stephan [66] Impinging jet absorber

Vogelpohl [40] Impinging-stream loop
reactor

Deckwer [33] Stirred tank

Hempel [64] -"-

Mersmann [31] - -

Mewes [80] Tube bundles

Mewes [56] Film drying

Durst [74] Droplet flow

Bauckhage [13, 15] Spray

Mersmann [39] Foam breaking

Liquid-liquid flows:

Research group Citations, see references |Subjects

Blass [19] Extraction column

Vogelpohl [61] - -

Mewes [28] Coupling of mass and
momentum transfer

Blass [96] Coalescence

Multiphase flows involving solid particles

Research group Citations, see references |Subjects

Werther [59, 60] Fluidized bed

Molerus [89] -"-

Bohnet [23] -

Schlander [55] Packed bed

Mersmann [26, 27] -"-

Reh [69, 94] - -

Hofmann [68] Trickle bed

Molerus [44] Pneumatic transport

Bohnet [25] Hydrocyclone

Mayinger [46] Venturi tube

Mersmann [79] Cristallisation

Schwedes [102, 103] Particle beds

Sommerfeld [11, 93] Swirling flows

Bauckhage [38] Drag and lift force on a
single sphere

Rabiger [62] Influence of particles on
turbulence

Weinspach [106] Three-phase jet reactor




Table 2;

—_—7

Research focused on production processes

Bioengenering and food processing technology:

Research group

Citations, see references

Subjects

Schubert [92] Mechanical disintegration
of MO

Schubert [70] Bioproduction

Schugeri [22] -"-

Rabiger (29, 91] - -

Mersmann [49] =" -

Mewes [87] -

Schubert [12] Production of emulsions

Schubert (2] Jet agglomeration

Schubert (98] Food processing

Safety technology:

Research group

itations, see references

Mewes [82] Safety in storage tanks
Mewes [58] Safety in chemical plants
Mayinger [73, 77] -

Mewes [83] Safety in nuclear plants
Reh [95] Waste treatment
Weinspach [107] Safety in chemical plants
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INTRODUCTION OF MULTI-PHASE FLOW RESEARCH TREND IN JAPAN
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7-3-1, Hongo, Bunkyo-ku, Tokyo

ABSTRACT

The research trend concerning multi-phase flow in Japanese universities is summarized, mainly based
on the activities of the participants in this symposium and the recent national meetings.

1. Societies

Multi-phase flow is one of the most fundamental phenomena that prevails in several engineering fields.
About 35 years ago in Japan the multi-phase flow was discussed separately among societies of me-
chanical engineering (JSME), chemical engineering, civil engineering, and so on. In 1960, the former
organization of the present Heat Transfer Society of Japan was organized, covering experts of mechan-
ical engineering, and chemical engineering. The Japan Society of Multi-phase Flow was founded in
1987, which extends to mechanical engineering, chemical engineering, and civil engineering. On the
other hand, the societies of specialized engineers continue their activities, like Japanese Association
of Refrigeration (JAR), and Atomic Energy Society of Japan. Each society of several field holds its
own national meeting.

The Japan Society of Multi-phase Flow has a national meeting every summer and international meet-
ing every 3 or 4 years. Last year’s National Meeting included the following sessions.
Fluidized bed

Partials behavior

Annular Flow

Liquid Film Flow

Flow characteristics(Gas-Liquid, Solid-Liquid, Gas-liquid-Solid)

Bubble Behavior

Generation of liquid particles, and modeling of bubbles

Two phase flow with heat transfer

Measurement

The Heat Transfer Society of Japan holds a national symposium every early summer. For example,
1994 meeting had following sessions relating with multi-Phase flow.

Boiling

Critical heat flux

Bubble and liquid film

Two-phase flow

Heat pipe

Evaporation
Condensation

Melting and solidification
Heat storage

Flooding




Visualization of multi-phase flow
Heat pump

Absorption machine

Direct heat exchange

The first Japan-U.S. Seminar was held in 1979 in Japan. The 4th U.S.-Japan Seminar on Two Phase
Flow Dynamics was held in 1992. Japanese participants mainly belong to mechanical engineering field.
Most of them join in this German-Japan seminar. Recent investigation trend in Japanese universities
are summarized as follows, referring to the activities of this Seminar participants. The works concerned
with nuclear technology are separately explained in this seminar.

2. Fundamental Measurement

Flow rate, void fraction, etc. are fundamental parameters in multi-phase flow, and their measurement
method is still investigated for higher accuracy.

As an example mass flow rate, volumetric flow rate, and volumetric flow ratio of air to whole mixture
are studied by measuring running speed of turbine rotor and pressure drop across the meter, which is
placed just after a homogenizer for two-phase mixtures. [1]

Statistical characteristics are recently gathering much attention.

In order to indicate flow patterns quantitatively NMR imaging method has been applied for two phase
flow. Phase distributions and velocity fields for horizontal gas-liquid flow and for flow around a rising
bubble in stagnant liquid were visualized. [2][3]

Variation measurements of void fraction are also tested by high speed X-ray CT method.

Void fraction distribution around a body for bubbly flow and churn flow in a quasi-two-dimensional
air-water flow were measured by using image processing. Turbulent diffusivity of both gas and lig-
uid phases were determined from tracer concentration distribution measured by sampling and image
processing. [4][5]

3. Dispersed Flow

In several flow patterns a number of studies are especially concerned with dispersed flow, and brought
about a development of measurement method.

A theory of phase Doppler velocimetry was developed on geometical optics for simultaneous measure-
ments of size and velocity of large parictes. Reflected light of zeroth order and reflected light of 1st
order from a transparent sphere were used for me, and were applied for the measurements of bubbly
flows of air-glycerol solution and water spray jets. [6][7]

Flow mechanism of dispersed (bubbles) two phase flow was investigated.

Turbulence intensity distribution of main flow velocity depends on phase distribution. Size of bubbles
is effective on the phase distribution on the cross-section of a riser of I.D. 28mm. Coring bubble flow
involves large bubbles (d > 8mm), uniform flow does small bubbles (d > 1mm), and sliding bubble
flow does middle bubbles. [8][9]

‘The behavior of individual bubble is also an interesting item.

As tor unsteady motion of deformed bubble rising through liquid, 1t 1s kKnown Irom the experimental
observation, that the rising bubble starts showing the unsteady spiral motion over a certain Reynolds
and Weber number. The numerical method to solve the unsteady three dimensional flow with free
surface is developed to investigate this phenomena. The physical component of the contravariant ve-
locity is used to stabilize the solution with the special iteration technique of the boundary condition.




The numerical result shows that three dimensional deformation of a rising bubble is caused by the
asymmetric separation behind the bubble which is developed after the axisymmetric unsteady motion.
[10]

Flow structure in bubble plume with free surface in a tank also attracts attention. Behavior of bubble
plume depends drastically on the bubble size. In a rectangular tank, unstable liquid circulation causes
in case of larger bubble, Meandering path and breaking up of the plume are simulated in case of
smaller bubble. [11][12]

Sonic velocity in two phase flow, and shock wave generation called attention, relating with critical
flow rate, and explosion in liquid phase.

Propagation of shock waves in liquid containing gas bubbles is studied numerically and experimentally.
The radial motion of bubbles, which is affected by thermal conduction through the bubble wall, has
a significant influence on the time evolution of the shock wave and the relaxation structure behind
the wave. The translational relative motion between the bubbles and the liquid plays a minor role in
the wave propagation processes. The nondimensional thermal diffusivity, which is proportional to the
thermal diffusivity of the gas phase and in inverse proportion to the initial bubble radius, and spatial
distribution of the bubbles Mach number are the parameters which can be correlated well with the
wave propagation process. [13][14]

Liquid-solid (particles) two-phase flow, shows another behavior.

The characteristics for particle density almost equal to liquid density are investigated. The pressure
drop is smaller than that of the water single phase flow under the high velocity and larger particle size
conditions. The effect of mixing particles is remarkable with the particle size and the water velocity.
The reduction of pressure drop, appears under the uniform distribution of particles. [15]

4, Interface and Wave

The interface between gas and liquid is not always stable as indicated by Kalvin-Helmholtz instability,
and Taylor instability. Researchees on slug flow transition in a horizontal tube, and flooding in a
vertical tube still continue, related with dynamic wave, and continuity wave or void wave. Turbulence
characteristics around the interface are measured, and revised k — ¢ models are applied to separate
flow, considering how to introduce the wave effect.

Characteristics and behavior of interfacial wave on liquid film in annular flow are investigated by
visualizing the whole wave patterns in wide area using a pigment luminance method. Ripple, ring and
disturbance waves were distinguished, and the existence domain of ring wave was identified on the
flow map. [16][17]

In gas-liquid two-phase flow, mass, momentum, energy and turbulence quantities are transferred
through gas-liquid interface. Therefore, knowledge of interfacial area concentration (interfacial area
per unit volume) is indispensable in accurate analyses of two-phase flow. Interfacial turbulence transfer
terms were modeled and constitutive equations for turbulence generation and absorption terms were
derived. Based on basic and constitutive equation, distributions of averaged and turbulence velocities
were predicted and turbulence suppression and augmentation phenomena observed in experiments
were explained, including bubbly flow. [18][19]

Measurements of interfacial area concentration were tried by Two-sensor method, four-sensor method

and correlative method using electrical resistivity probe were proposed based on detailed analysis of
gas-liquid interface behavior. [20][21]

The effect of hydrodynamic non-equilibrium on the behavior of disturbance waves is studied through
film thickness measurements in a steam-water system as well as flow visualization in a Freon-113
system. The decaying process of non-equilibrium was examined in a non-heated section interaction of
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disturbance wave with dryout is demonstrated. [22][23]

5. Channels and Instability

In flow channels of boilers, or nuclear reactors, some flow instability phenomena were sometimes ex-
perienced like Ledineg instabilitly, density wave, oscillation, geysering, and so on. Their mechanisms
have been mostly recognized, but oscillations are investigated with respect to their influence on boiling
heat transfer etc. Chaos models are applied to the advanced simulation of instability.

Flow redistribution of both air and water along axis in a vertical channel consisting of two intercon-
nected subchannels was investigated. Data were analyzed by taking account of the effects of void drift
and turbulent mixing between subchannels; that is, incorporating both the void settling model of La-
hey et al. and a term similar to that in the COBRA code in momentum equation. Flow redistribution
can be explained with suitable void diffusion coefficient. [24][25]

A study for heat transfer and flow characteristics of cryogenic fluids has been conducted using natu-
ral circulation loop of liquid nitrogen. Boiling heat transfer, flow pattern transition prediction, flow
instability, i.e. density wave oscillation and the decrease of critical heat flux under oscillatory flow
condition are investigated. The relationship between premature dry out and flow oscillation is investi-
gated. Increasing the flow amplitude and /or the decreasing oscillation frequency, the critical heat flux
reduces significantly. The reduction of CHF has a lower limit depending on the oscillation frequency.
Numerical simulation based on the lumped-parameter model shows good agreement with experimental
results of the reduction of CHF. [26][27]

Characteristics of flow oscillation in density wave instabilities are investigated by means of deter-
minstic manner based on chaotic dynamics. Given the mass flux, the dimension of the attractor in
the unstable region decreases with the heat flux, which means that the randomness of the dynamics
gradually attenuates with departure from the marginal stability boundary and the structure of the
attract. [28][29]

For instability in an evaporating tube a modified IMF method was employed as the numerical scheme.
One of the most important results is that the accuracy of the simulation should be added to the
criteria for time/space mesh size as well as the numerical stability. According to the criteria, much
finer time/space mesh is required than that in the usual practice. Simulation power of the TRAC
code for unstable flow in an evaporating tube was checked and occurrence of spurious flow pulses due
to switching of the constitutive equations according to the flow regime was formed out. [30][31]

6. Boiling and CHF related Phenomena

Researches on boiling heat transfer have long been conducted. A number of phenomena, such as DNB
point, film boiling, and transcendential phenomena between nuclear boiling and film boiling have been
attacked from viewpoint of CHF.

As for forced convection film boiling heat transfer on a horizontal cylinder in cross flow, the factors
which make theoretical predicts much lower than experimental data are investigated. Back side heat
transfer, local one at stagnation point are compared. Models for uniform wall temperature, and uni-
form wall heat flux are discussed. Heat conduction within a heater should be considered. Critical heat
flux at high pressure and high mass flow rate cannot be correlated well. The influences of low inlet

enthalpy, and tube surface roughness are discussed. Upstream critical heat flux is higher than the one
predicted to occur at an exit. The upstream region where wall temperature rises in post unitical state
becomes wider with heat flux increase. [32][33]

Critical heat flux of subcooled flow boiling under non-uniform heating condition in a channel with
interval twisted tape is investigated. The reason why the CHF with twisted tape became higher than




that under uniform heating condition at the same average qualities was explained with alternate de-
velopment and disruption of the bubble boundary layer. [34][35]

In order to make clear the mechanism to cause dry out of liquid film and the resulting critical situation
near tube-supporting plate in a steam generator or near spacers supporting nuclear fuel rods, thermo-
and fluid-dynamic behaviors of two-phase flow near flow obstruction were investigated. Film thinning
occurs near a plate but the entrainment is not necessarily augmented by the existence of a plate. Near
a simulated space downward flow occurs on a vertical inner heating tube of a double-tubes, although
instantaneously, even in annular flow, which causes dry out and critical situation there. Generation
mechanism of viscous wave, and disturbance wave, and its role in liquid film breakdown, and on liquid
film formation, respectively are discussed. [36][37]

o Boiling in narrow or micro-channel

o Electric field effects

o Heat transfer under micro-gravitation

o Boiling on micro heat transfer area

o Liquid film thickness and CHF

o Local heat transfer at bubble generation

o Temperature vriation of heat transfer surface

7. Condensation and Absorption

Transient nonequilibrium two-phase flow has been studied which is occurred in a subcooled liquid
channel accompanied with condensation of vapor phase superheated locally, or in which steam flow
leaked from a defect is condensed in porous insulator and narrow gap channel surrounding a piping.
Vapor bubbles in lightly subcooled flow which are rapidly generated by transient boiling are condensed,
reduce their volume and finally disappear, of which thermal and hydrodynamic processes have been
measured distinctly by developed computer image processing technique. Fundamental experiments
has been performed in order to clarify the thermalhydrodynamics and heat transfer of condensed
steam flow in porous material and its surrounding narrow gap. [38][39]

As for greenhouse problem, in order to reduce the amount of CO2 diffusing into the environment the
enhancement of CO2 absorption into a falling film by inducing surface waves and adding carbonic salt
is investigated. Without using any external vibrator, waves with a 20 to 40 Hz frequency component
were still observed, but only in lower part of the column. Applying vibration to the water film, waves
matching the same frequency were observed even at upper part of the column. The product between
frequency and amplitude of the surface wave corresponds to the absorption rate. The absorption
experiment using a falling NazCO3 solution film shows that the absorption rate increases but is only
approximately double of that of pure water since ionization reaction occurs slowly. [40][41]

In order to improve performance of absorption machine, enhancement of steam absorption in LiBr/H20
solution has been attacked from various viewpoints. The cooling effect by the bottom wall and fin side
wall on the absorption process depends on the distance along the flow direction. Absorption efficiency
increase by arranging cooling walls and adiabatic walls by turns. In a bare tube, an integral finned
tube and two types of integral finned tubes with radial ridges were used. Cooling by the tube wall
is the governing factor in the absorption process for small flow rates, but the inlet subcooling of the
solution dominates the absorption performance for large flow rate. [42][43]

On the other hand, surfactant enhances absorption rate, the mechanism is not yet analytically ex-

plained, but is related with surface tension driven interfacial instability. The marginal amount of
surfactant is considerably smaller than the amount of commercial usage. [44][45]

o Condensation augumentation under electro-magnetic field
o Condensation of vapor mixture (refrigerant)




o Condensation of vapor with non-condensible gas
o Generation of mist
o Absorption enhancement by interfacial wave generation

8. Severe Accident in Nuclear Reactor

The phenomena related with assumed severe accidents of nuclear reactor have also been studied in
the universities. Please refer to the reports by Dr. Tsuge, and Mr. Nakao.

As for steam explosion a number of researchers have been conducting experiments and analysis. Self-
triggering mechanism causing direct contact of low and high temperature fluids is one of the important
viewpoints. Characteristics of thermal interaction zone in tin-water drop experiment, and water depth
influence are confirmed. [46]

As seen in contacting between molten core and concrete in an LWR severe accidents, three-Phase
mixed flow occurs in the contacting boundary zone between them due to coupled effects of simultaneous
multi-phase changes, solidification of high temperature liquid fluid and melting and/or evaporation of
low temperature solid wall. In the case of liquid droplet, solidification started initially on the outer
circumference of formed liquid film, and especially in the case of liquid metal, a solidified layer was
piled up as a dome and grew intermittently. From simulated experiments of molten core contacting
concrete, convection of three phase mixed flow and heat transfer between molten liquid and solid wall
are greatly influenced by formation of crust (solid) and gas flow rate. Depending on these coupled
effects, convection was enhanced or heat transferred through the contacting zone reversely suppressed
by gas binding. [47][48]

9. Vapor Compression Type Refrigerating Machine

After the oil crisis in 1982, simulation of two-phase flow in heat pumps developed, including refriger-
ant mixture. Since the CFC-effect on ozone layer depletion in the stratosphere became the topic of
environment, thermodynamics, heat transfer, and lubrication oil solubility as for CHFC, HFC, and
ecologically safe refrigerant have been widely tested.

As for vapor compression type heat pumps, substitutes for CFC refrigerant, and new refrigerants are
surveyed. Thermo-hydraulic characteristics of such new refrigerants and their mixture are important
as well as thermodynamic characteristics. Flow characteristics like void fraction, quality, and slip
ratio in a horizontal tube has been examined for better simulation of heat pump, including refrigerant
distribution in several passes. [49][50]

However there still exist several problems of even one component refrigerant. Flow characteristics of
expansion valve was investigated, including non-equilibrium flow. In subcooled flow, flow rate depends
on flow directions for small pressure difference, which is explained by the difference of converging-
diverging shape in flow passage. [51]

Dynamics and heat transfer of multi-phase flow of refrigerant mixture with lubricant oil is of great
concern.

