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Abstract

Two-phase flow in small tubes and channels is becoming a common phenomenon in
industrial processes. However, the study of two-phase flow regimes in small tubes is
still at its infancy. The previous studies are reviewed and discussed in the literature

section. The problems and inconsistencies encountered in the earlier studies are

presented and discussed.

The. experimental facility is introduced in the chapters that follow. They include a
section on the design of the experimental system and the test sections, the selection of

the experimental parameters and the introduction of the purposely-developed programs
to control the experiments and collect and process the data. The methodology of the

calibration and the uncertainty analysis, the problems encountered and their solutions

and the single-phase validation experiments are also described.

In this project we studied the effect of tube diameter and fluid flow parameters on flow
patterns in small tubes using R134a as the working fluid. The tested tube diameters
were 1.10, 2.01, 2.88 and 4.26 mm; the fluid pressures were 6, 10 and 14 bar; the liquid
and gas superficial velocities covered a range of 0.04-5.0 m/s and 0.01-10.0 m/s

respectively.

The observed flow patterns included bubbly, dispersed bubble, confined bubble, slug,
churn, annular and mist flow. Twelve integrated flow maps are sketched in this report.

The obtained results were compared with earlier experiments by other workers and with
existing models, with obvious differences in the prediction of the transition boundaries.
A set of new models and correlations were developed, based on the new data for boiling
R134a presented 1n this thesis, to predict the effect of tube diameter and fluid properties
on the transition boundaries. Some also agreed with the limited data available from

earlier studies for adiabatic air-water flow in small to normal size tubes.
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Nomenclature
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bubble surface area (m?)

liquid section area (m?)
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coefficient in Equations 4.12, 7.7, 7.21, 7.27 and Appendix C

Chisholm parameter

experimental coefficient for inertia force, Equation 2.6

experimental coefficient for shear force, Equation 2.5

dimensionless parameter, CK=Co*Ku
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dimensionless parameter based on gas superficial velocity, CK;=Co*Ku;

state coefficient, C;=16 for laminar flow and C=0.046 for turbulent flow

lift coefficient, C=0.4-1.2, Appendix B Table B.1

Confinement number, Co=(c/ApgD?)"

distribution parameter, Appendix B Table B.1

constant

experimental coefficient for slug-churn boundary, Equation 7.24
experimental exponent for slug-churn boundary, Equation 7.24

constant, Equation 7.7

experimental coefficient, Equation 2.12

dimension coefficient for slug-churn boundary, Equation 7.25

specific heat capacity at constant pressure (J/kg.K)

liquid specific heat capacity at constant pressure (J/kg.K)

experimental coefficient for critical void fraction on bubbly-slug boundary,
Equation 7.9

experimental coefficient for critical void fraction on bubbly-slug boundary,
Equation 7.9

tube diameter (m)

critical diameter (m)

hydraulic diameter (m)
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inside diameter (m)
outside diameter (m)
bubble diameter (m)

critical bubble diameter (m), d.=min(d.p, dcq)

the critical bubble diameter that bubbles tend to deform and coalesce easily (m)
the critical bubble diameter that a bubble’s buoyancy in the radial direction is
equal to the turbulent fluctuation force (m)

minimum bubble diameter (m)

the stable maximum diameter in turbulent field (m)

energy (J)
internal energy (J)

surface energy (J)

energy change (J)

Estvos number, E5=(27)’c/ApgD*

force (N)

buoyancy (N), Equation 2.4

Inertia force (N), Equation 2.6

shear force between gas and liquid phases (N), Equation 2.5
Froude number, Fr=u/(gD)"

Froude number based on gas superficial velocity, Frgg,=ugs/(gD)”2
Modified Froude number based on gas superficial velocity, Fr g=ug(ps/ApgD)"?
Froude number based on homogeneous velocity, Fry=uy/(gD)"*

surface tension (N), Equation 2.7

turbulent force (N), Equation 2.8

friction factor

friction factor based on homogeneous velocity
friction factor between gas and liquid phases
friction factor based on liquid superficial velocity
mass flux (kg/m’s)

gas phase mass flux (kg/m’s)

liquid phase mass flux (kg/m’s)

Grashof number, Gr=gf(T-T.)L*/V’
gravitational acceleration (m/s%)

gravitational constant, g.==1 m/s*
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enthalpy (J/kg)

convection heat transfer coefficient (W/m*.K)
latent heat of evaporation (J/kg)

gas enthalpy (J/kg)
inlet enthalpy (J/kg)

liquid enthalpy (J/kg)
fluid enthalpy at the inlet of the heating section (J/kg)

fluid enthalpy at the inlet of the observation section (J/kg)
liquid level lift (m)
change of liquid enthalpy (J/kg)

current (A)

maximum current (A)

thermal loss coefficient (W/K), Equation 4.23
Dimensionless Kutdelaze number, I(u=u(p/(Apgc)”2)”2

Dimensionless Kutdelaze number based on gas superficial velocity,
Kug=ug(pg/ (Apga)')'?