‘10. Pump

A study on Gas-Liquid I'wo-phase flow 1n centriiugal pump 1s necessary lor prediction of a primary
coolant pump in two phase flow condition and for design of off-shore oil-well pump which should de-
liver crude oil with gas phase. When air is admitted pump degrades its performance. Movements of a
single air bubble and cavitation influence rotating flow fields. Void fraction shows three-dimensional




— 21—

distribution in air impeller region. [52]
o Jet pump

11. Other items

In the recent meetings in Japan several kinds of phenomena are reported, including the following
items.

Evaporation

Flashing

Solar heat evaporator

Evaporation from pool water surface
Surface geometry effect

Solidification

Simulation of metal solidification process
Crystal growth
Supercooling

Heat Pipe

Heat transfer performance

Screen effect

Tilting effect

Critical condition for mixed fluids
Application for snow melt

Liquid-Solid two-phase flow

Flow patterns
Mutual force of particles
Particle diffusion

Solid-Gas two-phase flow

Transportation characteristics
Dust treatment
Branching characteristics

Three-fluids modeling

Application of molecular dynamics to phase change
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ABSTRACT

This study deals with the structure characteristics of bubble flow for size and shape of
bubbles. Void fraction, bubble length, liquid-phase and bubble velocities, and main flow velocity
fluctuations are investigated experimentally for nitrogen gas-water two-phase flow using a laser
Doppler anemometer and a double-sensor conductance probe system. The experiments are carried
out for gas and liquid flowrates as parameters. The size of bubbles is controlled by changed a gas
injection method and by adding a surfactant to water. The experimental results show that coring,
sliding, and uniform bubble flows exhibit peculiar behavior, respectively; the liquid-phase velocity
profile, its turbulence, and bubble motion depend on the distribution and size of bubbles.

1. INTRODUCTION

Bubble flow takes place in a wide range of energy conversion devices such as nuclear
reactors, LMMHD generation systems and chemical reactors. Bubble flow may exhibit different
flow states even if under the same flowrate conditions. Therefore, the flow mechanism becomes
important to use bubble flow efficiently in their devices.

Serizawa et al [1] found that turbulence in vertical bubbly flow decreases compared with that
in liquid flow in the core part of pipe. Sekoguchi et al [2] classified vertical bubble flow into two
fundamental categories (namely coring and sliding bubble flows) and their combinations by the
phase distribution profiles on the cross-section. Furthermore, from the experiments under the fixed
gas and liquid flow rate conditions, Matsui et al[3,4,5] found that the phase distribution profile
depends on the size of bubbles appeared in a pipe. Matsui [5] also found that turbulent energy
averaged over a cross-section in vertical bubble flow can decrease compared with that in liquid
flow. Monji and Matsui [6] estimated that the equivalent spherical diameter of bubbles at transi-
tion from sliding bubble flow to coring bubble flow is about 8 to 9 mm.

In addition, some features for the behavior of bubbles have been obtained; (a)Bubbles greater
than 3 mm do not exist near the wall of channel (Sekoguchi et al [7]), (b)Bubbles concentrate at the
corner of the channel with a square cross-section (Sadatomi & Sato [8]), (c)Bubbles about 0.8 mm
rise straight like a rigid sphere (Zun [9]), (d)the turbulence in bubble flow become strong in the
cross-sectional region where bubbles concentrate (Matsui [5]), and (e)the location of the gas-injec-
tion hall and the direction of injection don't effect on the phase distribution of developed flow
downstream ( Monji & Matsui [6]).

In this study, the structure characteristics of vertical bubble flow for the size of bubbles,
namely void fraction, bubble length, liquid-phase and bubble velocities, and main flow velocity

~fluctuations-are overall investigated -experimentally-for nitrogen gas-water two-phase flow-in-a—

square cross-sectional channel using a laser Doppler anemometer and a double-sensor conductance
probe system. The experiments are carried out for gas and liquid flowrates as parameters. The size
of bubbles is controlled by changing a mixing method and by adding a surfactant to water. By
combining the two ways, five kinds of experimental cases are set up under a fixed flowrate condi-
tion.




2. EXPERIMENTAL APPARATUS AND INSTRUMENTATION

A schematic diagram of experimental apparatus is shown in Fig.1. The channel system is a
single closed loop and consists of a downcomer, a horizontal section, a pump, a turbine-type
flowmeter, a gas-liquid mixer, riser section, and a gas-liquid separator along the flow direction.
The riser section is a vertical test section with/without quick shutoff valves. A channel for the test
section downstream of mixer is exchangeable. The channel has a square cross-section of 30 X30
mm? or a circular cross-section of 40 mm i.d. and is made of acrylic resin to allow visual observa-
tion and the measurement using laser beams. The mixer has a dual-cylinder structure with an
injector having the same inner diameter as that of pipe. The injector is exchangeable for various
bubble formation and its location. A sintered metal ring with 100 pm-mesh or 2 pm-mesh is used
as an injector to make bubbles in flowing liquid.

Water and nitrogen gas are used as working fluids. The water is driven by the pump and
supplied to the mixer through the turbine-type flowmeter and a flowrate control valve. The
nitrogen gas is supplied to the mixer through a float-type flowmeter and a precision pressure gauge.
Bubble flow generated by the mixer goes upward to the separator tank through the vertical test
section. The pressure in the separator tank is atmospheric pressure.

The size of bubbles is controlled by changing the mixing condition and by adding a surfac-
tant (Tween 20) to water. By adding the surfactant of Tween 20 to water, the resultant value of
surface tension of water is reduced by about half. Thus, by using three kinds of gas-injectors and
the surfactant, five kinds of experimental cases are investigated as follows;

Case (1) equivalent to a perforated wall

Case (2) a 100 um-mesh sintered metal ring

Case (3) a 2 um-mesh sintered metal ring

Case (4) the surfactant is added under the case (1)
Case (5) the surfactant is added under the case (2).

The flowrate conditions are j, = 0.56 and 0.93 m/s in water superficial velocity, j, = 0.012,
0.023, and 0.069 m/s in gas superficial velocity. The developed flows are measured at 1.5 m from
the mixer by using a double-sensor resistivity probe system and a laser Doppler anemometer
(LDA). The measuring points are traveled every 1 mm from the center of the test duct to the wall.
The data is stored in a micro-computer. The time average local void fraction, bubble velocity,
bubble chord length, liquid velocity and liquid velocity fluctuations on the measurement cross-
section are obtained by processing the stored data.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The size and shape of major bubbles observed by pictures for the five cases of experiments
are as follows;
Case (1): size = 3-6 mm & shape = ellipsoidal-like
Case (2): size = 2-4 mm & shape = spherical-like & spherical
Case (3): size = 2-4.5 mm & shape = spherical-like & spherical
Case (4): size = 2-5 mm & shape = ellipsoidal-like & spherical-like
Case (5): size = 1-1.5 mm & shape = spherical

3.1 Phase Characteristics for Time Average Values

Void fraction Void fraction distributions in the case (1) are shown in Fig.2(a) and (b).

The flows are the coring or coring-type bubble flow with higher void fraction at the center of duct.

Figure 2(c) and (d) show void fraction distributions in the case (2). The flows are the sliding
or sliding-type bubble flow with both lower void fraction at the center and higher void fraction near
the wall. The void fraction increases with gas flowrate. Especially itis remarkable that the typical
sliding bubble flow has not almost bubbles in the core part at the low gas flowrate (j, = 0.012).




Figure 2(e) and (f) show the case (3) and similar void fraction distributions to those in the case (2).
However, the void fraction near the wall is higher than that in the case (2). The sliding bubble
flow exhibits that the peak of void fraction increases with liquid flowrate. This suggests that
bubbles may concentrate near the wall due to stronger transverse lift force.

The experimental results for the cases adding the surfactant to water are shown in Fig.3.
The void fraction distributions in the case (4) are similar to those in the case (1) and seem not to be
affected by the surfactant, as shown in Fig.3(a) and (b) .

On the other hand, the case (5) is affected strongly by the surfactant as shown in Fig.3(c) and
(d). The flow has almost uniform void fraction on the cross-section.

The experimental results suggest that the void fraction profiles depend on the size of bubbles.

Bubble chord length Figure 4 shows bubble chord length distributions in the cases
(1) and (4). Adding the surfactant decreases bubble chord length, that is, the bubble size reduces.
However, bubbles do not become so small as the flow structure is changed.

Figure 5 shows bubble chord length distributions in the cases (2), (3), and (5). In the case
(2), the distributions show that the bubble length is shorter around the center of channel but longer
near the wall. Adding the surfactant decreases about half in the bubble length.

Assuming that all bubbles in the unit length of channel along the flow are spherical with the
same diameter, the diameter of bubbles can be calculated using the average void fraction in the
channel and the number of bubbles appeared in the pictures of bubble flow. The calculated results
for jL=O.93 and j G=0.023 are as follows; the bubble diameters are 5.4, 3.8, 3.9, 4.3, and 1.9 mm in
order of the experimental case number.

Liquid-Phase and Bubble Velocities Figure 6 shows liquid-phase (i.e. water) ve-
locity distributions in the cases (1) and (4) with water single-phase flow data. Adding the surfac-
tant increases the water velocity. The velocity is higher in the core part but lower near the wall
compared with that of water single-phase flow.

Bubble rising velocity distributions are shown in Fig.7. Adding the surfactant increases the
bubble velocity. This may be due to the decrease of flow resistance for the change from ellipsoidal-
like to spherical-like bubbles.

Liquid-phase velocity distributions in the cases (2) and (5) are shown in Fig. 8. The liquid-
phase velocity in the case (2) exhibits higher near the wall but lower in the core part compared with
that of the single-phase flow. The velocity profile tends to become flat with increasing gas
flowrate and decreasing liquid flowrate. Adding the surfactant increases the liquid-phase velocity
around the center part. The case (3) is similar to the case (2) as shown in Fig. G.

Bubble rising velocity distributions in the cases (2), (3), and (5) are shown in Fig.10. Add-
ing the surfactant decreases the bubble velocity. This may be due to bubble interaction for increas-
ing number density of bubbles.

The experimental results suggest that the liquid-phase velocity profiles and the bubble veloc-
ity depend on the shape, size, and number density of bubbles.

3.2 Main Flow Characteristics For Fluctuations

Figure 11 shows water velocity fluctuation intensity in the cases (1) and (4) with water
single-phase flow data. The fluctuation intensity tends to be strong in the core part but weak near
the wall oppositely to that in the single-phase flow. Moreover, the fluctuations tend to become

_strong with void fraction, with the number of bubbles, and in the bubble passingpart. |

Figure 12 shows water velocity fluctuations intensity in the cases (2) and (5). The fluctua-
tions exhibit similar trend to those in the single-phase flow. However, at j, =0.56 m/s, the fluctua-
tions are stronger than those in the single-phase flow, but the flows at j, =0.93 m/s exhibit remark-
able properties that those become weaker than those in the single-phase flow. This may be due to
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both the concentration of bubbles near the wall and the reduction in interaction between the wall
and flow -in the core part. Adding the surfactant increases the fluctuations and becomes similar
profile to the single-phase flow. This may be due to flow homogenization by uniform distribution
of bubbles.

The fluctuations in the case (3) are similar to the case (2) as shown in Fig.13.

The experimental results suggest that the turbulence in main flow depends on the bubble
concentration and void fraction profile brought about by the different size and number density of
bubbles.

4. CONCLUSION

The structure characteristics of vertical bubble flow for the size of bubbles are studied expen-
mentally. Void fraction, bubble length, liquid-phase and bubble velocities, and flow fluctuations
are overall investigated for nitrogen gas-water two-phase flow in a square cross-sectional channel
using a laser Doppler anemometer and a double-sensor conductance probe system. The experi-
ments are carried out for gas and liquid flowrates as parameters. The size of bubbles is controlled
by changing a gas injection method and by adding a surfactant to water. By combining the two
ways, five kinds of experimental cases are set up under a fixed flowrate condition.

The experimental results show that bubble flows have characteristic structure due to the size,
shape, and number of bubbles.

NOMENCLATURE
Jo  &as superficial velocity
j. +liquid (or water) superficial velocity
L : bubble length
U : velocity in main flow (upward) direction
X : coordinate axis in main flow (upward) direction
Y : coordinate axis on the cross-section of channel
a : void fraction
Subscripts
b : bubble

X : water in main flow direction

Superscript
' : turbulent fluctuation
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Figure 12. Main flow fluctuation intensities
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ABSTRACT

Statistical characteristics of gas-phase fluctuations are studied analytically to develop a flow
pattern identification for gas-liquid two-phase flow. The fundamental wave form of periodic gas-
phase or void fraction fluctuations for steady two-phase flow is assumed based on real wave form of
gas-phase fluctuations for main flow patterns. The variation of the fundamental wave form of fluc-
tuations can represent some typical flow patterns. Thus the statistical parameter characteristics are
directly related with flow structure, that is, the parameter properties on the parameter spaces are
revealed, because the parameters of the assumed fluctuations can be calculated for given flow pat-
terns. The results give the functional relation between the statistical parameters. For slug or plug
flow, the relation between the mean and the standard deviation is described by a circle equation and
the relation between both coefficients of skewness and excess is described by a quadratic equation.
Thus, the analytical interpretation explains the features of flow pattern obtained by the experiments.

1. INTRODUCTION

A flow pattern is considered as one of basic and inherent parameters such as void fraction and
slip ratio describing gas-liquid two-phase flow. Nevertheless, the flow pattern has been classified to
be named on a basis of visual and subjective observation. However, some recent experiments and
analyses have been developed under way to aim at the quantitative indication of the flow pattern.

Hubbard and Dukler [1] classified the flow patterns in horizontal flows based on the properties
of spectral distributions of wall pressure fluctuations. Jones and Zuber [2] showed that it was
feasible to identify the flow patterns in a vertical pipe based on the characteristics of the probability
density function (PDF) of void fraction measured by an X-ray absorption technique. Matsui and
Arimoto [3], and Matsui [4] suggested the possibility of flow pattern recognition for vertical flow
using the PDF of the differential pressure fluctuations. Matsui [5][6] also identified representative
flow patterns in a horizontal pipe and an inclined pipe by the same method. Furthermore, other
methods were developed using statistical characteristics of detected signal fluctuations; y-ray [7],
neutron and NMR [8], PNA [9], and pressure drop [10].

The experimental results of flow pattern identification used the PDF of differential pressure
fluctuations corresponding to gas-phase fluctuations show that the statistical parameters (the mean, m,
the standard deviation, o, the skewness, y,, the excess, v,) exhibit characteristics of the flow pattern
[3]-[6], [11]-[16]. The relation between both coefficients of skewness and excess depends on the flow
pattern [17].  The points of (y,, y,) distribute on and around a parabolic line for plug or slug flows.
The group of points sets concentrate around the origin for bubble flow.

The peculiar distributions of the statistical parameters on their planes or spaces was analyzed
using the fundamental gas-phase fluctuations supposed based on the experimental data of fluctuations
by Monji et al.[17]. They suggested that the flow pattern is characterized by the wave form of the
fundamental fluctuations. The functional relations between the statistical parameters such as (y,.y,)
and (m,o), were derived to be explained the properties of distribution of the parameters on their




spaces.
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In the study, the more detailed behaviors of statistical parameters on their spaces are analyzed
physically connecting with the flow structure.

2. WAVE FORM OF GAS-PHASE FLUCTUATIONS AND STATISTICAL PARAMETERS

The fundamental wave form of gas-phase fluctuations at a cross-section of a pipe was assumed
based on the wave form of the measured gas-phase or void signals. The statistical flow characteristics
can be found in the fundamental wave form. The typical wave form of gas-phase fluctuations in
bubble, plug, and slug flows are shown in Fig.1. In the upper figure of each case, the wave form of
gas-phase fluctuations corresponding to void fraction obtained by the horizontal flow experiments, is
indicated as "Measured". In the lower figure of each case, the modified wave form eliminated higher
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Fig.1 Typical wave forms of gas-phase fluctuations
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Fig.2 Assumed wave form of gas-phase fluctuations

frequency fluctuations with small amplitude, is indicated as "Modified".

The modified wave forms show that bubble flow has the combination of triangle and flat (i.e. direct
current-like : DC) parts of wave, and that plug and slug flows have the combination of triangle, trap-
ezoidal, and flat (i.e. DC) parts of wave. Triangle waves are dominant in plug flow, but trapezoidal
waves are dominant in slug flow.

Based on the wave form of the real gas-phase fluctuations, an analytical wave form of fluctua-
tions is made, and the characteristics of each flow pattern can be expressed by adjusting each during
time of triangle, trapezoidal and flat parts of wave. The assumed wave form of fluctuations is com-
posed of trapezoidal and DC parts for a fundamental period (t;) as shown in Fig.2.

The relations between the statistical parameters of gas-phase or void fraction fluctuations with
the assumed wave form are investigated by using given wave form of fluctuations. Steady flow
having periodic gas-phase fluctuations is supposed. That is, the fundamental wave of fluctuations is
repeated. The variation of the fundamental wave form can represent easily some typical flow pat-
terns. The fundamental wave of fluctuations composes of three parts; a higher part, a lower part and
a base or DC part. The base part has constant void fraction, oy, because small fluctuations around o,
are neglected even if those exist. The duration time of the base part is t,. The higher part has higher
void fraction than o and its maximum amplitude is o . The duration time of the higher part is t,
and the duration time of the maximum amplitude is ft , where f_ is the duration time ratio of the
maximum to the higher part. The lower part has lower void fraction than o, and its minimum
amplitude o . The duration times of the lower part and its minimum amplitude are t_and fit,

respectively.
As the period of fundamental wave is expressed by t, we obtain
tg+tiL+ig=tr. (H
Normalizing the duration times in the term of L,

‘!:H+"CL+TB=1 , (2)
where,

Ty = Wffr, L= g/ty, g = R/ . (3)
The duration time ratios, fH and fL, have the relation

OSfH,fLSI . (4)

The ratios are parameters for determining the fundamental wave form corresponding to flow pattern
or flow structure. At f =f =0, the wave is triangle, and at f =f =1, the wave is rectangular.
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The statistical parameters of the fundamental gas-phase fluctuations, namely the mean, m, the
variance, and the third and forth central moments are derived as follows;

1
=ag+=C , 5)
m=dag 201
2 1 21
o =-zo tr, (6)
1 3 1 1
M3=ch "2-0102+Z'C3 ) (7
3 4 1 2 1 1
Ma=-T=C +5C -5 CiC+=Cs (®)
where
Cn=(1 4+n fH)IH(amax' (I.B)n-i-(l +n fL)‘cL(amin - aB)n R (9)
n=1,2,3,4) .
The coefficients of skewness and excess are
Y1 =B > (10)
and 03
p=2-3, (1n
o

respectively.
3. TYPICAL FLOW PATTERNS AND STATISTICAL PARAMETER PROPERTIES

3.1 Bubble flow, Separated flow and Annular flow

Based on the standard wave form shown in Fig.2, the fundamental wave form for bubble, sepa-
rated , or annular flow is given as the symmetric form about the average, . That is, suppose the
relations of a__-o,=0,-0 ., T=T,, and f =f = f. Thus, the coefficient of skewness, vy,, is zero be-
cause of symmetrical fluctuations. The coefficient of excess, y,,isa function of T (=1-2t)) andf, as
follows;

9 1 1+4f
2=3 } (12)
1-1g (1+2fp

The coefficient y, changes in the range

21 -32y2 ! -3 (13)

1-13 1-t8

forO=f=1. Since T, changes in the interval of [0,1],

y22-2 . (14)

-~ Figure 3 shows the relation between y, and { for 7, (0=x,< 1) as a parameter. The values of t,

for rectangular fluctuations (f=1) are less than those for triangle fluctuations (f=0), that is, the value of
y, decreases with decreasing during time of the DC part of wave.

Figure 4 shows the interval of vy, calculated by Eq.(12) and the experimental results [12]. The
numerical results are limited in the case of y, =0 because of symmetrical fluctuations. The experi-
mental results shows that the points of (y,, y,) inbubble flow are distributed around the origin shown
in Fig.4. Therefore, the analytical results suggest that the bubble flow has a DC part of wave with or
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without extremely small amplitude because the fluctuations should have necessarily a DC part (T, *0)
fory,~0. Itis verified that the DC part is about 40% in the real gas-liquid fluctuations in bubble flow.
Furthermore, The values of vy, in real separated flow are greater than those in real bubble flow and
y,> 1. This suggests that the duration time of a DC part with /without extremely small amplitude in
the separated flow is longer than that in the bubble flow. From both the experimental and analytical
results, the time of a DC part in separated flow is estimated to be of the order of three quarters of the
period of fluctuations.

Figure 5 (a) shows the numerical results of the Eqgs. (10) and (11) for gas-phase fluctuations
composed of positive and negative triangle waves with the same amplitude (o -0, = O0g-0t .,
f.=f, =f=0). Figure 5 (b) is magnified around the origin. The point (y,y,) moves on a curve with T, for
fixing <. The arrow in the figure indicates the moving direction of the point (y,,y,) when T, goes from
0 to unity. At t,=0.4 supposing bubble flow, the top of curve is near the origin. This agrees with the
experimental results that the points of (y,.y,) are distributed around the origin and exhibit an inverted
triangle distribution as shown in Fig.4. Furthermore, the curve changes to a segment of a convex
parabolic line with the increase in T, at y,>1. This condition may correspond to separated or annular
flow.

It may be convenient to choose a sine wave as a wave form of gas-phase fluctuations of bubble
or separated flow. However, in this case the distribution on the y, — v, plane is not a curve but only

one point (y,,y,)=(0, -1.5). This result does not agree with the experimental results because the sine
wave does not have a part of constant gas-phase fraction. Thus it is suggested that real gas-phase
fluctuations ought to have any constant part.




— 46 —

;\\' 2.0 - 1 7 §=0.75"
3 } 7 p=0.5 i
ol AT
-2.0 | ; 7p=04 -

|

-40 =20 0.0 2.0 4.0
71

(a) General view

(byExpanded view around the origin

Fig.5 Behavior on the y, —y, plane. (a__ -0, =ay-a . f=f =f=0).

max



— 47 —

3.2 Slug or Plug flow

Here suppose ideal slug or plug flow which has each one value of gas-phase fraction at a gas-
slug part and a liquid-slug part, respectively. Thus the wave form of fundamental fluctuations be-
comes rectangular and t,=0. Thus, T+t =1. From the Egs. (5) to (9), the mean, the variance and the
third and fourth central moments of the fluctuations are

m = o + {1 Gmax - (T + 1) @B + T i} (15)
o = 710 Cma - Otmin)” (16)
s = Tt - o) (Ctmax - tmin)” a7
e = 001 - 3057 (tmax - Gmin) - (18)

Eliminating T, between Egs.(15) and (16) using the relation T+t =1, we have the relation between m
and o

2 { ag+o’ [ag-arl’ 0 (19)
g +\m- 5 = '—-——2—-——[ R m, o= R

where a, denotes the void fraction of gas slug (=a__ ) and o denotes the void fraction of liquid slug
(=a_,), respecnvely When o and o, are constant, t. the points of (m,o) lie on a half circle in the m-o
plane The circle of Eq.(19) passes the origin for plug flow, because the void fraction of liquid plug
is zero. Therefore, the points of (m,0) in plug flow locate nearer the origin than those in slug flow.

Figure 6 shows the experimental results [12] and analytical results (i.e. half circles) calculated
by Eq.(19) for o and o as parameters. This suggests that experimental data come on the half circles

for o, and o chosen suitably.
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Fig.6 Analytical and experimental results on the m— o plane.




The values of o and o are the same in flows which the points of (m,o) lie on the same half
circle, even if the experimental conditions are different.

Figure 7 shows the gas-phase height against the volumetric flux of gas-phase, which was mea-
sured by video images. The experimental results show that the gas-phase height or line fraction is
almost constant in the region of plug or slug flow. Therefore, this experimental results support the
above mentioned analytical results.

The coefficients of skewness and excess for the rectangular wave fluctuations are
v = (o) VL (20)
y2 = (1 - 6wm) /T - 1)
The coefficients of skewness and excess do not depend on the gas-phase fraction but depend on only

the ratio of duration time of gas slug to liquid slug, t,/v,. Eliminating t, and T, between Eqs.(20) and
(21), we obtain the relation between both coefficients

Y=y -2 (22)

The analytical result shows that the points of (y,, y,) in slug or plug flow lie on a parabola of Eq.(22),
where

1
y1 <0 for ty> > (tg>7v) , 23)
y1>0 for rH<;—, (tu<T) - (24)

The set of (y,, v,) equals to (0,-2) for the case 7=t and ©,=0.

We consider a little general wave form for gas-phase fluctuations as follows; trapezoid sym-
metrical to the base fraction o, (i.e. o, -0, = -0 ) and 7,=0. The distributions of (y,, y,) are
shown in Fig.8 obtained from Eqs.(15) to (18). The arrows in the figure indicate the moving direction
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Fig.7 Gas-phase height, a_, and length, o, against gas volumetric flux, J; atJ =0.53 m/s.
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of the point (y,, v,) for decreasing t, (0=<,=1). The curved lines are not a parabola except the case
of f=1.

Figure 9 shows both the numerical and experimental results for plug and slug flows. As shown
in Fig.9(b) expanded around the origin, the experimental data do not lie on the curve at f=1 because
real wave form is not rectangular. In plug flow, the experimental data come on and around the curve
at f=0.4. In slug and slug-churn flows, the experimental data agree with the curve at f=0.7 because of

the existence of large v,.

The experimental results in intermittent flow show parabolic distributions. Most data in plug
flow take the values between Oand 1 iny,, but the data in slug flow take the negative values in y,.
This is due to the difference of the ratio of the gas-slug duration time to the liquid slug duration time.
In plug flow, the time of liquid slug is almost equal to or a little longer than that of gas slug, while in
slug flow, the time of gas-slug may be longer than that of liquid-slug. Furthermore, because the ex-
perimental data do not fall on the first quadrant of the y, — y, plane, it is suggested that the flow does
not become intermittent to change to another flow when the gas slug length becomes extremely short.
Assuming rectangular wave form of gas-phase fluctuations, the value of t,=0.21 is obtained from
Eq.(21) aty,=0. The experimental results suggest that the intermittent flow with shorter duration time
than t,=0.21 cannot exist. We used the pipe of diameter 2 cm in this experiment. A slug flow region
extends toward small j, with decreasing in the pipe diameter in vertical two-phase flow, and the flow
pattern is similar to the horizontal case. This suggests that the value of T, at y,=0 depends on the pipe

diameter.

-40 -20 0.0 20 40

Fig.8 Behavior on the y, — v, plane.




O PLUG

A SLUG
o SLUG-CHURN

(b) Expanded view around the origin

Fig.9 Analytical and experimental results for plug and slug flows on the y, — v, plane.
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4. CONCLUSION

As an attempt to treat quantitatively and objectively flow pattern of gas-liquid two-phase flow,
statistical parameter characteristics of gas-phase fluctuations are studied analytically based on the
experimental results. Typical gas-liquid flows repeating periodically a fundamental wave form of
gas-phase or void fraction fluctuations are supposed. The statistical parameters of the gas-phase
fluctuations and the relations between the parameters are derived analytically. The analytical results
show that the behaviors of statistical parameters on their spaces are clarified connecting with typical
flow patterns or flow structure. Therefore, the physical interpretation of experimental results can be
made. The main results are as follows;

(1) Bubble, separated, and annular flows have necessarily a flat or DC part of wave in the gas-phase
or void fraction fluctuations, since y,~0 in bubble flow and y,> 0 in separated and annular flows,
aty =0.

2 Slué, slug-like, and plug flows related to the same half circle on the (m,o) plane have the same
gas-phase or void fractions in gas-slug and liquid-slug but different duration time ratio of gas
slug to liquid slug, even if the experimental conditions are different. These flows shape a
parabolic line on the y, — y, plane, because of rapid change of gas-phase or void fraction be-
tween both slugs.

NOMENCLATURE

coefficient defined by Eq.(9)
m  mean
ratio of the duration time of the maximum or minimun gas-phase fraction to that of

the corresponding (higher or lower) part of wave
t time
t.  fundamental period of wave

o]

~

Greek symbols

a  void fraction

o gas-phase height

o gas-phase length

y,  coefficient of skewness
y, coefficient of excess

w, the third central moment
w, the forth central moment
o  standard deviation

T time normalized by t;

Subscripts

B  baseline

G  gas-plug or slug

H  higher gas-phase or void fraction part

L  lower gas-phase or void fraction part, or liquid-plug or slug
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ABSTRACT

In order to obtain the fundamental knowledge of the mechanisms governing the two-phase external
flow structures across an inverted U-tube bundle in PWR steam generators, measurements were
carried out of the local void fraction distributions and other related parameters in a vertically
upward air-water two-phase flow across inclined tube bundles. The in-line and staggered 9 x 6
tube bundles with the transverse and longitudinal p/d (pitch—to—diameter) ratio being equal to 2 and
2.5, respectively were adopted. To simulate the U bend tubes in PWR geomeltry, the inclination angle
of the tube bundles was varied from zero (horizontal) to 60 degrees. The results indicated a
significantly non—uniform void fraction distributions for inclined tube bundles irrespective of in—line
or staggered arrays, depending on the liquid flow. Lower liquid velocity and larger inclination angle
of the tube bundle enhanced this trend. Visual observations of the bubble behaviors suggest this
non-homogeneous bubble distribution may be due to a competition between the liquid phase inertia
force and buoyancy force acting the bubbles.

KEYWORDS: phase distribution, inclined tube bundle, in-line and staggered arrays, air-water
vertically upward flow

1. INTRODUCTION

It has recently been recognized that the two-phase flow induced mechanical vibration of the
inverted U—tube bundles in a PWR steam generators is one of the important safety issues of PWR
type nuclear reactors. There are so many papers already published or reported which deal with gas—
liquid two-phase flows in rather simple flow geometries of a straight single flow channel such as
circular tube, annulus, rectangular channel and so on. There are also a considerable number of papers
published so far concerning the internal two-phase flows inside a U-bend tube.

On the other hand, two-phase external flows across tube arrays have been investigated for decades
in the past mainly for design purposes of shell-and-tube heat exchangers [1]. For example, Kawaji
and his co-workers published several papers dealing with the design parameters dependences of air-
water two-phase flow across horizontal and inclined tube bundles both in in-line and staggered tube
arrays [2-6]. Readers can refer to the References of their papers. Their recent papers reported mainly

7777777777777777777777777777777777 the-global performanee - characteristics of gas-liquid two-phase flows. across the tube arrays, suchas

pressure drop and bundle avarage void fraction. Very little information is available on the local
hydrodynamc structures of the two—phase cross flow over inclined tube bundle, which occurs in PWR
steam generators. In a photographic study of boiling two-pahse flow in a horizontal kettle reboiler,
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Cornwell et al. [7] reported strong variations in void fraction across the tube bundle, and two-
dimensional flow with considerable inflow from the sides and predominantly upward flow in high
void fraction regions near the center and top of the bundle[2]. Robinson et al.[8] observed visually
the bubble migration and bubble entrapment by eddies formed behind the rods in in-line and
staggered tube bundles at the inclination angle of 45 degrees. They did not, however, measure the
local void fraction profiles. On the other hand, Dowlati et al.[2] measured the void fraction profiles
across and above the bundle in horizontal in-line tube bundles with p/d ratio of 1.3 and 1.75. They
obtained uniform void fraction profiles along both the streamwise and the rod axis directions. Lian
et al.[9] studied experimentally the relation between the magnitude of bundle vibration and the two-
phase flow regimes. However, they did not quantitatively correlate the results with local two—phase
flow structures.

In the present work, the void fraction profiles and bubble number distribution have been
experimentally investigated for vertical air-water two-—phase flow across inclined in-line and
staggered tube bundles with longitudinal and transverse p/d ratios of 2.5 and 2.0, respectively, at near
atmospheric pressures. The measurement is still underway, and this report therefore includes only
preliminary results. Some discussions will be given also as to the current understanding of the

mechanisms involved.
2. EXPERIMENTAL APPARATUS AND PROCEDURES

The air-water loop used in the present work is

1 PUMP
schematically shown in Fig.1l. The air flow was 2 BOURDON TUBE é l
lated d trolled b th 1 fl : g'LEg'}VS}:"Eg'lEgN 5
regulate ar'1 ‘ ccf rolle y a em'xa ow 5 SToRAGE TaNK 2
controller within £0.5 % around a desired flow $  COMPRESSOR / }1 A
rate and was injected into the main water flow ]80 SR L METER /—\
through 1mm-diameter holes drilled through the 11 9,{’33,?”5‘”0 / 6 v
. . 12
bottom side walls at equal flows. The test section 13 -\IIUA?,%SANK R
. Lo - .o 14 2
which follows the gas—liquid mixing section 1s a VALVE " Rod } 1
1,040 mm long transparent acrylic square test ; X T Py T © r[
. . * DX
section with a 220 mm x 220 mm cross sectional u © © =
area. In-line and staggered rod bundles consist of
six rows of nine clear acrylic rods with 10 mm Fig.1 Air-water loop

diameter. The pitch—to~diamter ratio was fixed in

the present work at 2.0 and 2.5 for transverse and

longitudinal directions, as indicated in Fig.2. The inclination angle of the rod bundle made by the

horizontal line and the direction of the rod axis was varied at fixed values of 0, 30 and 60 degrees.
The local void fraction and bubble frequency measurements using a double-sensor resistivity probe

were performed in the following ways. The probe was moved both along x- and y-direction by

means of the precision traversing equipment. For in-line rod array, the probe was inserted and

traversed along the center line of the channel cross—section in the x-direction (y = 110 mm, z = 415

mm) which is in the middle of the two center rods. The probe traversing in the y-direction was set

at x = 110 mm at the same z-level as in the case of x-direction traversement. For staggered rod

array, the void fraction profiles in the x—direction was carried out by rotating the three probes placed
at a distance of 30 mm away from each other (Fig.3). Whereas the y-direction movement of the



probe is outlined in Figs.11 and 14, and covered
a limited area of the flow cross—section, but good
enough to obtain quantitative information of
bubble migration.

The superficial liquid and gas velocities were
defined based on the minimum flow area of the

square channel.
3. RESULTS AND DISCUSSIONS

3.1 Flow regime in two-phase cross flow

In the present work, the experimental conditions
were chosen so as to simulate the typical PWR SG
operating conditions to some extend with the
existing facilities available in the laboratory. It is Fig.2 A schematic of test section and tube
generally believed that, under normal operating bundle
conditions of the PWR steam generators, two-
phase flow regime in the secondary system is
either bubbly or churn flow depending on the

<— 38 mm —><— 38 mm —>

location. However, there have been no reliable —> L je—

systematic observations reported so far of what B

flow patterns are present in gas-liquid two-phase ]

cross flow, specifically, with inclined tube bundles. PROBE 1 PROBE 2 PROBE 3

We therefore carried out, prior to the void fraction

measurements, visual observation of two-phase Fig.3 Void fraction measurement along x-

direction in inclined staggered tube

flow regimes within the range of our experimental array by rotation of threé probes

conditions: j,= 0 ~ 0.52 m/s, j, = 0 ~ 0.20 m/s.

Although the visual observation was not always

easy due to the lack of visibility because of rod arrays, the flow pattern under the above flow
conditions was identified as bubbly two-phase flow. Chumn flow was not observed in our experi-
ment perhaps because of too small gas flow rate.

Away from two-phase flow regimes observation, there was often observed a large-scale water
circulation induced in a region downstream of the inclined rod bundle, specifically at low liquid
velocities, as illustrated in Fig.4. This circulation was thought to be brought about by non-
homogeneous void fraction distribution along the x—direction, as will be mentioned later. At larger
water velocities, this circulation did not take place any more as typically shown in Figs.5 and 6. This
type of liquid circulation can be explained as a result of highly non-uniform void fraction distribution
in the region of rod bundle array. Since the non-uniform void fraction distribution induces non-
uniform pressure distribution thoughout the whole flow area which results in the secondary flows so
as to satisfy the momentum balance, that is, a large scale liquid circulation in this case, with the

bubbles entrained.