Dimensionless Kutdelaze number based on liquid superficial velocity,
Ku=ui(p/(Apgo)?)"

correctional coefficient for void fraction, Table 7.3
thermal conductivity (W/m.K)

thermal conductivity of tube wall (W/m.K)

length (m)

length difference (m)

entrance length (m)

distance between the observation point and the pressure transducers P4 (m)
distance between the observation point and the pressure transducers PO (m)
length (m)

mass flow rate (kg/s)

gas phase mass flow rate (kg/s)

liquid phase mass flow rate (kg/s)

sample size
Nusselt number, Nu=hD/k

viscosity number, Ny=p(pi0) *(c/gAp)

state exponent, n=1 for laminar flow and n=0.2 for turbulent flow
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Qmax
AQ

w0

Prandt]l number, Pr =c,wk

pressure (Pa)

pressure in bubble (Pa)

saturated pressure (Pa)

outlet pressure of the observation section (Pa)

inlet pressure of the observation section (Pa)
pressure drop/difference (Pa)

pressure difference due to different density (Pa)

friction pressure drop (Pa)

the calculated pressure drop based on liquid superficial velocity (Pa)

heating power (W)

cooling capacity (W)

volume flow rate (m>/s)
maximum heating power (W)
thermal loss (W)

heat flux (W/m?)

tube radius (m)

resistance (£2)
thermal resistance (K/W)
thermal resistance of surrounding air (K/W)

thermal resistance of tube wall (K/W)

Reynold number, Re=puD/pL

Reynold number based on gas superficial velocity, Reg=pgugs D/,
Reynold number based on homogeneous velocity, Rey=pju,D/y

Reynold number based on liquid superficial velocity, Res=pjusD/p,;
Modified Reynold number, Re'=pgugszD/ plu'}

experimental result

standard deviation estimate for the systematic uncertainty for variable X
standard deviation estimate for the random uncertainty for variable X
distance (m)

temperature (K)

ambient temperature (K)

fluid temperature (K)
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Tin instde temperature (K)
Tout  outside temperature (K)

Trer  referent temperature (K)

Tsaa  saturated temperature (K)

Tw tube wall temperature (K)

T3 inlet temperature of the heating section (K)

T7 outlet temperature of the preheater (K)
average temperature (K)

AT  average temperature difference (K)

At time interval (s)
tos distribution coefficient with 95% confidence level
U uncertainty

velocity (m/s)

Ugs gas superficial velocity (m/s), see the comment below

Uls  liquid superficial velocity (m/s), see the comment below
Ugs  uncertainty with 95% confidence level

u velocity (nm/s)

Ue combined standard uncertainty

ug bubble drift velocity (m/s)

U, gas velocity (m/s)

Ugs gas superficial velocity (m/s)

Up homogeneous velocity (m/s), up= ugst g

U liquid superficial velocity (m/s)

Unax Maximum velocity (m/s)

U, bubble rise velocity (m/s)

u’s bubble turbulent velocity (m/s), u’= (£;/2)""% u,

ug  actual gas superficial velocity (m/s)

ui  actual liquid superficial velocity (m/s)

u dimensionless velocity

u'gs  dimensionless gas superficial velocity, u'gs =ug(py/ApgD)'?
u reference liquid velocity used in Re (m/s)

ujs  dimensionless liquid superficial velocity, U g6 =u|s(p|/ApgD)"2
V volume (m’)

AVa actual volume difference (m3)
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AV calculated volume difference (m3)
\\Y weight (kg)

work (J)
We  Weber number, We=pu’D/c
We, Weber number based on bubble diameter and velocity, Web=pguh2d¢/c
We,s Weber number based on gas superficial velocity, Wegs=pgug52D/c
Weis Weber number based on liquid superficial velocity, We=pu;-D/c
Wr  mechanical work done by the turbulent force from liquid (J)
W,  mechanical work done by liquid pressure (J)
1/2

X Lockhart-Martinelli parameter, X=(Apys/ Apgs)
X

i single reading of variable X

X mean of variable X

quality

S

Y dimensionless coefficient, Y=(pj-pg)gsin0/Ap,

measured variable

Ys  average distance from the heating wall to the tip of bubble (m)

y distance to tube wall (m)

Note:
In the diagrams produced in EXCEL or Paint, Ugs and Uls, instead of uy and uy, are

used to present gas and liquid superficial velocity because subscript format is not

available.

Greek symbols

o void fraction

.t  actual void fraction

Olc critical void fraction

o,  calculated void fraction

o liquid holdup, a=1-a

Ol void fraction in liquid slug

o  maximum table liquid holdup, o,.=0.48
B volume flow ratio, B=xpy/(xp1 +(1-x)py)

volumetric thermal expansion (1/K), B=1/T for idea gas
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difference

liquid film thickness (m)

distance between two parallel plates (m)
roughness (m)

emissivity

distortion coefficient, y=1.1-1.5

square root of two-phase multiplier

energy dissipation per unit mass (m°/s°), Appendix B Table B.1.
dimensionless coefficient, ?u=(pgp./;:>gm1:>|,r.3f)”2
dynamic viscosity (kg/m.s)

gas dynamic viscosity (kg/m.s)

liquid dynamic viscosity (kg/m.s)

reference liquid dynamic viscosity (kg/m.s)
kinematics viscosity (m?/s)

liquid kinematics viscosity (m?*/s)

inclination angle

critical inclination angle

density (kg/m’)

gas density (kg/m>)

reference gas density (kg/m°)

liquid density (kg/m?)

liquid density in the connecting tube to differential pressure transmitter (kg/m’)
reference liquid density (kg/m’)

liquid density in test section (kg/m?)

density difference (kg/m’), Ap = p, - P,

total

surface tension (N/m)
Stefan-Boltzmann constant, 5 67x10° W/m?.KX*

reference surface tension (N/m)

shear stress (N/m?)
shear stress between gas phase and liquid phase (N/m?)