3.2 Cross-sectional average void fraction in horizontal rod arrays

The void fraction distributions were, as will be shown later in Figs. 8 and 12, almost uniform over
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the whole cross sectional area in vertical cross flows across a horizontal rod bundle irrespective of
in-line or staggered rod array. This observed trend is quite consistent with that reported by Dowlati
et al.[2]. We therefore calculated the bundle averaged void fraction < a > and compared with the
prediction by drift flux model (Eq.(1)).

<a>= <G OHC, <j>+ V) (1)

where J, T and ’V;,'-"'ﬁreﬁﬂ’l’eﬂ'TGYHI"'VOIUI’l'YetI‘fC""ﬂUX"'Of’th’ﬁ"mixturer,'"gas'"vo’}um’etric' flux—and-the-void———

fraction weighted drift velocity. C, is the distribution parameter, which represents the effect of non-
uniform distributions of the flux and void fraction. In the present comparison, the value of C, was
chosen to be 1.2 as typically used. The void fraction weighted drift velocity V,; was given as 23



cm/s calculated for air—water bubbly flow at atmos- 0.4 . . : : -
Pherlc‘ pres‘sure' and room tem;?erature. The compar— 035 b Jumls) Jo(mls) i
ison given in Fig.7 shows a satisfactory agreement, as —_— 0225 0.35
. . . 03 ’ ’ -
is expected from the previous work by Dowlati et " M —e— ggi; g.égg
—— Q. .
al.[2]. They suggested in their paper the use of C, = § 025 7
. . 8
1.10 and V; = 0.33 m/s, instead of the values given & 02F T e =g |
above, for the cross flow across horizontal rod :§ oask T 4
bundles. However, this modification brings only a = 01 | e el i
slight change in void fraction prediction. 0.05
On the other hand, the void fraction distributions in . ‘ l ’ .
N 0 L L
the cross flow across the incline rod bundles showed 0.5 055 06 065 07 075
non-uniform tendencies as shown in Figs.8 and 12. xIL
It was not therefore possible to calculate the average Ao =0°
void fraction. 0.6 LA L B
055 Jumis) jolmis)
e 05 ——— 0000 0086 .
3.3 Phase Distributions in inclined in-line rod 0.45 —ew0--- 0.143  0.086 _
" —-+—- 0326 0086
bundle S 0.4 —e 0.000 0128 -
S 035} — ¢~ 0,143 0.128 .
g .l —-+— 0326 0128
Distributions in x-direction & 7 e
. . . . . 3 OB 4 oo |
Figure 8 is a comparative representation of the void S 02} f‘ ° -
fraction distributions along the x-direction at the 0.15 :“,.. %"":*tm. =
inclination angle of 0, 30 and 60 degrees with the 0%; i 7]
liquid and gas flux being varied. There can be seen ' ol
several features of the phase distribution profiles 02 03 04 f/i 06 07 08
which are not observed in horizontal rod arrays. .
s . . . B) 8 = 3
In inclined in-line rod bundles, non-uniform void 1 ®) 0
. . . . . . LA DL AL R AL B B
fraction distribution appeared along the x-direction, 09k Juimis) jotmis) ]
. . . ——— 0000 0.045
both at stagnant and low liquid velocities, as ment— 08 | ---°--- 0150 0.045 .
. . . . . . .o ’ e 0346 0.045
joned earlier. While in the intermediate liquid e 07} —o— 0000 0136 ]
. . . —o— 0150 0.136
velocity range, this non-uniform structure become g 0.6 ——-+-— 0346 0.136 -
less remarkable but double void peaks appeared at x/L E 05t o]
= 0.35 and x/L = 0.6 for the inclination angle of 30 N 04} .
.. ° -
degrees. The positions of these peaks correspond to = 03} . $2eeet sttt -
those of in between the rods, as shown by Fig.9. This 02r B e e ]
suggest two possible explanations for the void fract- 0.1 y
ion peaks there. One is the effect of the lift force due TR YRR Y v r——
to large velocity gradient near the rod in the region x/L
(C) & = 60°

in between the rods which forces the bubbles to
migrate towards this region. The other explanation is
much more simple. The bubbles may be just pack- Fig.8 x-direction void fraction

ed densely due to a narrow space, resulting in a distribution in in-line tube array
higher void fraction. On the other hand, the higher

liquid velocity has generally a trend to decrease these double peaks, and the void fraction distribution
thus becomes uniform again. This can be clearly seen at the liquid velocity j, = 0.326 m/s. The
general trends observed at the angle of 60 degrees followed those at 30 degrees. However, the
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average void fraction, but general features were not
so much changed, so far as the present experimental
conditions were concerned.

The mechanism for the non-homogeneous void

fraction distribution along the x—dircetion observed in
inclined in-line rod array with low liquid velocity is explained as follows. The forces acting on the

bubbles are mainly the liquid inertia force, buoyancy force, viscous force and surface tension force.
Among these, the liquid inertia force and the buoyancy force are considered to be important to
determine the bubble lateral migration and hence non-uniform phase distribution in inclined rod
bundle geometry. The inertia force accelerates the bubbles to move more or less straight in vertical
direction by tuming around the rod surfaces, whereas the bubbles driven by buoyancy force are apt
to change the direction of their movement from nearly vertical to along the rod axis when they bump
at the bottom surface of the rods. The global bubble movements are therefore determined by a
balance between these two forces. If the liquid velocity is low, then the liquid inertia force is also
small compared with the buoyancy effect. The bubbles are therefore travelling along the slope of the
rods, bringing a higher void fraction to a region at larger x/L. On the other hand, when the liquid

Fig.10 Void fraction and bubble frequency
in inclined in-line tube array

__velocity is high enough to overcome the buoyancy effect, then the bubbles are apt to flow wpward

in vertical straight way, giving a uniform void fraction distribution over the whole flow cross section.
This view has been proved by visual observation of the bubble behavior, and is partly demonstrated
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in single—phase water flow. Vortex formation was 60°~inclined in-line tube bundle

clearly observed. However, our results did not

necessarily prove Robinson et al.'s hypothesis but  Fig 11 y-direction void fraction

was not contradictory to it. Hunt et al.[9] extens— distribution in in-line tube array
ively studied the interaction process between the

bubble motion and different types of vortices. Their analysis showed that the bubbles are trapped in
the vortices depending upon the ratio on inertial force to drag or buoyancy force, which is not
contradictory again to our observation. However, it is noted that none of these observation or theory
can explain why we had lower void fraction just behind the rod. This is not limited only to in-line
rod array and same tendency was observed also in staggered rod array which is not the case with

the observation by Robinson et al.
3.4 Phase distribution in inclined staggered rod bundle

Phase distribution in x-direction

Results are demonstrated in Figs.12 and 13 for the inclination angle of 0, 30 and 60 degrees.
While, as mentioned earlier, the general trends are not so much different from those obtained n
inclined in-line rod arrays, the void fraction distribution exhibited, as a whole, a more non-uniform

structure than in in-line rod bundle, that is, higher void fraction af larger values of X/L but without
significant double peaks. Stronger non—uniform void fraction distributions may come from the fact
that the staggered rod array forms an obstacle which confines the bubbles more or less within a
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Fig.13 Void fraction and bubble frequency
in inclined staggered tube array

triangular area except for the movements along the
rod axis. As a consequence, the bubbles tend to
collect towards the region of large x/L due to the
buoyancy effect mentioned previously. This bubble
confinement effect is more significant at low liquid
velocity conditions under which the inertia force is
not strong enough. Another interesting thing which
can be seen in Fig.12 for the angle of 30 degrees is
that the void fraction exhibited slightly higher values

at smaller x/L. The triangular structure formed by

staggered rods also generates more homogeneous turbulent field compared with that caused by the
in-line rod array. Whereas at higher liquid velocities, the bubbles are easy to be entrained in vertical
liquid flows splitting over the rods due to dominant inertia force. However, as far as the vertical



component is concerned, this liquid inertia force 0.5
becomes dominant only either at low inclination
angle of the rods or at very large liquid velocities. 0.4
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4. CONCLUSIONS

In order to obtain fundamental information of the mechanisms governing the two-phase external
flow structures across an inverted U-tube bundle in PWR steam generators, measurements were
carried out of the local void fraction distributions and other related parameters in a vertically upward
air—water two-phase flow across inclined tube bundles. The in-line and staggered 9 x 6 tube bundles
with the transverse and longitudinal p/d (pitch-to—diameter) ratio being equal to 2 and 2.5,
respectively were adopted in the present work. To simulate the U bend tubes in PWR geometry, the
inclination angle of the tube bundles was varied ranging from zero (horizontal) to 60 degrees. The
liquid velocity range was chosen to be up to 0.52 m/s, roughly the same liquid flow range for typical
PWR steam generators. The measurements were conducted in bubbly flow regime. Results obtained
indicated a significantly non-uniform distributions of bubbles for inclined tube bundles irrespective
of in-line or staggered arrays, depending on the liquid flow. Lower liquid velocity and larger

inclination angle of the tube bundle enhanced this trend: Visual-observations—of the-bubble-behaviors—————

suggest this non-homogeneous bubble distribution may be due to a balance between the liquid phase
inertia force and buoyancy force acting the bubbles. When the liquid velocity is small, then the
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buoyancy force affects predominantly the motions of the bubbles to push them up along the inclined
rod axis. This results in non—uniform void fraction distribution. On the other hand, when the liquid
inertia force is dominant, then the bubbles tend to flow almost vertically upwards and, thus, the void
fraction distribution becomes uniform. The effect of bubble entrappment by vortices formed behind
the rods has not been confirmed. The large scale liquid circulation was often induced in a region
downstream of the rod array due to non-uniform void fraction distribution. Although many things
have not been clarified yet as to the detailed flow structures across inclined rod bundles since
measurements are still underway, it has been realized that the liquid phase flow across the inclined
rod bundle plays an important role in determining the bubble motions and hence the two—phase flow

structures.
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NON-INTRUSIVE MEASUREMENT OF DYNAMIC
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Akimi Serizawa, Takashi Kamei, Kohei Nagane, Osamu Takahashi and Zensaku Kawara
Department of Nuclear Engineering, Kyoto University
Yoshida, Sakyo, Kyoto 606-01, Japan

ABSTRACT

Dynamic behavior of the liquid films formed on nuclear fuel rods is a key
parameter to determine the CHF during postulated loss-of-coolant accidents in
boiling water reactors. Specifically, the effects of the spacers on film and liquid
droplets are one of the unknowns which are relevant in numerical prediction of
core thermal hydraulics. With these held in mind, we developed non-intrusive
techniques, that is, a pulse-echo technique using 5SMHz and 10MHz ultrasonic
waves and a computer aided fluorescence technique, to measure dynamic
behavior of the liquid film thickness, surface wave characteristics and also,
preferably liquid droplets behavior.

The results indicated very promissing trends. Discussions will be
presented based on these resuits concerning their applicability and accuracy for
practical uses.

1. INTRODUCTION

For safety design of nuclear reactors, it is strongly demanded to understand two-phase
flow behaviors in the reactor core, particularly thermal hydraulics in liquid-droplets dispersed
film flow regime. There are a lot of obstacles in reactor core, such as fuel rods, control rods,
other spacers or support instruments and so on. The flow becomes therefore more
complicated, and the liquid film flow in the core is very sensitive to the effects caused by
these obstacles.

But it is not well understood, what kind of effects is brought about in spatial and time
domains on the liquid film flow and the droplets behaviors by the change of flow geometries
and other parameters, for example obstacle shape, dimension, position or gas flow rate, liquid
flow rate and pressure etc.. To understand the behaviors of the liquid film and of the droplets
under such conditions, we have to know the time~ and space-dependent structures of film

flow mechanisntand-theentrainment; deposition-and-transportation-of liquid-droplets—But—————

most of the existing measurement methods, used to measure the parameters in liquid—droplets
dispersed film flow, give us informations of either time averaged or point-like local values,
but not enough to analyze film and droplets dynamic behaviors.

We therefore developed two non—intrusive techniques, i.e. pulse~echo technique and
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fluorescence dye method, for measuring dynamic behaviors of the liquid film thickness,
surface wave characteristics and also, preferably liquid droplets behavior in two-phase flow
regimes concerned. An advantage of non-intrusive measuring method is that it does not
disturb the flow. ,

Ultrasonic transmission techniques have been applied to studying gas-liquid two-
phase flows. Chang et al.[1] applied a pulse echo technique to investigate gas slug behaviors
in a horizontal channel. They also discussed on some problems associated with its application
to bubbly flows. Bensler et al.[2] developed a technique to determine simultaneously the
volumetric interfacial area, volumetric fraction and Sauter mean diameter of bubble, using
ultrasonic attenuation by mixture. However, the latter method gives us merely a volume- or
line-averaged quantities, not local instantaneous quantities. A recent development of a
transmission mode ultrasonic computerised tomography made by Xu and Chen[3], using 36
transducers mounted in the pipe wall, made it possible to obtain the reconstructed images of
the cross—sectional distribution of the dispersed phase at a speed of 10 frames per second.
They succeeded in imaging three bubbles existing at a given cross section. However, this
method needs elaborative modification of the algorithm if it is intended to be applied for more
densely packed bubbly flow.

In the present work, we applied an ultrasonic transmission technique, based on a time
of flight, to measure local time-dependent film thickness. The results obtained by this method
were compared with those obtained by laser displacement gauge and also by an impedance
probe method. We found that there are, however, conflicting demands in optimizing the size
of the sensitive zone and the reflection angle of the interfaces. This work thus describes the
results and the problems associated with the ultrasonic transmission method.

2. PULSE-ECHO TECHNIQUE

2.1. Measuring Principle

We used conventional ultrasonic Liquid film Ultrasonic wave reflected
at air-water interface
transducers for measurement of the local A e 7
. .. . . Ultrasonic wave o o il .
time-dependent liquid film behavm.r. reflected at Acrlic
Figure 1 shows a schema of the ultrasonic ?Vftﬂlr-fwater T el
. mteriace

systemn used in the present work. A pulse ~ oo

. . . . . upporter
wave signal, which is transmitted from the Ultrasonic wave 7

. reflected at
transducer, reflects at the interfaces. The supporter-wall
interface Grease

reflected signals are also detected by the
transducer which works as a transmitter
and a receiver. There is a difference
between the time of flight for the wave
reflected at the air—water interface and for
the wave reflected at the wall-water
interface. By detecting this time lag, we can calculate the film thickness. Putting Af as the
time lag, v, as the ultrasonic velocity in liquid phase, then the measured liquid film thickness
1 is calculated as Afxy, /2.

Transducer

Figure 1 Ultrasonic transmission system

The reflection rate is 100% at air—water interface, 13.6% at the boundary between the
water and the acrylic plate, and 2.5% at the boundary between the transducer and the grease
used for attachment. There are multiple reflections at the boundaries, but these are removed
by a conventional ultrasonic instrumentation (SONIC MARK Inc. FTS-MARK2). The
propagation velocity of the ultrasonic sound varies with the medium and also with the



frequency of the wave. In this experiment, it is about 1,500m/s in water and 2,500m/s in

acrylic plate.

A typical output signal is shown in Fig.2. We
can descriminate the signal reflected at the air-water
interface from the other signals. 5 peaks are observed
on the screen. They each correspond to a signal
reflected at an interface. Chronologically, the first one,
which is the biggest one, corresponds to the signal
reflected at the interface between the grease and the
acrylic supporter plate fixed on the test channel; the
second one at the interface between the supporter and
the test channel wall; the third one at the interface
between the channel wall and the water; the fourth one
at the interface between air and water. The fifth peak
is due to a multiple reflection effect.

FTS-MARK?2 oscillates electric pulse signals in
3kHz and the transducer changes them to the ultrasonic

Grease-supporter
l

]
AT T T T

Supporter-wall ~Wall-water interface
7

[
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w

Voltage (V)

-2

Time (u sec)

Figure 2 Reflected sound signal

waves. We used two types of transducers. One has got a 12.7mm diameter and the other a
3.2mm diameter. They transmit respectively SMHz and 10MHz ultrasonic waves. In the
present sampling system, the signals over a 40us time duration were divided into 1,000
channels and memorized. Therefore, if we assume the sound speed in the water film to be
1,500m/s, the spatial resolution due to this sampling procedure is about 30um. On the other

hand, from a simple wave theory, the spatial resolution
in the transmitting direction is function of the half
wave length of the ultrasonic wave, i.e. 150um and
75um for SMHz and 10MHz, respectively. It takes
about 10ms to convert anlog singnals into digital ones
with the A/D converter used for the present work, and
it memorizes 256 signals in one samplig procedure.
Spatial resolution in the flow direction depends on the
converting speed. If the wave surface velocity is 1m/s,
then the spatial resolution will be about 1cm. To obtain
higher resolution, we have to use a faster A/D
converter.

Figure 3 represents a comparison of the measu—
red values of the still water thickness obtained with
prementioned ultrasonic method with the visually
measurement. An excellent agreement was obtained.

2.2. Experimental Apparatus
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Figure 3 Comparison of the
results obtained by ultrasonic
transmission technique and by
visualization in still water

A schematic diagram of the experimental apparatus used in the present work is shown
in Fig.4. The test section is a 100mm width, 50mm high, and 500mm length horizontal
rectangular channel. The liquid film thickness measurement was carried out in the middle of

~-the-channel.-To-obtain-a thin-and quasi-stable liquid-film flow; water-is-supplied-to-the-test——————

channel from an over—flow tank which is used to avoid the instability induced by the pump.
This tank has a gate inlet of the channel to control water flow rate and initial film thickness.
The ultrasonic transducer was attached to the outside of the test channel with grease.
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Figure 4 Schema of the flow test section and Figure 5 Operational principle of a
measurement arrangement laser displacement gauge

We used a laser displacement gauge to compare with the ultrasonic method. The laser
displacement gauge was set at the same spot of the transducer. In order to enhance the
detection sensitivity of the laser displacement gauge, a small amount of milk was added in
the water flow. The operational principle of the laser displacement gauge is shown in Fig.5.
The incident light emitted in a 1.5mm diameter beam by a LED is focused on an object by
optical lenses and then, the reflected light generates an image spot on the position—-detector
through the optical lenses. This image spot moves in correspondence with the magnitude of
the displacement of the object.

2.3. Results and Discussions

Figures 6 and 7 show comparisons of the film thickness obtained by the ultrasonic
transmission technique with the one obtained by the laser technique for a standing wave
generated in still water. Overall agreement is thus excellent. However, it should be noted that,
at sharp edge of the liquid surface, the ultrasonic transmission technique cannot measure the

thickness.
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Figure 6 Comparison of the ultrasonic Figure 7 Comparison of the ultrasonic
transmission technique with laser transmission technique with laser
technique for standing wave technique for standing wave
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Figures 8 and 9 show the time-dependent liquid film thickness obtained under
different flow conditions in air~water stratified flow. These results reveal that the ultrasonic
transmission technique is successfully applied to construct time-dependent images of the local
film thickness in stratified two—phase flow.
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Figure 8 Time-dependent film thickness Figure 9 Time-—depéndent film thickness
in stratified flow in stratified flow

This has been confirmed again in Figs.10 and 11 for the passage of a large but slowly
traveling wave which compare the ultrasonic transmission technique with the results obtained
by impedance probe method.

i N T T T Y T

5 ¥ T T T T 4 T E
- F i £ . N
E i BROKEN LINE: IMPEDANCE PROBE ] % | BROKEN LINE: IMPEDANCE PROBE i
[ .'“»‘ [ . w
B4} lia 7 g r .
g [ i e, ] g o e
g [ P ] £ R e
E iU R R . 335k & YW -
4 ioay N - = { 1""‘
3 L : : L A /~.: i L R ‘n & & lA
w o 3 %n ° -1 A d‘a l? 7
. 2 - - aa z:n 0y A% & 4 -
ask : i o N BRSNS
L ’ e Y ;
35 - 2’ . l ; ’ 1 2 l 4 5
TIME (s) TIME (e}
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transmission technique with impedance transmission technique with impedance
probe method probe method

In_order to examine the capability of detecting a sharp edge of the interfaces, we

investigated the effect of the slope of the reflection interface on the output signals from the
ultrasonic transmission system. In this experiment, the reflection interface was simulated by
using an inclined solid surface placed in water. The surface of the transducer has a finite size,
and the measurement is done in this area. We treated its center as a local position for




measurement and considered /, as a true local liquid film thickness of this position.
The ultrasonic wave, which reflects at the Center of the transducer
nearest position of the gas-liquid interface to the
transducer surface, as illustrated in Fig.12, gives the 20
peak of the reflection signal. The calculated value T~
obtained by this time of flight(T,) and the time of :
flight of the ultrasonic wave in acrylic plate(T,) was
used as the measured local liquid film thickness.
Therefore, the localitivity of this technique was
considered as the size of the transducer.
T, and T, are expressed as Egs.(1) and (2).
1:21 (1) ! :
v, l€—>  Transducer
iod o
Figure 12 Effect of the inclination
angle of the gas-liquid interface
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where v,, v, and H are the ultrasonic velocity in acrylic plate, the ultrasonic velocity in water,
and the thickness of the acrylic plate. In the present experiment, H is 20mm.
From Snell's law, the angle ¢ can be expressed with the incident angle 20 as Eq.(3).
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The limit of the measurable inclination angle 6,,, is given by Eq.(5).
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where, a and b are determined in Fig.12. The inclination angle 8 versus film thickness is
expressed in Eq.(6).

_ . d 100 1
- 2tanf.. cosZGHm
am

-~
=)
N’

1 —2—955in728um

\




The limit of the measurable inclination angle for the transducers used in the present
work are shown in Fig.13.
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Figure 14 shows the effect of the inclination angle upon the measured film thickness
obtained by experiment and by theoretical calculation. The limit angles are 4° and 7°,
respectively for d=3.2mm and d=12.7mm transducers to measure the liquid film with
10.93mm thickness. The results are good for the 12.7mm diameter transducer, but not good
for the 3.2mm diameter one. Figure 13 shows that the sensitive range of the reflected
ultrasonic wave is wider as the transducer diameter is larger. However, Fig.14 shows that the
difference between the true liquid film thickness and the measured film thickness becomes

wide for the large diameter transducer.

3. A COMPUTER AIDED FLUORESCENCE TECHNIQUE FOR
VISUALIZATION

3.1. Measuring Principle

To obtain time- and space~dependent images of two—phase film flow, we developed
a visualization technique using a fluorescence dye. It is known that the Rhodamine B, a
fluorescence dye, emits fluorescence by absorbing light with its wave length ranging from
200nm to 600nm. The wave length at maximum absorption is 514.5nm, emitting 590nm.

In applying this technique to a comparative fast changing phenomenon, the life time
of fluorescence becomes important. Generally, the life time depends on its radiational process.
There are two major steps for the excited Rhodamine B to loose its excitation energy from
excited state and down to the ground state. At first stage of excitation, the excess energy is
emitted as an oscillation energy, resulting in an infrared ray. This process takes about 107sec.

In the second stage, a visible light is emitted during a period of the order of 10™ Ssec. The
wave length of fluorescence light becomes, therefore, a little longer due to the energy loss at
the first stage. The difference between input light wave length and out put wave length
enables us to distinguish the scattered light from the incident light by using an optical filter.
The total life time of fluorescence is thus about 10™°seconds.




We used 2mm thickness laser sheet to locally excite the liquid film flow and recorded
it by a video camera at 30frames/second. The average velocity of the film flow is about 1m/s,
then the calculated spatial resolution in the flow direction is about 3.3cm.

The apparent sheet width is calculated as (f+1)xv+d, [m], where ¢, 7, v, and d, are the
life time of fluorescence, the shutter speed of the camera, the average velocity of the liquid
film and the actual laser beam width, respectively. This calculates 3mm for £,=10"°seconds,
7=1/1,000seconds, v~=1m/s and d=2mm. It is of course better to use faster shutter speed to
minimize this value whereas the luminosity decreases. We therefore compromize these
contradictory requirements.

In order to reconstruct the

images, we first eliminated the noise. V) L
And then, we intensified the contrast D . — ;ﬁ“‘—@—r‘ﬁ
of images to identify the interface. The ‘Jé@ o ®
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3.2. Experimental Apparatus %Mmmeter @ Pitot Tube

and Procedures
Figure 15 Schematic diagram of the test section
A schematic diagram of the
experimental apparatus used in this work is shown in Fig.15. A 2,000mm (L/De=87) length,
50mm width, 15mm height horizontal rectangular test section was used. Viewing direction
is from down stream. We used an optical filter to cut off the laser light scattered on the
channel walls, which makes it difficult to observe the gas-liquid interface.
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Figure 17 Visualization principle
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In order to minimize the perturbation in the liquid flow, an over-flow tank was used.
The air and water were used as working fluids. In order to obtain luminosity, a small amount
of Rhodamine B was added to the water. In the present experiment, the gas—Reynolds number
ranged from 0 to 3.3x10%, and the liquid-Reynolds number from 77 to 1917.

The viewing section was carefully designed (Fig.16) to enable us to get clear images,
by avoiding the liquid droplets impingiments onto the viewing window. For this purpose, we
used an air purge system similar to that adopted by Hewitt [6]. The way how to visualize the
liquid film behavior at a certain cross—section is shown in Fig.17.

3.3. Results and Discussions

Several typical reconstructed images are shown in Figs.18 and 19 respectively, for
1=29%107’m/s, J;=4.8m/s, and 1=55%x107m/s, J .=4.9m/s. These figures are given in time and
space domains. It should be therefore noted that these plots do not construct actual three-
dimensional spatial distribution of the film flow behavior. The irregular time intervals shown
in these figures were chosen to show how the disturbance waves spatially distributed over the

whole channel cross section.
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From these figures, we can see the characteristics of gas-liquid interface of the film
flow. Specifically, the disturbance waves vary significantly over the channel width. In the
region near channel walls, the film thickness becomes large, due to the surface tension effect.

avIyz

~Inthe center position-of thechannel;the-gas-liquid-interface-is-somehow wavy:

In high superficial gas-velocity condition, the length between two consecutive
disturbance wave becomes shorter than the distance between the video camera and the
visualization area. It is possible for, at least one disturbance wave, to exist in the observing
space. This wave obstracts the observation. Not only under the high superficial gas-velocity
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conditions, but also under other conditions, it is impossible to see behind the disturbance
waves, because that part is always in the range of the shade of the disturbance wave.

4. CONCLUSION

The ultrasonic transmission technique has been applied to the measurement of time-
and space—dependent film thickness in a horizontal stratified flow. The result obtained with
this method indicated an excellent agreement with those obtained by other conventional
intrusive and non-intrusive techniques using a laser—displacement gauge.

Advantages of this technique over conventional ones are: (1) it can be applied even
for opaque tubes, (2) it does not generate additional disturbances to the flow because of a
non-intrusive method (3) easy handling. On the other hand, major difficulties with this
technique are: (1) a poor detection sensitivity to the inclination angle of the reflection
interface, (2) spatial resolution is not always satisfactory at moment due to the
compromization of two contradictory requirements for the size of the transducer. Some
discussions have been made on these problems.

The computer aided fluorescence technique has been also developed and applied to
visualize a liquid film flow characteristics. The three—dimensional images of the flow have
been reconstructed for studying the dynamic behavior of the flow. However, some
improvements should be made in future about this method: (1) spatial resolution should be
high enough to enable us to measure thin liquid film of the order of 100um, (2) Viewing
direction of a video camera should be capable of observing simultaneously the behavior of
the film flow interfaces and entrained liquid droplets.

Nomenclature

d Diameter of a transducer

d, Laser sheet thickness

De Equivalent—diameter

J,  Superficial gas velocity

J,  Superficial liquid velocity

1, Distance between the center of the transducer and gas-liquid interface
I, Measured liquid film thickness

L Test channel length

t, Life time of fluorescence
v, Ultrasonic velocity in acrylic plate

v, Liquid film velocity

v, Ultrasonic velocity in water

0 Inclination angle of gas-liquid interface
7 Shutter speed of the video camera
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UPSTREAM CRITICAL HEAT FLUX IN FLOW BOILING INSIDE A TUBE
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ABSTRACT:

Critical heat flux (CHF) of an uniformly heated tube usually takes place at a tube exit end but it is
sometimes detected at an upstream location under high mass velocity at high system pressure. To
get insights into the mechanism of this upstream CHF phenomenon, systematic experiments are
conducted in this study employing Freon-115 as a test fluid for wide experimental ranges of system
pressure, mass velocity, heated tube length and inlet subcooling. ~ As the roughness of the inner
surface of the test tube is found to have a strong effect on the occurrence of CHF, three types of test
tube with different surface finish are tested. From the experiments, the followings are found:
(1upstream CHF is an autonomous phenomenon;(2)upstream CHF is likely to occur in rough
tubes;(3)upstream CHF is likely to occur at low inlet subcooling at high pressure under high mass
velocity;(4)upstream CHF is higher than regular downstream CHF under the same inlet
subcooling;(5)downstream CHF can be correlated uniquely as a function of local quality while
upstream CHF data branch from the unique relation.

1.INTRODUCTION

In forced convective flow of liquid in an uniformly heated tube, the temperature of liquid
increases in a flow direction in subcooled region and the quality of two-phase flow increases in
saturated or superheated region. So it is quite reasonable to expect that CHF (critical heat flux)
occurs at the exit end of the heated tube. In fact, under usual experimental conditions, CHF can be
detected at the tube exit end. It has been known, however, that when the system pressure is high and
the mass velocity is also extremely high, CHF is sometimes detected at an upstream location. This
anomalous CHF is often designated "upstream CHF" against regular downstream CHF.

The upstream CHF was first reported by Waters et al[1] in 1964 for water at moderate
pressures corresponding to vapor-to-liquid density ratio of 0.049 and 0.085 under high mass velocity
above 6700 kg/m2s. Similar reports were published afterwards by Matzner et al.[2], Merilo[3] and
Merilo and Ahmad[4] for water as well as Freon-12, though they are restricted to nearly the same
condition of pressure(py/p;=0.05). In experiments of CHF at high pressures, Katto and his
coworkers[5,6] investigated upstream CHF by employing Freon-12 for various conditions of
pressure, mass velocity, tube length-to-inner diameter ratio and vapor-to-liquid density ratio.
Meanwhile, Groeneveld[7,8] measured the upstream CHF using Freon-12 under two-phase inlet
condition. He found that the wall temperature excursion at the onset of CHF under high mass

velocity is small and it becomes difficult to detect CHF. As to this slow CHF, Peskov et al.[9]
observed that the excursion of wall temperature declined noticeably with increasing pressure and
decreasing inlet subcooling. Thus, not a few studies have been published in the past concerning
upstream CHF but the data are not sufficient to clarify the mechanism. So, in the present study,
systematic experiments of upstream CHF are conducted at high pressures by employing Freon-115
as atest fluid for wide experimental ranges of system pressure, mass velocity, test tube length and
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inlet subcooling. In the experiment, three kinds of test tube which have the same geometric size but
different inner surface finish are tested since it was found that the onset of upstream CHF is strongly
affected by the tube inner surface finish.

3 EXPERIMENT

Experimental apparatus is illustrated schematically in Fig.1. Freon-115 is employed as a test
liquid. A part of the test liquid flowing out of a circulating pump, passes through flow meters and an
electric preheater to enter the test section with a prescribed subcooling. The vapor and liquid leaving
the test section flow into a pressurizer. Another part of the subcooled liquid leaving the circulating
pump passes through a cooler(counter flow heat exchanger cooled by water), and then the greater
part of it returns to the circulating pump through a filter while the rest is sprayed into the pressurizer
to condense the vapor coming from the test section. A water-cooled condenser and an electric
heater equipped in the pressurizer is used to control the temperature of the saturated liquid to realize
a prescribed system pressure. The liquid flowing out of the pressurizer joins the subcooled liquid
coming from the cooler and returns to the circulating pump.

The test tube employed is a stainless steel tube of inner diameter 5 mm with wall thickness of 1
mm. The length of the tube is chosen as 250 mm, 1000 mm and 3000 mm, corresponding to the
length-to-ID(inner diameter) ratio of 50, 200 and 600. As the space for test section is taken 3000
mm in height in the present apparatus, an additional tube is set at an upstream part of the test tube as
shown in Fig.2 and used as a preheater for adjusting the inlet subcooling. The test tube is heated
directly by A.C. current. As is shown in Fig.3 of the tube length 1000 mm case, 0.1 mm diameter
Chromel-Alumel thermocouples are spot-welded to the outer surface of the test tube in order to

measure the wall temperature and to detect the occurrence of CHF. Table 1 summarizes the location

and the numbering of the thermocouples.

From the result of the preliminary experiment, it is found that the onset of upstream CHF differs
noticeably depending on the surface finish inside the test tube. So the following three test tubes with
the same geometric shape but different inner surface finish are prepared:
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Table I Positions and the numberings of the thermocouples on the heated test tubes.

Distance from outlet x (mm )
L/d Thermocouplie No.
1 2 3 4 | 51 6 | T fr- 11 1 12 1 13 | 14 |- 31 | 32
50 10 1 30 | 60 {110} 160|210
200 10 | 30 § 60 {110{210] 310410 810 | 910 { 960
600 10 | 30 | 60 {110 210310410 - 810 | 910 {1010{1110} ---- 2810j2910

(a) Type-A test tube (b) Type-B test tube (¢) Type-C test tube

Fig.4 Photomicrographs of the inner surface of the three types of test tube. Maximum surface
roughness of Type-A, Type-B and Type-C test tubes are 5 um, 38 um and 30 pum respectively.

oType-A test tube: an annealed tube with polished inner surface having maximum roughness of
5 um.

oType-B test tube: a commercial tube with inner surface washed by acids having maximum

roughness of 38 um.

o Type-C test tube: a commercial tube produced by pulling out from the ingot with inner surface

washed by acids having maximum roughness of 30 pum.
Figure 4 shows photomicrographs of the inner surface of the three test tubes, in (b) of which we can
see the cracks at the grain boundaries. Namely, the inner surface roughness of the tube of Type-C is
of the same order to that of Type-B but the surface has different structure.

In every CHF experiment, the tube was heated gradually step by step and the heat flux when the
wall temperature raises sharply was taken for CHF. Not to burnout the test tube, a CHF-detector
was set to operate automatically for shutting off the electric input power when the thermocouples
detect the wall temperature rise higher than the saturation temperature plus 60 K. As shown in Fig.2,
a thermocouple and a pressure gauge were equipped near the entrance of the test tube to find inlet
condition of test liquid. Since the pressure drop through the test tube was at most 2.2% of the
absolute pressure in the present experimental range, the reading of the pressure gauge was taken for
the value of system pressure. The experiment was carried out in the following parameter ranges:

esystem pressure p: 1.4 ~ 3.0 Pa(corresponding vapor-to-liquid density ratio p,/p;=0.1 ~ 0.4)

emass velocity G: 545 ~ 6540 kg/m?s

etube length I: 250 ~ 3000 mm(corresponding length-to-inner diameter ratio l/d = 50 ~ 600)

sinlet enthalpy (inlet subcooling) AH; = -30 ~ 60 kl/kg

3. EXPERIMENTAL RESULTS

3.1 Results of Type-A Test Tube (Downstream CHF)

Figure 5 are the raw data of CHF obtained using Type-A test tubes with lengths of 250, 1000 and
3000 mm (corresponding 1/d=50, 200 and 600) at system pressures of 1.88, 2.27, 2.68 and 3.12
Pa (corresponding density rations of py/pp=0.153, 0.212, 0.306 and 0.398) by varying mass flow
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Fig.5 Experimental results of critical heat flux, qc, obtained using Type-A test tubes. Variations
of CHF with inlet subcooling (inlet enthalpy).

velocity from 545 to 6540 kg/m?s and inlet enthalpy AH, from -30 to 60 kJ/kg. All data of Fig.5 are

of downstream regular CHF.

tubes

Namely, no upstream CHF was detected in the tests using Type-A

As is found in Fig.5, for subcooled inlet conditions, that is for AH>0, CHF varies linearly with
AH;. This linear q.-AH,; relationship was also found in the author's previous experiments employing
Freon-12 as a test liquid[10]. As for the critical heat flux g, at the AH;=0 condition, Katto[11]
presented the following correlation:

For pv/pr > 0.15 ,

q{‘()

[apr \0048 /1

cH, ~ ‘\coL

\Z72)

(1)

L
¢=0.25 for §<50, ¢ = 0.25 + 0.0009 (%—50) for 50<~C-l»<150,

£>150

=0.34 f
c or <



— 79 —

w0 - \aanzs e ae o AL T, 1071 e T —TrrrTTT — T wre T T T T
d=5mm. p,/0 =0.153 3 F d=5mm, p,/0,=0.153 3 d=5mm_o,/p =0.153 p
L/g=50 © Rty ) r L/d=200 O R-11s 7 L/d 600 © R-ns 7

& RA-12 B P & R-12 1 & R-12 )

u(,,IGH,o
a
v
m
o
=
£
©
2
°
el .
3
‘vv“ T
«
o
C
3
m
o
=
i -
&
T
|
1
i
FUNS T .