shear stress between liquid phase and tube wall (N/m?)
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L
Ug gas specific volume (m’/kg)
Lgef  Teference gas specific volume (m’/kg)
V| liquid specific volume (m*/kg)
Lier  reference liquid specific volume (m*/kg)
W dimensionless coefficient, Y=(0t/S)(Pired P1)> (i tires)
Abbreviations
A annular flow
B bubble flow
CH chum flow
CJC cold junction compensation
CMF Coriolis mass flow meter
DB  dispersed bubble flow
EB  elongated bubble flow
F.S. full scale
H horizontal
I intermittent flow
inclined
ID inside diameter
OD  outside diameter
rdg  reading
Img  range
S stratified flow
SL  slug flow
SS  stratified smooth flow
SW  stratified wavy flow
V vertical

specific volume (m’/kg)
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Chapter 1 Introduction

1.1 Background

Gas-liquid two-phase flow, a universal natural phenomenon, has been studied for a
number of years owing to its wide application in industry. As early as the seventeenth

century, air-water two-phase flow was utilized to produce compressed air and possibly

the earliest publication on two-phase flow is that “On the shape and motion of a bubble
of air in a liquid of constant density” published in 1830 by Thermin (Chisholm 1983).

Since then, engineers began their scientific work in this area and thousands of papers

were published.

In the last hundred years, there were many inventions that related to the applications of
two-phase flow in the field of energy, chemistry, petroleum industry and domestic
appliances. Later, with the rapid development of the nuclear industry, researchers
focused on the safety and the stability of two-phase flow. The study of flow patterns
received increasing attention because it can reveal the mechanism of the heat transfer
processes in two-phase flow. The accuracy of correlations for heat transfer and pressure

drop greatly depends on the precise prediction of flow patterns. According to Taitel
(1990), the earliest flow map was plotted by Baker in 1954. Since then, numerous
experimental data on flow patterns were collected, lots of flow maps were sketched and
a large number of the correlations were published. Based on the above works, some
models and correlations were put forward and could predict or explain the transition of
flow patterns reasonably. However, these studies were mostly concerned with

centimetre-scale tubes until recent years when this situation changed due to the

development of micro-devices and micro-systems.

Flow boiling heat transfer in small channels, a highly-efficient heat transfer method, has
found important use and applications in industries such as compact heat exchangers,
cooling devices for nuclear reactors, air-conditioning and refrigeration systems, thermal
control devices in spacecrafts, chemical processing systems and high power electronic
device cooling systems. (Fukano and Kariyasaki 1993, Wongwises et al. 2000, Zietlow

and Pedersen 1998). Large or super large-scale integrated circuits, for instance, may



create a great quantity of heat in a narrow space, which requires a highly-efficient and
compact heat exchanger to carry the energy away to protect such electronic equipment.
Therefore, it is imperative that designers have a complete understanding of two-phase
flow in small channels as this is the key in creating high quality thermal exchange
equipment, where the accurate prediction of flow patterns significantly contributes to
improve production performance, enhances heat transfer rate and reduces energy
consumption. Such systems may also contribute to the depression of equipment noise

and overall to the reduction in environmental pollution. Accurate prediction and control

of pressure drop will also be possible.

However, up to now, the study of two-phase flow regimes in small diameter tubes is
still at an early stage though there are a significant number of reports in this field. The
present author examined the previous studies for small channels and concluded that the
majority of them dealt with adiabatic air-water in rectangular channels with a hydraulic
diameter range of 1 to 5 mm and flow flux range of 1 to 1x10* kg/m?, see Appendix A.
Although researchers agree that surface tension becomes an important parameter with
the decrease of the channel dimension (Oya 1971, Barnea et al. 1983, Fukano and
Kariyasaki 1993, Hibiki et al. 1993, Lin et al. 1998, Coleman and Garimella 1999), the
flow pattern transition mechanisms for small channels are quite vague and disputable.
Therefore, it is still problematic or impossible to predict the flow patterns for small

channels due to lack of adequate experiment data and theoretical analysis.

There are two main study methods for two-phase flow patterns: The experimental
method (e.g. Barnea et al. 1985, Mao and Dukler 1989, Hout et al. 1992, Andreussi et al.
1999) and a different approach which focuses on establishing physical models (e.g.
Taitel and Dukler 1976, Taitel et al. 1980, Mishima and Ishii 1984, McQuilian and
Whalley 19835, Barnea et al. 1982, Barnea 1986, 1987). The earlier studies concentrated
on standard size tubes (order of centimetre) as was the industry requirement at the time.
Later studies (Sue and Grifith 1964, Oya 1971, Barnea et al. 1983, Graska 1986,
Damianides and Westwater 1988) found that the existing correlations developed from
standard size tubes could not predict properly flow regimes down to millimetre size
tubes, and the deviation became more pronounced with the decrease of channel
dimension. The reported flow maps for small tubes (Damianides and Westwater 1988,

Mishima and Hibiki 1996, Coleman and Garimella 1999) showed large deviations when



compared with the predicted maps by the existing models for normal tubes (Taitel and
Dukler 1976, Taitel et al. 1980, Mishima and Ishii 1984, Barnea et al. 1982). To date,
models for two-phase flow in small tube are not complete and also the corresponding
experimental data are still scarce. Therefore, the present project is an experimental study
of two-phase flow patterns in small tubes and further proposes to contribute to the

development of new theoretical models and correlations.

1.2 The proposed project

The purpose of the proposed research is to elucidate the effect of channel dimension and
fluid flow parameters (pressure and as a consequence fluid properties such as density,
viscosity and surface tension) on flow patterns in small tubes. Compared to the current
state of research in two-phase flow in small diameter tubes, the work includes and adds
more experimental data and the development of flow regime maps. The results are
compared with the previous predictions, quantitatively analysing the effect of tube
diameter and fluid parameters. The ultimate aim 1s the establishment of new physical

models and correlations for predicting two-phase flow regime boundaries in small tubes.

In particular, the objectives of the present study include:

1. Review the past work on the study of two-phase flow patterns in small tubes:

summarize the existing findings/conclusions and identify unsolved problems or

discrepancies.

2. Modify an experimental rig to satisfy the need of the current study. This must be

suitable for long term flow boiling heat transfer and flow visualization research
with multi fluids and wide parameter range.

3. Calibrate the measuring instruments and contribute to the commissioning of the
experimental system. Validate the rig with single-phase experiments.

4, Study the effect of tube dimension and fluid flow parameters on flow boiling
regimes and transition boundaries. Provide new flow pattern maps which include
the effect of tube diameter and fluid parameters.

5. Develop and validate theoretical models and correlations describing flow regimes.



In order to achieve the above objectives, an advanced, highly sophisticated and accurate
experimental facility has been built and commissioned. Four test sections with different
diameters are used to study adiabatic flow patterns with high precision. A digital high-
speed camera was used to objectively record flow patterns avoiding subjective
observation. The experiments cover a wide range of temperature, pressure, mass flux
and quality. The obtained data are enough to complete the integrated flow maps using
various parameters to assess their relative importance. The new models and correlations
suitable for small diameter tubes were developed through analysing and comparing the

present experimental data and those from other researchers.

The range of parameters that were tested in the adiabatic flow pattern experiments are

summarised below:
Fluid R134a
Pressure (bar) 6, 10, 14
Temperature ("C) 21.56, 39.40, 52.45
Diameter (mm) 1.10, 2.01, 2.88, 4.26
Orientation Vertical upward

Vapour superficial velocities (m/s) 0.01-10.0
Liquid superficial velocities (m/s) 0.04-5.0
Quality 0.0-1.0

1.3 OQutline of this thesis

A detailed literature review was carried out and presented in Chapter 2. It discusses

several basic concepts such as the definition of small tube or channel and the
classifications of flow patterns. The parameters and factors which affect flow patterns
are analysed and the existing discrepancies and unexplored problems are discussed.
Chapter 3 introduces the existing experimental facility in detail, which includes system
functions, experimental parameters and range, test sections and newly developed
programs. The analysis of the experimental accuracy is presented in Chapter 4. The
problems occurred in commissioning and the solutions are described in this chapter. The
facility was validated using single-phase experiments which are described in the last

part of this chapter. Chapter 5 presents the observed flow patterns in the experiments.



Twelve flow maps are sketched and compared. The effect of tube diameter and
experimental pressure 1s qualitatively analysed. Chapter 6 compares the obtained data
with the existing flow maps and correlations. Flow maps using the different coordinate

systems are also discussed. In Chapter 7, the new models and correlations for predicting
the flow patterns in small diameter tubes are developed based on the present data and
compared with results from earlier studies. Chapter 8 presents the conclusions of the
current study and the presentation of future work. In addition, some relative information

is included in Appendixes to support the current work.




Chapter 2 Literature review

Although a great number of papers have been published on two-phase flow patterns,
most of them concern normal size tubes. There is a lack of experimental data and
theoretical analysis for small tubes in which flow shows notably different characteristics
so it is vital to conduct research in this area. A literature review is presented in this

chapter to clarify the present status of the study of flow patterns in small tubes and to

provide the background for the present project.

2.1 Definition of small channel

Engineers used to regard tubes of diameter in the order of centimetre and millimetre as
normal and small-scale tubes respectively. Now many researchers think the criterion
ought to be based on the combination of channel size, fluid thermo-hydraulic properties
and gravity field rather than only on channel dimension. For instance, Brauner and
Moalem-Maron (1992) reported that large conduits exhibit some characteristics of small
channel under reduced gravity field. However, a widely accepted standard to define
small tubes has not yet been agreed. Kew and Cornwell (1997) used the confinement
number Co, see Equation 2.1, to differentiate traditional and small size tubes. Two-
phase flow exhibits different flow and heat transfer characteristics from normal size
tube when Co>0.5. For instance, isolated bubbles prevail when Co0>0.5 and cause a
typical flow regime in small tube identified as confined bubble flow. Brauner and

Moalem-Maron (1992) recommended E6tvés number E8, see Equation 2.2. They stated
that surface tension dominates when E6>1 and this marks the boundary for small

passages. Triplett et al. (1999) found that stratified flow became impossible when
E6>100 in their experiments. Hatori and Bretherton (cited from Wadekar 2002)
theoretically derived and later experimentally verified a quantitative criterion for the
free bubble rise velocity to be zero, 1.e. E6 > 11.71. They concluded that the narrowness
of a channel leads to bubble stagnation and suggested the proposed criterion as a
rational basis for bubble confinement. Akbar et al. (2003) summarized the previous
studies and concluded that the buoyancy effect could be negligible when Bond number
Bo, given by Equation 2.3, is less than 0.3, in which condition flow regimes are
insensitive to channel orientation. Kandlikar (2002) summarized the previous studies on

flow boiling and recommended the following criteria to differentiate channels, i.e. 3 mm
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and 200 pm are the critical diameters of traditional channels to mini-channels (small

tube) and mint-channels (small tube) to micro-channels, respectively.