* b ) &1
F e @ £q.3) ]
; i [ 4
; I N
g 107 10 " 1074 '°7c4 0 10¢ “m' Hnm-’
wo": T T T T T w0 T ——T T q 3071 - - r T - i
E desmm. p,/p,=0212 3 d=5mm. 0,/0 0212 ] E desmm, o./0.=0212 3
r L/ge5 o A-ns A . o Au1s ] F N & R-115 1
) -5 anuz ] Lig=200 & paz ] L L/a =800 a maz ]
- | [ : :
I’ | EV Eq.(1)
Q ok gq.td 3 3 1 Q\'l\ ik E
& (//fm ] 3 > : 1 3
3 Eq.{ E s Eq.h) ]
r ) T ) i L@ ol .
b - - k g L
Eq.3) €O ]
L 1 L 1 o - 3
" T PRI " R Lo ] ’ s N L i
0 w0 107 10 w? 10 [T 107 107 w0 \lo" 107 104 xjo"
1077 P —Tr T g 1wic T v T —T—rrTTTg 1077 ¢ Trre T r —rrrry
L d=5mm 0,0 «»0.308 ] f d=eS5mm, p,/p =0306 1 daSmm, 0,/0 =0306 1
: L/d=50 O R-115 : : L/d =200 © R-118% : _ L/d=8600 O R-11% :
[ & RA-12 1 L & R-12 ] & P12 4
_ | ] | .
3 £q® _,w/ Ea.(1)
O otk : Y = 107 ea\% « 1w07? J
2 3 E Eq.(3) — 1 on b s ! \ 3
] 53 8% 9] p ) VA Ea.{1 ]
] (@ © 1 Eq.(3) eq.\ a.{1) :
B L | [58 ©F a 08 ]
Lot N - . Ll NN - N PRI e
10 o it 107 104 o Vo w0’ 104 107
107 e YT u reTT Ty 10? T —TT Ty T \REAL: 1072 e TYTY T Tt~y
E d=Smm. 0,/0,«0398 3 E d=5mm, p,/p0,=0398 £ da5mm, p,/p =0398 3
L L/dw50 o R-tis 7 L L/g=200 O R-1is L L/d =600 o A-us 7
L A R-12 4 L & A.x2 L & A2
l a2 ]
. 3) i | 1
5 , EQ-( - \2\ Eq.(1)
10 - 4 103k . - -3
R Y P E E Eq.(3) €9 < 7 F E
o :a & 0 © 1] ] o 1 r \2\ 1
r b Y] i [ Eq@@ e Ea.(1) B
[ ] : : ); -3 152 ) :
o PRI L o TN - N ST s " L NPT PN
10 1077 104 T 107 10 TS 1077 {ad 107t
oo /G a0 /G LA N4

Fig.6 Comparison between the measured q¢o and the prediction of Katto's correlation for Type-A test
tube cases. Data for Freon-12 obtained in the previous experiments are shown for comparison. All data
are of downstream regular CHF.

G o <pv>o.513 (apL )0.433 [__{_L_/_QL 9
GHfg pL G2 14 0.0031(L/d) @)
0.60
e opr 0173 1
el P = = 0.0384 (PL ) (GzL) [1 + 0.280(0pL/G2L)o.233(L/d)] (3)

For pv/prL <0.15,

N\ 0.133
opL 1/3.[ 1 |

Fp E
Gqug (L) G?L) [1 + 0.0031(L/d)J X

0.133 0.433 L d 0.27
%o _ 098 (pv) <U§L> [ (L/d) } (5)
GH;, pL G?L 1+0.0031(Z/d)




0t T TS T T w0 —rrrrT T g 107 et T
£ R-115, ds5mm, o,/p = 0.398 3 £ R-115, d=5mm, 0,/0,=0.306 E FR-115, d=5mm, 0,/0,=0.153 3
G = 1090 kg / m's we ] £ G e 1080 kg /m's Lre Le G = 1090 kg / m's e ]
T & 22 ] P~ % o 2.9 o w
L Q. o so A P Q. A 200 L 200 i
< w0k gt 4 w0k 1073 | -5
v 3 3 c ™ e & 3
£ 3 F RN
" 10 &
i 4
’ |
Yo~ Adesbod L L i i 1 bk i3l 3 i Lil G i Ad i i -4
10° 10 107 w0 0 10 10! 17 10? 1 ' 10 07 108
xo"_ T T T Ty 107 T T v A ‘01; T Ty 3
[ R-115 d=Smm. p,/p, =0398 E R-115, d=5mm, p,/0,»0.306 1 £ R-115 d«S5mm, 0,/0,10153 3
L G=2180kg/m's Lig X G =2180kg/m%s e 7 { G = 2180 kg / mis us ]
o [ o % L , 0o s
& a 20 \ & 5w ] [ A 20
s I o eo 3 4 r - 0 6o
3 9/3) 9.3 0 &o .\0 3)
Ttk o = 4 ok ° & Py b >
st ey E: N ER: * T, | 3
[ : r b [ & ]
L ] r { Q/é,/ ]
L . i 1
107 EEE—— bl oot - k3 MR TR . Ao LA beeserhrdemdddb el
10 10" 107 w0 i 0 o 10° TS 10" 107 10
407 e T ey M0 e T q 107 pmeree T
F R-115, d=Smm, 0,/0,=0.388 b E R-115, deSmm, 0,/ =0.308 3 rR-115, d=5mm, 0,/0,=0.153 3
a G » 3270 kg / m’s ve ] L G = 3270 kg / m’s wie ] b G = 3270 kg / mls Lo ]
F o 0 | s o s ] F ¢ s ]
& 200 A 200 & 200
F :\ 0 80 A \ o s0 A \ a so A
g S Sa &
< ek 107 x w03 5 13 3
R s os - on R “oan ER ° E
o Wlgy 3 £ : 3 i Seag™> 3
% 1T - 10 Fa ]
4 ikl b . Ak g i) ddei iad - ye ek L L I Jeariererberdan i L2l 4 .  — = e s endrle - - ll
™) 10’ 107 ) 10’ 0 10 i 10" 10? {4
10 ey —rrrr———rrrrg '0CF T g 0’ - Y
£ R-115, d=Smm, b,/0, =0.398 3 E R-115 d=5mm, o,/0 =0306 R-115. d=5mm, o0,/0 =0153 !
L G = 4360 kg / mis e ] L G = 4360 kg / m’s Lie G = 4360 kg / m’s Lie ]
L o s F o = J L o %
& 200 é 200 A 200
» o &0 \ 0 k o &0 -
’\ Eq(a Eq(a) \
) &
< w0k 107k 3wk (3} .
& E \ F o A 6 on k! £ =] ° 3
r 4  Ba g °% &%y ] 3 LESIN .
[ 5 s ]
b (bch] - L B
- A 1 10 ke . H . Lot PSR
e 10 w0t 10 1o 10! 1w’ w0 g 10" 10?7 10
\0'*_ T - T ol S ——— +—Trrer ™ '°", T T al
F Re115, dw8mm, 2,/0,=0.308 3 E R-118, d=Smm. 0,/0, 0308 1 E R-115, d=Smm, 0,/ %0153
[ G = 8540 kg/ m's e ] L G « 6540 kg / m's Lra ] £ G = 6540 kg / m's Lie
L 0 % L o % L o %
& 200 & 00 & 200
r P~ | & o & o ]
§.. ok P 23 1 ek 93 1wt a3
T ° o ,0 ] F a ) ] 3 a0
L ° & Jog 1 3 Sma fa ] TP
) ] A ]
[} o
0,
-] Dq:b J
o~ bbbt 1 PSS W T . b dat . N " Lo, -4 bkt
e 10! 107 w0 i 0" 17 o e 10"
Ly/d Lpid Lo/d

Fig.7 Correlation of CHF data using boiling length Ity and comparison with Katto's correlation.

Equations (1) to (3) are the correlation for moderately high system pressures;Eq.(1) is of relatively
low mass velocity regime; Eq.(2) of relatively high mass regime; Eq.(3) of high pressure regime. On
the other hand, Eqs.(4) and (5) are the correlation for moderately low system pressures; Eq.(4) is
applicable to high mass velocity regime; Eq.(5) to low mass velocity regime. In Fig.6, data of qc,
obtained by extrapolating or interpolating the q.-AH; linear relationship to the condition of AHi=0
are shown and compared with Katto's correlation. The present data agree in general with Katto's
correlation but the data at high pressures ( high density p,/pr) under high mass velocity (small

o/pLG2L) deviates from the Katto's correlation and the deviation becomes large as the system
pressure increases and also the mass velocity increases. According to Eq.(3), CHF varies as
(py/p1)0:6 in high pressure regions for a fixed mass velocity G but a simple analysis shows us that the
present data varies as (p,/pp)0-75.

For the conditions of positive inlet enthalpy, that is, for AH;>0, the quality (equilibrium quality)
of the test fluid at the exit end of the test tube can be calculated by the following equation of heat
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balance:

_ 4q. (L\ AH;
%=z, (2) 7, ®

For cases of positive exit quality(xs>0), the following tube length ¢}, designated usually "boiling
length", may be defined:

6 d\ (GAH; .
f =1= (ZE) ( qc > 0
If we use this ¢, in place of the tube length L, CHF data for any AH; may be correlated and

compared with Katto's correlation in a similar manner to q, in Fig.6. CHF data of Fig.5 are thus
compared with Katto's correlation in Fig.7. The q. and q, data are very similar in trend in Fig.7 but
the data for #4/d less than 200 deviates from the Katto's correlation and the deviation becomes
noticeable as f/d is reduced. This character of CHF was observed also in the author's previous
experiment employing Freon-12 as a test fluid[10].
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Fig.8 Experimental results of critical heat flux, qc, obtained using Type-B test tubes of inner diameter
d=5 mm and length of L=1000 mm(L/d=200). Open symbols represent downstream CHF and solid
symbols upstream CHF. Numeral at the side of upstream CHF datum point denotes the location of the
test tube (see Table 1) where the critical condition is detected first.

3.2 Results of Type-B Test Tube(Upstream CHF)

3.2.1 Occurrence of upstream CHF Figure 8 are the raw data of critical heat flux obtained using
the test tube of Type-B with the length of 1000 mm(corresponding length-to-inner diameter ration
L/d=200) at system pressures of 1.50, 1.88, 2.27 ,2.68 and 3.12 Pa (corresponding density ratio
pv/pL=0.109, 0.153, 0.212, 0.306 and 0.398) by varying mass velocity G from 1090 to 6540 kg/m?2s
and inlet enthalpy AH; from -30 to 60 kJ/kg. In Fig.8, open symbols represent the data of
downstream CHF detected at the exit end of the test tube and the solid symbols the data of upstream
CHF. The numerals at the side of solid symbols indicate the location of the thermocouple(see Table
1) with which the critical condition is detected first. As seen in Fig.8, upstream CHF occurs in a wide

experimental range in-eases-of Type-B-test-tubes. - Figure O is-a-typical set of data-at-a density ratio———

py/p1=0.306 under two values of mass velocity of 1090 and 3270 kg/m2s selected from Fig8,
expressing the data of Type-A test tube by solid lines. The denotation of arrow symbols in the figure
will be described in the next section.
From the results of Figs.8 and 9, the followings are found:
1) upstream CHF is higher than the value of critical heat flux estimated as regular downstream CHF.
2) upstream CHF is more likely to take place for small AH; for a fixed mass velocity.
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Fig.9 Two sets of typical data showing the difference of CHF between Type-A
and Type-B tube cases and autonomy of upstream CHF phenomenon.

3) the region of AH; where upstream CHF occurs becomes wide as the mass velocity increases.
4) the difference of downstream CHF between the cases of Type-A and Type-B tubes becomes
large as the mass velocity increases.

3.2.2 Autonomy of Upstream CHF phenomenon

condition.
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Fig.10 Typical examples of the wall temperature excursion and its longitudinal distribution at critical,
pre and post critical conditions of Type-B test tube case. The right diagram is of regular CHF case and
the middle and the left bottom diagrams are of upstream CHF cases.

The arrow symbols in Fig.9 indicate the changes
of experimental conditions made to see the reproducibility of the data and to see whether or not the
upstream CHF phenomenon is autonomous. Namely, the data of Fig.8 were obtained for a fixed
mass velocity by varying AH; from a larger value to a smaller value while, in the tests performed
under a fixed mass velocity G=3270 at the condition of AH;=10 kJ/kg, the mass velocity G was
changed from 3270 to 1090 kg/m2s and then changed back to the original value G=3270 kg/m2s to
see how upstream CHF changes. In addition, under a fixed mass velocity of G=3270 kg/m2s, the
inlet enthalpy AH; was changed from 10 to 30 kJ/kg in the direction of increasing AH;, and at
AH;=30 kJ/kg, mass velocity was changed again in the similar manner as was mentioned above to see
the variation of CHF. From these tests, it is found that the upstream CHF is an autonomous
phenomenon and the value of upstream CHF is uniquely determined depending on each experimental
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Fig.11 Raw data of critical heat flux obtained using Type-C test tubes of inner diameter d= 5 mm and
the length of L=250 mm(L/d=50), L=1000 mm(L/d=200) and L=3000 mm(L/d=600). Symbols are the
same to those in Fig.8 but upstream CHF with downstream CHF are indicated by open symbols.
3.2.3 Wall Temperature Excursion  Typical examples of wall temperature excursion and its

longitudinal distribution at CHF as well as pre and post CHF conditions when a density ratio is
pv/pL=0.306 and a mass velocity is G=3270 kg/m?s are shown in Fig.9 for three selected inlet
enthalpies (a)AH;=6.1 kJ/kg, (b)AH;=20.7 kJ/kg and (c)AH;=44.9 kJ/kg, where at the condition (c),
downstream CHF occurs and at the conditions of (a) and (b), upstream CHF are detected. It is clear
in Fig.10 that upstream CHF region moves toward upstream direction and widen as the heat flux is
increased in post-CHE.
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Fig.12 Typical examples of the wall temperature excursions and its longitudinal distribution at critical,
pre and post critical conditions. Usual cases of upstream CHF, cases of upstream CHF with downstream
CHF and the special case when upstream CHF is detected at two upstream locations are shown..

3.2.4 Pressure Dependence  As is clear in Fig.8, the AH; region where upstream CHF is detected
widen as the system pressure increases and also as the mass velocity increases. Namely, it is said
that upstream CHF is more likely to take place when the system pressure is high and the mass

velocity is also high. However, at extremely high system pressures, the wall temperature excursion
at the onset of CHF becomes small and it is rather difficult to detect CHF. This character of CHF,
sometimes designated slow CHF, can be recognized also at extremely high mass velocity and the
result agrees well with the reports of Groeneveld[7,8] and Peskov[9].

3.3 Results of Type-C Test Tube (Upstream CHF with regular CHF)
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Fig.13 Correlation of CHF data as a function of local quality . Characters ABand C
in the diagrams denote the cases of Type-A, Type-B and Type-C test tubes respectively.

3.3.1 Characters of upstream CHF ~ The difference between test tubes of Type-B and Type-C is in

the inner_surface structure as seen in Fig 4. In a word, the inner surface of Type-C test tube is
smoother than that of Type-B. The data of CHF obtained employing Type-C test tube under the
same experimental conditions for Type-B tube but for additional I/d values of 50 and 600 are
summarized in Fig.11. As is clear in this figure, upstream CHF takes place but it is unlikely to take
place in general when compared with the case of Type-B tube. Especially it should be pointed out
that the upstream CHF region distribute widely along the test tube and that upstream CHF is mostly
accompanied by regular downstream CHF. Only in the case of p,/p; =0.212 in Fig.10, pure upstream




CHF was detected. In cases of AH;<0, an inlet condition is of vapor-liquid two phase flow and the
onset situation of CHF becomes more complicated than the cases of AH;>0, as seen in data for
G=6540 kg/m?2s at L/d=200 and py/p1=0.212 in Fig.11.

The occurrence situation of upstream CHF is rather different between the cases of Type-B and
Type-C test tubes though the difference between the two tubes is only the inner surface structure and
roughness. This result together with the fact that no upstream CHF was detected in the case of
Type-A test tube indicates that upstream CHF relates closely to the roughness, finish and structure of
the tube inner surface. From hydrodynamics point of view, surface roughness connects to the
pressure drop, especially at high fluid flow. So it is possible to say that longitudinal pressure
distribution and resulting change of flow pattern might cause upstream CHF. The rigorous
mechanism, however, remains unknown at present.

3 3.2 Effects of length-to-inner diameter ratio  The data of Fig.11 involves the results obtained for
short as well as long test tubes of Type-C. From this figure, the followings are found:
1) upstream CHF is more likely to occur when the tube is long.
2) upstream CHF of sort tube is accompanied in most cases by regular downstream CHF.
3) when the tube is long, upstream CHF is likely to be accompanied by downstream CHF as the
system pressure is increased.
4) upstream CHF occasionally take place at two upstream locations as shown for p,/p;=0.212
case in Fig.11.
Typical examples of the wall temperature excursion and its longitudinal distribution are shown in
Fig.12. Concerning the results of Fig.11 and the above findings, it should be added here that clear
upstream CHF phenomenon was observed for L/d=50 in a case of test tube of Type-A. This fact
suggest that without distinction of the value of L/d, inner surface condition of the test tube affects
the onset of upstream CHF.

4. CHF-LOCAL QUALITY RELATION

All data of CHF including downstream as well as upstream CHF obtained in the present
experiments are correlated in Fig.13 as a function of quality . at an onset location of CHF. For
cases of upstream CHF, the quality at an upstream location where critical condition was detected
first is taken for the value of y.. As is found in Fig.13, an unique relation seems to exist between
downstream q. and ., and data of upstream CHF and of upstream CHF accompanied by regular
CHF deviate from the unique curve. The dependence of upstream CHF on the test tube appears in
Fig.13 as the difference of deviating point. Though CHF is well correlated in Fig.13 as a function of
local quality, the physical basis is not yet revealed and remains as a future problem to be solved.