Co=— |2 @)
D gpl_pg
P
£ = 27) C_ = (27 Cof (2.2)
pl_pg D g
Bo =D 8 —hy) _ 1 (2.3)
c Co

In fact, all coefficients Co, E6 and Bo consider the effect of fluid densities, surface
tension and channel size to two-phase flow. Therefore, the criteria are not only

influenced by channel dimension (D), but also by gas-liquid parameters. Table 2.1

illustrates the different calculated results given by the above five criteria, i.e. the size of

a tube that indicates deviation from normal size behaviour.

Table 2.1 The different criteria for small tubes.

Parameters | Air/water R-134a
Temperature (°C 25.0 21.6 39.4 52.5

Surface tension mN/m 71.98 6.15 4.61
Gas densit 1.185 29.04 49.06 70.7
Liquid density (kg/m’ 997.0 1218.2 1148.3 1090.2

R Critical Diameter (mm
Criterion based on E6=1 17.1 5.3

Criterion based on Co=0.5 5.4 1.7 1.5 1.4
Criterion based on E6=11.71 5.0 1.6
Criterion based on E6=100 1.71 0.53 0.47 0.43

Criterion based on Bo=0.3 m 0.25 0.23 0.20

As seen in the table, the discrepancy is quite significant (e.g. for air/water the critical
diameter ranges from 0.81 to 17.1 mm) due to the different hydrodynamic mechanisms
and there 1s a need for further work to clarify this. Fukano and Kariyasaki (1993)

experimentally investigated the effect of diameter using air-water flow in 1 to 9 mm



tubes at atmospheric conditions. The direction of flow was vertical upward, horizontal
and vertical downward. They found the critical diameter, at which the surface tension
surpasses the gravity, 1s between 5 to 9 mm and the effect of diameter dominated over
flow direction when the tube diameter was smaller than 6 mm. The conclusions agreed
with the result of Kew and Cormwell (1997) or Hatori and Bretherton (cited from

Wadekar 2002), seen in the table above, i.e. 5.4 or 5.0 mm for air and water.

Despite the great discrepancies between the actual values, the common characteristics
exhibited in small tubes have been recognized by the various researchers (Oya 1971,
Damianides and Westwater 1988, Barajas and Panton 1993, Fukano and Kariyasaki
1993, Mishima and Hibiki 1996, Triplett et al. 1999, Lin et al. 1999) and are

summarized below:

(1) Higher heat transfer capability.

(2) Surface tension becomes dominant force.

(3) Flow patterns are less affected by channel orientation and flow patterns tend to be
axisymmetric in horizontal or inclined tubes.

(4) Bubbles tend to be regular in shape, i.e. round.

(5) Some special flow patterns emerge (not reported in normal size tubes).

(6) Some typical flow patterns in normal size tubes may be absent.

(7) Intermittent flow appears easily and stratified flow 1s suppressed.

(8) Confined bubble flow becomes a typical regime.

(9) There is thinner liquid film around plug bubbles.

(10) There is lower bubble drift velocity in vertical flow.

The significance of differentiating small from normal size tube is that flow pattern

transition mechanisms change significantly in small channels due to growing restriction
from the channel wall. It indicates that new physical models and mathematical
correlations must be built for small channels in order to get more precise prediction of
flow patterns. For instance, Takamasa et al. (2003) experimentally studied the axial
development of local flow parameters such as void fraction, interfacial area
concentration and gas velocity. The project used air-water bubbly flow in a vertical 9
mm diameter tube with the purpose of revealing the true transfer mechanism in two-
phase flow. In their experiments, they found that the relatively small tube increases the

probability of a trailing bubble to be within a projected area of a preceding bubble



which will accelerate the trailing bubble and facilitate the merger. On the other hand,
since the radial motion of bubbles is restricted by the presence of tube wall, bubble

coalescence due to bubble random collision that frequently happens in normal size tubes
is unlikely to occur in small tubes. Therefore, the major mechanism of bubble

coalescence in small tubes is totally different from that in normal size tubes.

However, two-phase flow behaviour departs from that exhibited in small tubes as the

channel size decreases further to the order of hundreds of microns and defined as

microchannel. Kawahara et al. (2002) recently investigated two-phase flow of nitrogen
and water through a 100 um horizontal circular channel and reported significant

differences in the flow regime maps from those previously described for small channels

with about 1 mm diameter. In particular, some unique flow patterns, like liquid-ring

flow and serpentine-like gas core flow which have not been observed in small tubes,
were reported in their study. On the other hand, dispersed bubbly, churn and fully
developed annular flow were absent under their experimental conditions. Chung and
Kawaji (2004) also investigated the effect of micron-scale tube diameter on two-phase

flow to distinguish microtubes from small tubes. Experiments were conducted with a

mixture of nitrogen and water in circular channels of 526, 250, 100 and 50 um diameter.