5. CONCLUDING REMARKS

In the present study, the occurrence and character of upstream CHF was investigated by
carrying out systematic experiments for wide ranges of experimental parameters such as system
pressure, mass velocity, tube length-to-inner diameter ratio, inlet subcooling for three types of test
tube with different inner surface finish. From the experiments, the following results are obtained:

(1) upstream CHF is an autonomous phenomenon:

(2) Onset of upstream CHF is affected noticeably by the inner surface finish of the test tube.

(3) upstream CHF is likely to occur at low inlet subcooling at high pressure and high mass velocity.

(4)upstream CHF is higher in general than the estimated downstream CHF for the same inlet
subcooling.

(5)upstream region where the wall temperature excursion is detected becomes wide in post-CHF




as the heat flux is increased.
(6)down stream CHF at high system pressures are correlated well by the local quality. Upstream
CHF takes place in a manner as branching from the unique CHF-quality relation.

NOMENCLATURE:

d - inner diameter of test tube, mm

G . mass velocity, kg/m2s

Hg, . latent heat of evaporation, kJ/kg

AH; © inlet enthalpy corresponding to inlet subcooling, kJ/kg
L . tube length, mm

Iy . boiling length, mm

p . system pressure, Pa

q . heat flux, W/m2

Qe . critical heat flux, W/m2

9eo . critical heat flux when AH;=0, W/m2
Tw . wall temperature of the test tube, K

Ae : local quality at an onset point of CHF, -
Xe . quality at the exit end of test tube, -

oL . density of liquid, kg/m3

pv . density of vapor, kg/m3

o] . surface tension, N/m
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ABSTRACT

The behavior of individual interfacial waves on liquid film in vertical-
ly upward air-water annular flows has been visualized, observed and analyzed
by a pigment luminance method(PLM) which was calibrated with a fiber-optic
liguid film sensor. By means of this technique, we distinguished three dif-
ferent types of interfacial waves, i.e. the ripple wave, the ring wave and the
disturbance wave. Furthermore we measured the characteristics of these three
different kinds of waves, and in particular those of the disturbance wave:
iI.e. 1its propagation velocity, its frequency in passing and the distance
between two adjacent waves, and then obtained the dependency of these charac-
teristics on the air and water volumetric fluxes j_, and jl' These results
agreed well with the results obtained by other investigators, using an elec-
tric needle contact method. The existence region of the ring wave newly found
was determined on the flow pattern map for annular flow regime, which was
located across the boundary between the ripple and disturbance waves. A
probable mechanism of the occurrence of the ring and the disturbance waves was
posited.

1. INTRODUCTION

Knowledge of local and temporal behavior of the interfacial waves on
liquid film in two-phase annular flows is very important for obtaining the
macroscopic characteristics of flow and heat and mass transfer of such flows.
Although the overall characteristics of such interfacial waves have already
been obtained experimentally, using various kinds of measurement methods(1],
the behavior of individual wave has never been ascertained directly, due to
lack of an appropriate measurement method. At the present stage, existence of
only two types of waves, i.e. the ripple and disturbance waves is accepted by
the majority of researchers. However, the existence of other types of waves
have been suggested by several researchers.

For these reasons, we have conducted an experimental analysis of the
behavior of interfacial waves on liquid film in upward air-water two-phase
annular flows through a vertical tube. In order to gain a visual representa-
tion of the interfacial wave a pigment luminance technique{2] was developed,
and used in combination with a twin fiber optic liquid film sensor[3] capable
of making simultaneous measurements of the local thickness and the interfacial
wave velocity of liquid film at the crest and in the trough. A high speed
video camera system and a picture analysis system were used to obtain quanti-
tative data from the picture visualized.

*Present address: Kawasaki Heavy Industries, Ltd., Kobe, Hyogo 650-91, Japan



2. EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 1 is a schematic diagram of the experimental setup used. The
vertical tube used in this experiment was of plexiglass, and about 4.3 meter
long and 29 mm in inner diameter. The section in which water was mixed into

the air had multi-holes drilled through the tube wall, all round the diameter
of the tube-section, from which water was slowly injected into the air flow to
form liguid film. The measurement point was located at 3.5 m downstream, i.e.
upward from the air-water mixing section.

The white pigment used consisted of spherical particles of titanium
oxide of about 5 micrometers in diameter and about 4 g/cc in density. This
was intermixed into water at a volume concentration of about 0.025%. The
luminance measured at a position corresponds to the number of the pigment
particle existing there. If the particle is uniformly suspended in liquid,
which was the case with this experiment, the particle number is proportional
to the thickness of the liquid film. Hence, the luminance corresponds to the
thickness of the liquid film.

Analysis of the behavior of each interfacial wave was made using the
CRT display of a high speed video monitor, as follows: On the CRT, two fixed
points were chosen along the flow direction, and the propagation velocity was
obtained by the time-of-flight method, in which the time needed for a wave to
travel the distance between these two points was measured from the video
pictures. The difference in time taken by two successive waves in passing
through one and then the other of these two points gave the period of the
wave. The frequency was given as the reciprocal of this period. The distance
between two adjacent waves was obtained as the product of the propagation
velocity and the period.

3. RESULTS AND DISCUSSIONS

It did indeed prove possible to present visually the temporal and local
motion of the waves propagating in liquid film, and to measure the temporal
and local waveforms. Typical examples of the interfacial waves visualized by
this pigment luminance method are shown in Fig. 2. These pictures were print-
ed out from the CRT display of the high speed video tape recorder, and pre-
sented the changes in wave pattern that occurred every 10 milliseconds.

In interpreting this figure, relative brightness can be taken as roughly
proportional to the thickness of the liquid film{2]. Hence, the brighter a
part 1s, the thicker the film at that point may be understood to have been.

These waves were then classified into three types, the ripple wave, the
ring wave and the disturbance wave. This classification method differs sligh-
tly from the ordinary approach, in which waves are classified into just two
types, the ripple wave and the disturbance wave, the former being identical
with the ripple wave in the present classification, and the latter correspond-
ing to a conglomeration of the ring and the disturbance waves of ocur classifi-
cation. From the standpoint of the present measurements, it seems only logi-
cal to classify them into not two but three types, because a clear difference
in characteristics was observed between the ring wave and the disturbance
wave.

The ripple wave, represented by a symbol RP, occupied the greater part
of the air-water interface and had an imbricate pattern propagating at lower
speeds. The typical thicknesses of the liquid film at the crest and in the
trough were about 0.1 mm and 0.05 mm respectively, although they varied de-
pending on the volumetric fluxes of air and water.




The ring wave (RG) had a wave front encircling the perimeter of the
tube, and appeared only in the region of transition from the ripple wave
region to the disturbance one. Its speed was about twice as much as that of
the ripple wave. 1Its wave height, i.e. the film thickness at the crest, was
about 1 mm. As it propagated, it would inevitably incorporate the ripple wave
running in front of it. It was a single wave with a high crest and a narrow
wavelength. There was found a broken ring wave (RGB), which appeared in the
region between the ring and the disturbance waves and had a wider wavelength
and an undulated wave front incompletely encircling the tube perimeter.

The disturbance wave (D) was formed from a group of several kinds of
waves which characteristically conglomerated and then disintegrated. 1t had a
large wave width, and contained droplets and bubbles. Its speed was three or
four times faster than that of the ring wave.

The flow-pattern map for the annular flow regime in a vertical up-flow is
shown in Fig. 3. The broken and solid lines represent the boundaries which
were obtained in the experiments conducted by, respectively, Sekoguchi et
al.[4] and Fukano et al.[5], their results being obtained using the electric
needle contact method. The solid and broken circles represent respectively
the experimental points at which the disturbance wave does and does not appear
in the present experiments. The symbols D, RP, RG and SW represent the re-
gions of, respectively, the disturbance wave, the ripple wave, the ring wave
and the suspended wave. The symbol RGB represents a ring wave which is par-
tially broken. The boundaries among the disturbance wave, the ripple wave and
the suspended wave obtained from the experiment coincide with each other to a
degree that seems reasonable considering the slight difference in the diame-
ters of the tubes used. In addition to these three boundaries, we determined
the existence region of the ring wave newly found on the map, which is repre-
sented by the dash-dot line.

The video tapes thus obtained were fed into a picture analysis system to
convert the spatial luminance pattern into a two-dimensional spatial pattern
representing the liquid film, on the presupposition of a directly proportional
relationship between the luminance to the film thickness. Thus, we obtained
both the spatial and the temporal pattern of the liquid film thickness, and,
by analyzing this, we were able to ascertain wave length, wave velocity, wave
period, wave height etc. --- in short, detailed information concerning the
behavior and the parameters of the individual wave.

Figure 4 shows an example of the behavior of the ring wave, as visual-
ized by the PL method and analyzed as described above. The ordinates are the
film thickness and the luminance, and the abscissa the relative distance in
the vertical direction. Wave patterns are depicted for every 10 milliseconds.
1t is seen from Fig. 4 that ring waves, indicated by the arrow marks, incorpo-
rated one after another the ripple waves running in front of them.

Figures 5, 6 and 7 show the propagation velocity Vq of the disturbance
wave, the frequency Nd of 1ts appearance and the distance l%i between two
adjacent disturbance waves, respectively, as a function of the gas volumetric
flux j, with the liquid volumetric flux jl as a parameter. In these figures,
the open circles represent the results obtained in the present experiments,
and the solid circles represent those in Sekoguchi’s experiments{4].

The quantity Vd increases with the increase in j_, and/or jl The quan-

tity Ny increases with the increase in j_, and/or jJ when j] is high. This
region corresponds to the area of the developed disturbance wave (the D-re~
gion) on the flow map(Fig. 3). As jl becomes smaller, however, N; at first
remains constant; and thengradually decreases with—increase—in—j + This-

region corresponds to the transition area from the disturbance wave region
(the D-region) to the ring and ripple waves region (the RG & RP regions) on
the flow map with the increase in j, at constant jl' This indicates the fact
that in the above area of small jl it is difficult for the disturbance wave to




develop.

The guantity Dd remains almost constant or else decreases slightly, with
increase in j_ in the D-region, i.e. when j] is high. On the other hand, Dd
increases witﬁ‘the increase in j_, in the transition area, i.e. in the case of
small or mediate jl value. N

The above-mentioned characteristics of V,, Ny and D, agreed well with
the results by Sekoguchi et al. in the developed disturbance wave region. It
should, however, be noted that, while Sekoguchi’s experiments covered only the
D-region, the present experiment covers a wide range on the flow map, from the
ripple wave to the developed disturbance wave via the ring wave.

In order to determine the degree to which the scattering of the present
results depends on j_ and jl’ the dimensionless standard deviations of the
probability density functions for Vg, NH and D; were calculated. The results
are shown in Figs 8, 9 and 10. While the probability density function of V
more or less obeyed the normal distribution function, on the other hand, the
PDFs of N,; showed a shape with a steep slope on the lower value and a gentle
one on that of the higher value. The quantity Svd o’ the dimensionless stand-
ard deviation of Vd, decreases with the increase in j_, in the D-region, and is
kept constant in the region in which j_, exceeds about 20 m/s, due, it was
thought, to the fact that the shearing force at the gas-liquid interface
begins to have a dominant effect on the liquid film flow when j_ exceeds about
20 m/s, whereupon the liquid film flow begins to develop simple, monotonous
characteristics.

Figure 11 shows the frequency No for the ring wave to appear at the
measuring position as a function of j_ with j] as a parameter.

The quantity N}‘ has a clear and sharp peak, and the position of the peak on
the j_,axis shifts to smaller j, value as jl increases. The RG-domain in the
flow map (Fig.3) was defined as the domain in which N, was larger than 3 s~
Figure 12 shows the propagation velocity of the ring wave Vo which increases
almost linearly with the increase in j_ while it increases sTightly with the
increase in jl' The wave length and p?opagation velocity of the rippple wave
are shown in Figs. 13 and 14, respectively, as a function of j_, with j] as a
parametrer. The quantity Vf increases as j_ and/or jl increase. The quanti-
ty A’r decreases as Jj_ increéeases, although 1t does not depend on jl'

%igure 15 shows a comparison of the ripple wave velocity obtained using
the PL method with that obtained using a fiber optic liquid film sensor, good
agreement being found between the two results. Agreement is also good in the
case of the comparison of the wavelength of the ripple wave, except where J
is small, and the reliability of the fiber optic sensor may have been Impaire
by the over-thickness of the liquid film[3].

From the above measurements and observations, it can be said regarding
the mechanism of the generation of various waves that all the waves start as a
ripple wave, that a large amplitude wave running at high speeds swallow waves
of low speed, and grow to become ring waves, and that ring waves are partially
broken and are incorporated into disturbance waves.

In addition to the above-mentioned experiments, some further experiments
have been made. 1In order to make a quantitative measurement of the thickness
of liquid film from the visualized picture by the PLM, a well-prepared and
careful calibration experiment has been made. Results are shown in Fig.16, in
which relationships between the film thickness and the normalized luminance.
It is seen from this figure that these relationships agree well with the
theoretically predicted exponential decay law,

B/IO + 8y = {1 - expl[-2kh})/2k,

where B is the luminance, IO the intensity of the incident light, k the light
attenuation coefficient, and h the film thickness. Hence, 1t can be said that



we have confirmed the feasibility of the quantitative measurement by the PLM.
In order to confirm and re-determine the existence region of the ring
wave on the flow pattern map[6], another experiment has been made. The re-
sults are shown in Fig.17. It is seen from this map that the region of the
most probable appearance for the ring wave is located in almost same area as
shown in Fig.3, although the shape of the region is considerably distorted.

4. CONCLUSIONS

The behavior of interfacial waves on liquid film in vertically upward
air-water two-phase annular flows was represented visually, observed and
analyzed using pigment luminance which was calibrated with a fiber optic
ligquid film sensor, the degree of luminance of the image being interpreted as
reflecting that of the thickness of the liquid film. As a result, the follow-
ing facts were elucidated:

{1) Three different types of the interfacial waves, i.e. the ripple wave, the
ring wave and the disturbance wave were clearly distinguished.

(2)The disturbance wave propagated three or four times faster than the ring
wave. The ring wave propagated about twice as fast as the ripple wave.

{3)The region of the most probable existence for the ring wave was detmermned
on the flow pattern map for annular flow regime.

(4)The propagation velocities of all three types of wave increased with in-
crease in the volumetric fluxes of gas and/or liquid.

(5)The wavelength of the ripple wave decreased as the gas volumetric flux Jj,
increased, but did not depend on the liquid volumetric flux jl' °
{6)The frequency of appearance of the disturbance wave increased with increase
in j, and/or jJ where jl was higher, but either remained constant, or actually
decreased with increase in j_, for lower values of jl'

{7)The above-mentioned depengéncy of the wave parameters on j_, and j] was same
as that observed by the previous investigators, using the electric needle
contact method.
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ABSTRACT

The behavior of the disturbance waves on an evaporating film flow was investigated
experimentally. A new type of hydrodynamic non—equilibrium was confirmed through the two kinds
of experiments; steam—water two-phase flow and Freon-113 two-phase flow in a vertical
evaporating tube. The notion of new hydrodynamic non-equilibrium was identified as the departure
from equilibrium in the liquid distribution between the disturbance waves and the base film, and it
was confirmed in the relatively high quality region. The new hydrodynamic non-equilibrium
introduced here was also investigated by the simulation experiment with an air-water shear flow in
the horizontal rectangular duct, at which the part of base film flow in the liquid film was removed to
introduce artificial non-equilibrium. In this experiment, it was found that the departure from
equilibrium condition occurring in the liquid film affected the behavior of the disturbance waves
because the departure from equilibrium was recovered by redistribution of a part of the disturbance
waves to the base film. This phenomenon was also observed in an unheated section following the
evaporating tube, which supported the new type of hydrodynamic non—equilibrium in the evaporating
tube. In addition, the visual observation of the Freon-113 boiling flow suggested that the attenuation
of the disturbance wave was mainly due to the hydrodynamic non-equilibrium rather than
evaporation. Deeper examination of the visualization experiments revealed that the disturbance wave
is affected by recovery of the E-F non—equilibrium in the low quality region while it is affected by
recovery of the B-D non—equilibrium in the high quality region. Through the above experiments, it
was concluded that the hydrodynamic non—-equilibrium is an inherent characteristic to understand the
behavior of the disturbance waves on an evaporating film flow.

1.INTRODUCTION

The notion of hydrodynamic non—equilibrium in boiling two—phase flow was proposed to explain
the mechanism of dryout and to predict it by the Harwell group[1]; heat transfer and dryout are
strongly dependent on the degree of departure from the fully developed adiabatic system in liquid
flow distribution between film and entrainment. Meanwhile it is well known that the role of the
disturbance wave is not small in annular flow regime even in boiling flow. So it is worthwhile
investigating behavior of the disturbance wave under hydrodynamic non-equilibrium conditions.
However, almost all experimental works on the disturbance wave have been conducted with the
adiabatic air—water systems in the neighborhood of atmospheric pressure. One exception is the work

—by Brown; Jensen & Whalley[2}; which reported the hydrodynamic non—equilibrium-effects-onthe ————

disturbance wave under relatively low quality and low pressure conditions. The other is our previous
work[3][4], in which behavior of the disturbance wave in the dryout region was experimentally
investigated with the boiling steam~water system at pressure 2.95 MPa and compared with those in
the corresponding adiabatic air—water system. The observed difference between the results with the
two systems suggested existence of a new type of hydrodynamic non~equilibrium i.e., departure
from equilibrium of liquid distribution between a base film and individual disturbance waves.
Afterwards, this type of hydrodynamic non—equilibrium is referred to as the "B—D non-equilibrium”
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and the one between entrainment and liquid film as the "E-F non-equilibrium". Introduction of the
B-D non-equilibrium threw light on the behavior of the disturbance wave in the relatively high
quality region in the boiling two-phase flow.