In the 530 and 250 um tubes, two-phase flow patterns were similar to those in small

tubes, i.e. bubbly, slug, churn, slug-annular and annular, However, only some variations

of slug flow, including the abovementioned liquid-ring flow and serpentine-like gas
core flow, were observed in the 100 and 50 pm tubes. The authors also observed that

the level of interfacial deformation was much smaller in the 100 and 50 um channels.

Kawahara et al. (2002), Chung and Kawaji (2004) attributed these new flow

characteristics exhibited in the microchannels to the stronger effect of surface tension
and laminar liquid flow. Apparently, their studies indicated that the critical size to
differentiate small and micro tubes is between 100 to 250 um when using nitrogen-
water as working fluid. Feng and Serizamw (1999), Serizawa and Feng (2001) and
Serizawa et al. (2002) also reported that flow patterns exhibited greatly different
characteristics when tube diameter 1s smaller than 100 um in their air-water flow
experiments. However, the effect of different fluids on this criterion has not as yet been

studied conclusively.



2.2 Flow patterns in small channels

Flow patterns reveal the shape and the distribution of the interface between different

phases. A two-phase mixture may flow through a conduit in a variety of flow patterns

depending on the range of system parameters, i.e. flow rate, fluid or conduit properties,

heat transfer rate, pressure drop. Therefore, an appreciation of flow patterns is necessary

and important.

2.2.1 Classifications of flow patterns

An accurate identification of flow patterns and transition boundaries is quite difficult
due to lack of agreement in classification and the subjectivity of observers. Some
researchers like to use very detailed classifications, which result in a large number of
flow patterns. Others prefer less detailed divisions because the extremely detailed

classifications are insignificant in engineering. Taitel (1990) reported that the trend was
to minimize the number of flow patterns to the minimum essential with the desire to

reach standardization so that data from different laboratories could be correctly

interpreted and compared.

Although there are still arguments on the classifications of flow patterns, most
researchers agreed to categorise flow patterns into four main classes: stratified flow,

intermittent flow, annular flow and bubble flow. Each main class could be subdivided

into several subclasses. Table 2.2 lists the typical descriptions for the flow patterns.

The factors affecting flow patterns are numerous and complex. The transition from one
flow pattern to another may be abrupt but in most cases it is a gradual development
process in which case the transition boundary becomes a transition zone. Within the
transition zones the flow patterns possess characteristics of more than one of the flow
patterns described above. The identification of flow patterns in transition zones is not
easy and sometimes causes considerable confusion. For instance, a typical problematic
zone is the region near slug, annular and stratified wavy flow in a horizontal tube. In
this region the flow can be observed as either slug, wavy or annular flow, depending on
the attitude of observers. Nicholson et al. (1978) termed this region as “Proto Slug”, Lin
and Hanratty (1986) named it as “Pseudo Slug” while Taitel and Dukler (1976) called it
“Wavy Annular flow”.
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Table 2.2 Classification and description of two-phase flow patterns.

Main class Subclass Subclass
for normal tubes | for small tubes

Stratified flow Stratified wa Horizontal
__ Statifiedway | | Horizontal
Bubble flow Vertical / All
All

. Plug Plug (Confined Bubble .
Intermittent flow Elongated Bubble or Elongated Bubble) Horizontal / All
Slug Slug _
Taylor Bubble Taylor Bubble All (Vertical)

Vertical

Pseudo-slug
Wavy Annular

Annular flow All
All
Wispyannular | | Al

The typical flow patterns sketched in early researches are presented in Figures 2.1-2.5.

Flow orientation

Horizontal

Figure 2.1 shows the effect of gravity on flow patterns in normal size tubes, see
stratified smooth and stratified wavy in horizontal tubes and elongated bubble and slug
bubble in inclined tubes in which liquid flows at the bottom of conduit with gas at the
top. Comparatively the distribution of gas and liquid phase i1s more uniform in bubble
and annular flows which indicates that gravity is not as dominant force as the increase
of gas/liquid velocity. The effect of surface tension on bubble configuration is
significant in small diameter tubes. The typical flow characteristics in small tubes such
as regular and round bubbles were clearly exhibited in plug flow in Figure 2.2. The
typical flow patterns in vertical normal tubes were reported by Taitel et al. (1980),
which included bubble (named as dispersed bubble in the current study), slug, churn and
annular flows, see Figure 2.3. The flow patterns under microgravity conditions are
presented in Figure 2.4 and discussed in Section 2.3.2 (6). Mishima and Hibiki (1996)

studied air-water flow in 1 to 4 mm vertical tubes and reported several particular flow

patterns which were never reported in normal tubes, as shown in Figure 2.5.
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Stratified Intermittent
stratifled smooth

elongated bubble churn

stratified wavy

Annular

Dispersed

Figure 2.2 Photographs of air-water flow patterns in 3.0 mm horizontal tube,

Yang and Shieh (2001).
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Figure 2.4 Air-water flow patterns in
microgravity, 12.7-25.4 mm tube.
Bousman et al. (1996).

Figure 2.3 Flow patterns in vertical
upwards air-water flow, 50 mm tube.
Taitel et al. (1980).

Bubble Slug Churn Annular Mist
Figure 2.5 Sketch of air-water flow regimes in a vertical small diameter tube (marked

by asterisk are peculiar flow patterns to a small tube), Mishima and Hibiki (1996).

The common characteristics of the typical flow patterns are described below.

Stratified flow: In stratified flow, liquid flows at the bottom of conduit with gas at the
top due to the action of gravity, see Figure 2.1. It is observed mainly in horizontal or
downward inclined flow. Stratified flow can be subdivided into stratified smooth and

stratified wavy. In stratified smooth, both liquid and gas flows are laminar and there 1s

[3



no obvious fluctuation on the gas-liquid interface. It is hardly ever observed in small

tubes because surface tension dominates gravity. Stratified wavy indicates that the gas-

liquid interface becomes unstable and wavy.

Intermittent flow: Intermittent flow, see Figures 2.1 and 2.2, appears when elongated
discrete gas-phase distributes in continuous liquid-phase. In most cases, there are many
small bubbles in the liquid-phase. It is normally subdivided into Plug or Elongated
Bubble (Confined Bubble in small tube), Slug (Taylor Bubble in vertical flow), Churn
and Pseudo-slug (Wavy Annular). The flow is calm in plug flow and large elongated
bubbles are in regular shape whilst none or few small bubbles float in the liquid.
Sometimes it is also termed as “elongated bubble flow” (Coleman and Garimella 1999,
Taitel 1990) or “confined bubble flow” in small tubes (Lin et al. 1999). Confined
bubbles have spherical cap and bottom and the length 1s greater than tube diameter. This
flow occurs in any flow orientation and direction and indicates that surface tension has
grown into a dominant force. In slug flow, liquid is aerated and contains large as well as
many small bubbles. It appears in any flow orientation. These large bubbles generally
float on the upper part of horizontal tubes. In vertical flow, the large bubbles are in
bullet shape. They occupy most of the cross-sectional area of conduit and are also
designated as “Taylor bubble” in some papers (Taitel et al. 1980, Brauner and Barnea
1986). Churn flow resembles slug flow, but is more chaotic, frothy, distorted and highly
oscillatory, see Figure 2.3. The gas phase has irregular interface and tends to be
continuous. Churn flow is usually assoctated with vertical or sharply inclined tubes.
Pseudo-slug or Wavy annular (Damianides and Westwater 1988, Coleman and
Garimella 1999) are typical flow patterns in small horizontal tubes. When wave surfaces
in stratified wavy flow amplify to the extent that they touch the top of tube wall or
liquid slugs tend to be penetrated through by gas phase, Pseudo-slug flow is formed.

This flow pattern can be regarded as the transition zone of slug, stratified wavy and

annular.

Bubble flow: The most notable difference between bubble flow and intermittent flow is
that the bubble size in bubble flow is smaller than the conduit dimension, see Figures
2.1-2.5. Bubbles, especially bigger bubbles, tend to concentrate in the centre of conduit
in vertical flow. But for horizontal or inclined flow, bubbles usually float on the upper

part of conduit. Bubble flow appears as bubbly flow at lower liquid and gas flow rates

14



in which case the discrete bubbles are comparable with the conduit dimension. Bubbly

flow turns into dispersed bubble flow when liquid flow rate increases and bigger
bubbles are broken into fine bubbles. Dispersed bubble flow can appear at any flow

orientation.

Annular flow: In annular flow liquid film flows at conduit wall and gas phase flows
continuously in the core, see Figures 2.1-2.5. In some cases, gas phase contains
entrained liquid droplets. Annular flow can exist in all flow orientations. Wispy annular

flow means that the entrained liquid droplets concentrate into lumps at high liquid flow
rate. Mist flow occurs in the case of high gas flow rate. Liquid and gas mix so

tempestuously that causes liquid droplets to become quite small, 1.e. like mist.

Summarizing the published reports, the basic flow patterns are now sketched and are

presented in Figures 2.6-2.9 for normal size tubes and Figures 2.11-2.13 for small tubes.

(1) Horizontal flow in normal size tubes

Figure 2.6 illustrates the basic flow patterns in normal size horizontal adiabatic tubes.
They are stratified smooth, stratified wavy, dispersed bubble, plug, slug, annular, mist

and wispy annular.

g ) EE

Stratified Smooth Stratified Wavy
6-.-:-:'-- P 5 8& D )5
Dispersed Bubble Plug
0 (3 CR=%% T i e e T
Slug Annular
. . ""H:'.:': -:. Lo — L
....... 8\-—' =
Mist Wispy Annular

Figure 2.6 The basic flow patterns in normal horizontal adiabatic tubes.
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Figure 2.7 illustrates the transformation process of the flow patterns in normal size
horizontal tubes with heat flux at tube wall, i.e. flow boiling. With increasing quality,

the possible flow patterns could be bubble, plug, slug, stratified wavy, annular and mist

in turn. However, the dividing lines between the flow patterns are not clear.

g ] . ) : - * 0 ; _ * : 'T' :‘; ae o T 0 5
Liquid Gas
Single-phase | Bubble | Plug ' Slug i Stratified Wavy | Annular ! Mist | Single-phase

Figure 2.7 The transition flow patterns in horizontal flow boiling in normal size tubes.

(2) Vertical flow in normal size tubes

Figure 2.8 shows the basic flow patterns in normal size vertical adiabatic tubes. They

include dispersed bubble, bubbly, slug (Taylor bubble), churn, annular, mist and wispy

annular,
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©Po, . ﬂ--'u_ . . . e
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Dispersed g Slug : Wis
ubbl PY

Bubble Y (Taylor Bubble) Churn Annular Mist Annular

Figure 2.8 The basic flow patterns in normal size vertical adiabatic tubes.