In the present study, three experiments were conducted to clarify the notion of the B-D non-
equilibrium in the relatively high quality region and how the both E-F and B-D hydrodynamic non-
equilibrium affected the behavior of the disturbance waves along the heated channel. The first
experiment was to investigate the recovery process of hydrodynamic equilibrium in the unheated
channel with steam-water flow. The second one was to simulate the B~D non—equilibrium with air-
water shear flow, where it was observed how the fully developed film flow was established by
measuring variations of the disturbance wave and the base film along the channel. The third one was
to investigate the effect of the hydrodynamic non-equilibrium on the behavior of the disturbance
waves in the boiling flow by means of the visual observation.

2. EXPERIMENTAL APPARATUS AND PROCEDURES

2.1 Steam-water System.

The test sections were made of AISI-304 stainless tube with 4 mm i.d. Two versions of the test
sections were employed. The arrangement I (Fig.1) was used for acquisition of boiling flow data over
a wide quality range(down to 0.5). The arrangement II (Fig.2) was fabricated to obtain data on
recovering process of the hydrodynamic equilibrium due to boiling. The test section I was divided
into two parts; one was the upstream heated section and the other was the downstream unheated
section. The former length was 800 mm and was moved by sliding two movable bus-bars according
to the latter length, which was one of three values 140, 452 and 848 mm; these lengths corresponded
tothe length—to—diameter ratios(L/D) 35,113 and 212, respectively. Between the test section I andII,
aconductance probe was inserted to measure film thickness at the exit of the unheated section. Figure
3 shows the conductance probe block. The experimental conditions were as follows; system
pressure 2.95 MPa, mass flux 300 and 500 kg/m?/s, heat flux 0.26 to 1.34 MW/m? and quality at the
inlet of the unheated section larger than 0.5.

The experimental procedure was as follows: Feed water was prepared to the specified subcooling
in the preheater section, which was dosed with KCl to enhance electrical conductivity. The dosing
rate was taken 3.75 mg/kg of H,O for measurement at quality 0.5 to 0.8, and 1.25 mg/kg of H,O at
quality larger than 0.8. After keeping the pressure, mass flux, inlet subcooling and heat flux to the
specified values for more than several minutes, to attain a steady state were recorded the output
signals from the conductance probes and thermocouples; the latter were spot—welded on the outer
surface of the heated section.

2.2 Freon-113 System.

To visualize the disturbance waves in the boiling flow, a Freon-113 test rig was constructed using
a transparent heating tube as the test section. Figure 4 shows the test section. The working fluid,
Freon—113 was heated to a certain temperature, which was slightly under the saturated temperature,
in the first preheater, and then heated up to aspecified quality in the second preheater, before entering
into a transparent test section. The tube used in the second preheater was AISI-304 stainless steel
tube, 7mm i.d. The transparent tube was a Pyrex glass tube, 7 mm i.d./10 mm o.d. and 1m in length,
whose outer surface was thinly coated with an electrically conductive and transparent film of tin—-
oxide by sputtering. Heating of the test section was conducted directly by feeding an alternating
current through it, and the effective heating length was 0.9 m. The test section connected with the
second preheater without any change of cross section, so that no disturbance was introduced at the
joint. The heat flux in the second preheater was set as either the same one in the test section or zero.

Visual observation was made, illuminating by a stroboscopic lamp, and sequence photographs
were taken with a streak camera to determine the characteristics of the disturbance waves.

The test conditions were as follows: pressure at the inlet of the test section, 160 kPa; mass flux,
300 and 500 kg/m?s; the inlet quality of the second preheater, about —0.21.

2.3 Air-water system.

To simulate the non—equilibrium state in the boiling flow under annular flow regime, air—water
two—phase shear flow was used. In this simulation, a horizontal flow was used to evade difficulty of
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the experiment with a vertical flow, although the gravitational force might influence the behavior of
the disturbance wave. The test rig and the test section are shown in Fig.5 and in Fig.6, respectively.
Attificial non-equilibrium was realized by sucking partly the liquid film flow of fully developed
flow.

Air from a blower flows through a control damper and a metering orifice and then enters into a
inlet section. Water from the head tank also flows through a metering orifice and a needle valve and
is introduced to the inlet section through a narrow slit set at the bottom side of its inlet. The inlet
section is sufficiently long to obtain fully developed two—-phase shear flow(3005 mm length) and is
smoothly connected to a test section. At the latter inlet, part of the liquid film flow is sucked through
the porous wall section on the bottom with the aid of vacuum pump. The suck liquid flow is
measured with the rotameter and returned to a receiver. The shear flow from the test section is
introduced into an air-water separator. The water separated there is collected in a receiver and then
returns to the head tank with the aid of a gear pump.

The test section with 200 mm width, 30 mm height and 2750 mm length was made of acrylic resin
and was arranged horizontally. Twelve pairs of conductance probe electrodes of 3 mm diameter were
mounted 100 to 300 mm apart at its bottom plate as shown in Fig.6, where the numerical figures 1 to
12 correspond to the number of conductance probe. The electrodes in each pair of conductance probe
were embedded 20 mm apart perpendicularly to the flow direction. For measurement of propagation
velocity and time separation of disturbance waves, waves, height of which is larger than the sum of
the base film thickness at each measuring point, h,, and the half of that before sucking, were counted
as disturbance waves.

3.GAS-LIQUID INTERFACIAL WAVE

3.1 Liquid Film Thickness Fluctuation

Figure 7 is a typical example of film thickness fluctuation recorded just downstream of the exit of
the heated section in a run with the arrangement I(Fig.1). The profile of peaks corresponding to the
disturbance wave comprises a fairly steep front face and a long tailed rear face, which is one of
remarkable features of the disturbance wave in boiling flow.

3.2 Visualization of disturbance waves in boiling flow.

Figure 8 is a typical example of the photographs of the disturbance waves in the boiling flow. The
shadow rings indicate the disturbance waves. Each width presents a measure of each wave, so the
development of the disturbance waves in the boiling flow can be investigated by tracing this quantity
- in detail. Hereafter it is called "wave width" and is denoted by W .

4 HYDRODYNAMIC NON-EQUILIBRIUM LIQUID FILM FLOW DUE TO HEATING

4.1 Behavior of Disturbance Wave along Unheated Channel in Steam—-Water System

Figure 9 is a set of film thickness recordings taken after the unheated sections with three different
lengths(L/D=35, 113 and 212) in the arrangement II(Fig.2); it should be noted that these three data
were obtained at the different runs. As disturbance waves advance along the unheated section, they
lose steepness of their front faces and finally, at L/D=212, acquire comparatively gentle slope in both
the front and rear, while the base film, which is easily distinguishable from the disturbance waves at
the inlet zone of the unheated section, gets out of shape there. Analogous situations were also
observed in other run conditions.

Time separation of disturbance wave was defined as the time lapse between the passing of two
successive disturbance waves observed at a fixed position. Figure 10 shows variation in the mean

time separation, T » along the unheated channel for various inlet qualities. As can be seen, except the
data in the dryout quality regioni it increases as L/D increases. This trend can be seen more clearly
at higher mass flux G=500 kg/m“/s and does not attain to its asymptotic value even at the location of
L/D=212.

Figure 11 shows the mean time separation, T ;, against quality, X, for various length of unheated
section, L/D. Solid lines represent the data from adiabatic air-water system with the corresponding
gas and liquid superficial velocities obtained at three pressure levels. The effect of heat flux on the
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mean time separation was not significant under the present experimental conditions, so the values of
heat flux for individual data are not shown in the figure. It is observed that the mean time separation
in the boiling flow increases with quality much more slowly than in the unheated section with steam-
water system. This observational result cannot be interpreted only by the E~F non-equilibrium.
According to this notion, in the relatively high quality region, the film flow rate must be smaller than
that at E-F equilibrium conditions and in turn the disturbance wave must attenuate more rapidly in
the heated section than in the unheated section. So, larger time separation has to be observed in the
former. However, the mean wave time separation is smaller in the heated section than in the unheated
section. On the other hand, the B-D non-equilibrium is able to give the following interpretation to
this phenomenon. In the high quality region in the boiling flow, mass of the individual disturbance
wave which travels over the base film is excessive compared with that in the B-D equilibrium
conditions, because of two effects; (i)one is that evaporation proceeds more intensely at the part of
the base film not covered by the disturbance wave, which makes the thickness of the base film thinner
in the boiling flow than in the corresponding adiabatic flow and (ii)the other is that each body of the
disturbance wave is transported from the upstream region which corresponds to smaller quality and
consequently has excessive mass compared with that in the B-D equilibrium conditions. If this non-
equilibrium flow enters an unheated channel, disturbance wave in non—equilibrium state advances
along the channel, feeding its excess liquid to the base film and approaching the B-D equilibrium
state. In this process the disturbance wave attenuates and the wave time-separation increases along
the channel. This picture is also supported by the data about the wave profile(Fig.9), in which the
base film is already indistinguishable from the disturbance waves for L/D=212. Even in the dryout
region, the disturbance waves survive owing to this B-D non-equilibrium and thus induce
temperature fluctuation whenever they arrive at the dryout front[3].

4.2 Simulation of B-D Non-Equilibrium with Air-Water System

A simulation study of the B-D non-equilibrium with air-water system was made on the
rectangular test section in the test rig shown in Fig.5. The flow pattern map of fully developed flow is
given in Fig.12. All experimental runs were conducted at the superficial air velocity, j, fixed to 10
my/s, for which the transition superficial water velocity from "ripples"” to "disturbance waves without
entrainment"” is 6 mm/s as seen from the figure(point '1'). The values of the superficial water velocity,

before liquid film sucking were 9 (point '1.5") and 12 mm/s (point '2'), both corresponding to the
"a‘isturbancc waves without entrainment”. The values of the superficial water ve1001ty, 5, after
sucking were 12, 9, 6, 4.5 and 3 mm/s; the last two values correspond to the "ripples” a (i“ denote
points '0.75' and '0.5', respectively.

Figure 13 shows variation of the thickness of the water film flow along the test channel for the
runs with j. . = 12 mmy/s. Liquid film sucking was conducted in the midst of the Probe-2 and -3
generating 'B-D non-equilibrium there. At the Probe-3, the first conductance probe after the sucking
zone, sudden decrease of the thickness of the base film was observed while the height of disturbance
waves virtually unchanged in all the runs. As the B-D equilibrium recovers, the height of disturbance
waves gradually decreases and the time separation increases along the channel. Smaller disturbance
waves attenuate more rapidly than larger ones, and the latter survive or have longer lives. Under the
B-D non-equilibrium conditions, most of the disturbance waves acquire steeper front sides and
longer tails in the rear than under B-D equilibrium or hydrodynamic equilibrium; the wave profiles
are similar to those in boiling flow(see Fig.7). This observation strongly supports our view about the
nature of the non—equilibrium in boiling flow in spite of the difference in the flow'direction between
the boiling flow and the air—-water shear flow; there is a non-equilibrium distribution of liquid in the
film flow between the base film and the disturbance waves, and the disturbance waves travel along
the boiling channel feeding their excess liquid to the base film.

Figure 14 shows the recovery process of the base film along the test section, where the base film
thickness h, is defined as the thickness corresponding to the maximum of the probability density
function of film thickness and the minimum film thickness h, is one corresponding to 5 %
cumulative distribution function. The broken lines and chain lines in the figure represent the

equilibrium values of h, and h, for each run, respectively. Just after sucking, h, and h, decrease
suddenly and, then, grac?ually increase approaching the equilibrium value. The length required for
recovery of the base film is about 800 mm when the "disturbance wave" regime maintains after
suction, and 200 to 500 mm when the regime changes to "ripples”.

Figure 15 shows the recover process of disturbance waves inthe T ¢ It is found that the mean
value of time separation increases over the whole length where the conductance probe were mounted.
Increase of the time separation of disturbance waves along the channel corresponds to increase of the
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base film thickness shown in Fig.14, which exhibits that the base film recovers and the disturbance
wave attenuates and, sometimes, extinguishes.

These observations support our proposal about the B-D hydrodynamic non-equilibrium and lead
to the following interpretation of the behavior of disturbance waves in the boiling flow. The base film
thickness is thinner and the mass of disturbance waves is relatively more excessive in the boiling flow
than in the hydrodynamic equilibrium flow. As a results, the disturbance waves tend to feed their
excessive liquid from its rear tail side to the base film recovering gradually the symmetrical profile of
the disturbance wave along the channel. From comparison with the data in the steam-water system
stated above, it is suggested that the behavior of the disturbance waves just downstream of the
sucking zone approximately simulates that in the boiling flow, and also that the recovery process
from the non—equilibrium is very similar in both the air-water and steam-water systems: It is
concluded that the liquid film sucking method with the air-water shear flow is qualitatively able to
simulate the B-D non-equilibrium in the boiling flow and its recovery in unheated section.

- 4.3 Behavior of Disturbance Wave along Heated Channel with Freon—113 System

The characteristics of the disturbance waves along the heated channel was investigated through the
visual observation experiment in the wide range from 0.3 to dryout quality. The wave width
mentioned in section 3.2 was used as the representative of the wave dimension and examined about
the effect of the hydrodynamic non-equilibrium on the behavior of the disturbance waves. Figure 16
shows the mean wave width W against quality x for the mass flux 300 and 500 kg/m?s. Naturally
the width decreases with the quality, but given the quality and the mass flux, the higher the heat flux,
the larger the wave width. This is considered to be due to the existence of the hydrodynamic non-
equilibrium, because the heat flux must govern its intensity. That is to say, the higher the heat flux,
the shorter the distance corresponding to the same quality range, therefore, the stronger the upstream
effect even at the same quality.

To clarify the effect of the hydrodynamic non—equilibrium, the wave width in the hydrodynamic
equilibrium condition was measured by the visual observation without heating the test section.
Figure 17 shows the wave width under condition almost hydrodynamically equilibrium against
quality, which is observed at the position for L/D=113. Where, L is the distance from the exit of the
second preheater and D is the inner diameter of the test section. The wave width decreases along the
unheated test section recovering the hydrodynamic equilibrium. The difference of the wave width
between the boiling flow and the adiabatic flow is clear. The wave width in the boiling flow is larger
than that in the adiabatic flow in all quality region. In the lower quality region, the entrainment flow
rate is less than that in the equilibrium condition. Moreover, the higher the heat flux, the less the
entrainment flow rate because of the strong upstream effect. So the intensity of the E~F non-
equilibrium makes the liquid film thick, and it might be the main cause to be the wider wave width,
instead of the B~D non—equilibrium. On the other hand, in the higher quality region, the entrainment
flow rate is more than that in the equilibrium condition. The liquid film is thinner, so the wave width
must be less than that in the equilibrium condition. However, the wave width in the boiling flow
is wider than that in the adiabatic flow. This is due to the B-D non-equilibrium. It is found that
the either the E-F or B~D hydrodynamic non-equilibrium affects the size of the disturbance
wave. Hereafter, we regard the wave width in the Fig.18 as the hydrodynamic equilibrium
condition, W, although the length of the unheated section might not be sufficiently long to
achieve the perfect hydrodynamic equilibrium.

From the above two data, the characteristics of the behavior of the disturbance waves in the
boiling flow was examined. To clarify how the hydrodynamic non-equilibrium affect the behavior
of the disturbance waves, the decreasing rate of the wave width along the heated section was
estimated. The mean decreasing rate of the individual disturbance wave is given as DW /Dt
by the substantial time derivative, defined by the formula DW d/thbW 6t+Ug 4 OW 8z where 9] qand
z represent the mean propagation velocity of the disturbance waves and the flow direction. The first
term of the left hand side is set to zero because the flow is steady. Therefore, DW /Dt is reduced to
U _*3W /3z. In Fig.18, the relationship is shown between the decreasing rate of the wave width, U

- d{ W /8z and the degree of the B-D non-equilibrium, W -W _ . The solid symbols and the hollow
ones represent the data for the mass flux 500 kg/m?s and 30 kg/m?s, respectively. As can be seen in
the figure, the larger the degree of the hydrodynamic non—-equilibrium, the faster the decreasing rate
of the wave width. And also the effect of the heat flux is not so large on the decreasing rate of the
wave width. Then, it is found that the decrease of the wave width along the heated section is mainly
due to the hydrodynamic non—equilibrium rather than evaporation. The following relationship
between them was obtained by means of the least square method.
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Figure 16 Mean Wave Width against Quality(Freon-113 System)
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-U W dz=a(W -W _)° 1)
where, a=1.539, 5=0.8946 for 300 kg/m? and a=4.973, b=0.7527 for 500 kg/m?s.

When the initial value of the wave width is given, we can estimate the attenuating rate of the
disturbance wave along the boiling flow by integrating the above equation numerically. The solid
lines in Fig.19 shows the results of the estimation which is calculated by means of the Runge—Kutta
method. By numerical integration, the propagation velocity T 4 and the hydrodynamic equilibrium
wave width W « Were given as the function of z by the least square fitting of the data. The agreement
between the experimental data and the calculation is fairly good.

5.CONCLUSIONS

Through analysis of the experimental data of liquid film thickness fluctuation in the boiling flow
and its change in the unheated channel obtained with a steam—-water test rig, we found out a new
type of hydrodynamic non—equilibrium in the relatively high quality region in annular flow regime
and identified it as departure from equilibrium of liquid distribution between the base film and the
bodies of disturbance waves("B-D non-equilibrium"). Its existence in the boiling flow was also
confirmed by the simulation of B-D non—-equilibrium with air-water shear flow. In addition, the
visual observation of the Freon—113 boiling flow suggested that the attenuation of the disturbance
wave was mainly due to the hydrodynamic non-equilibrium rather than evaporation. Deeper
examination of the visualization experiments revealed that the disturbance wave is affected by
recovery of the E-F non—equilibrium in the low quality region while it is affected by recovery of the
B-D non-equilibrium in the high quality region. Through the above experiments, it was concluded
that the hydrodynamic non—equilibrium is an inherent characteristic to understand the behavior of
the disturbance waves on an evaporating film flow.
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7.NOMENCLATURE

inner diameter of test tube

mass flux

liquid film thickness

minimum of liquid film thickness
base film thickness

superficial velocity

length of unheated section

space separation of disturbance wave
pressure

time separation of disturbance wave
time

OF‘M:'-" EE»lw]

(=N

e kTl e

propagation velocity of disturbance wave

wave width

hydrodynamic equilibrium value of wave width
quality

tube axial direction

Nxs

heat flux
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