Figure 2.9 shows the flow regimes in vertical flow boiling in normal size tubes. The

flow patterns take turns to be bubble, slug, churn, annular and mist as quality increases.
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Figure 2.9 The basic flow patterns in vertical flow boiling in normal size tubes.

As tube diameter decreases, some particular flow patterns, which were never reported in
normal size tubes emerged in small tubes; for example, spiral or intermittent bubble train
flow, long bubble slug flow and long bubble churn flow reported by Mishima and Hibiki
(1996), see the flow patterns marked with asterisk in Figure 2.5. In addition, the

definitions and classifications of flow patterns in small tubes are more vague and non-
unique. Some flow patterns were rarely reported in more than one experimental report.
For instance, Granular-lumpy bubble and Fish-scale type slug flow reported by Oya (1971)
were seldom observed by other researchers, see Figure 2.10. Some flow patterns, like
confined bubble which are rarely reported in normal size tubes, become the prevailing
regime in small tubes (Watel, 2003). Here, only general flow patterns in small tubes are

presented based on the evaluation of the reports presented in the literature.
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Figure 2.10 Air-water flow patterns observed 1n Oya (1971) experiments.

(3) Horizontal flow in small tubes

The typical flow patterns in horizontal small adiabatic tubes include bubbly, dispersed
bubble, plug (confined bubble), slug, stratified wavy, pseudo-slug (wavy annular),

annular and mist, see Figure 2.11.

(5502754

Bubbly Dispersed Bubble
A T4 %
S S TT T ‘f.
Plug (Confined Bubble) Slug
‘ X ) «.‘:'
.'l I I . ., ’ o's 8 ~ — S .
Stratified Wavy Pseudo-slug (Wavy Annular)

I o - 7 2 7 8 T o

b//m/jj/t/_:fj A 18

Annular Mist

Figure 2.11 The basic flow patterns in small horizontal adiabatic tubes.

(4) Vertical flow in small tubes

The typical flow patterns in vertical small adiabatic tubes are presented in Figure 2.12.
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Figure 2.12 The basic flow patterns in small vertical adiabatic tubes.

Figure 2.13 drawn by author is based on the previous observations and illustrates the

possible flow boiling patterns in small vertical tubes.

e

Gas
Single-phase

Annular

Figure 2.13 The possible flow patterns for flow boiling in small vertical tubes.
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2.2.2 Flow maps

Pressure loss, heat and mass transfer, flow stability and component/system safety are
strongly dependent on flow patterns. An accurate prediction of flow patterns has
important actual significance. The most accepted tool to predict flow patterns are flow

maps, which are inittally sketched based on experimental data and then are hopefully

predicted by correlations.

The first flow map may be that sketched by Baker in 1954 (Taitel 1990). Since then,
various maps with different coordinate groups were proposed in an attempt to obtain
general and accurate prediction of flow regimes. However, the aim has not been reached
yet. Some flow maps were drawn in terms of dimensionless parameters, whereas others
were based on dimensional parameters. The most popular coordinate parameters are gas
and liquid superficial velocities. However, the dimensionless coordinate groups might

be more general and effective since each coordinate can contain a group of parameters.

The coordinate groups in the published flow maps from various researchers have been

summarized by Chisholm (1983), Troniewski and Ulbrich (1984) and are given below:

(1) wu, vs. u,

D 1/3 D .o 1/4 D, O 1/4
/ {
( 9 ) gref ref = ref u, V. ref * ref U,
v, Lo Lo

B) G,/A vs. Gy

51/3
2 = pgp! and W=S_rf_{_ /u; [pfref]
Upgrffpfref o ‘uh'ff pf

G G
4 5 Ay vs., —=
(4) G. W p

(6) Gg, vs. G,

1/2
D
7 u —(-—)' VS. &
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(16) X vs. Y
Ve (p; — pg)gsiné
Al
1/4 1/4
17) u, [ff-J vs. 1, [-ﬁ’-)
g0 g0
pg pl
(18) wu,, VS. U,
“\&Dlp, - p, *\&Dlp, - p,
(19) u,, it vs. u, ﬁ=)p’
gO' | _pg ga pl _pg

The typical flow maps reported are shown in Figures 2.14-2.17 for normal and small
size tubes at vertical or horizontal orientation. The significant effect of channel
dimension can be detected from the aforementioned maps. For example, comparison of
Figures 2.14 and 2.16 shows that stratified smooth flow occupies a large area in the 25
mm diameter tube but disappears in the 2.0 mm tube. This is one example of the many
that urged researchers to explore flow regimes for small tubes. In addition, the flow
maps for vertical and horizontal flow exhibited significant differences in both normal
and small tubes, which indicates that gravity still is an important factor in flow regimes.

For example, stratified flow (SS and SW) is a main flow pattern in horizontal normal
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size tubes but it completely disappears in vertical normal size tubes. On the other hand,

churn flow (CH) can only be observed in vertical tubes. For small tubes, Damianides

and Westwater (1988) observed bubble, dispersed bubble, plug, slug, pseudo slug, wavy

and annular flow in small horizontal tubes as shown in Figure 2.16. However, Mishima

and Hibiki (1996) only reported bubbly, slug, churn and annular flow 1n vertical small

tubes, see Figure 2.17.
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Figure 2.14 Flow patterns reported by
Barnea et al. (1985) for 25 mm diameter
horizontal tube, air-water at atmospheric
conditions (25 °C, 1 bar), compared with

the theoretical lines proposed by Taitel

and Dukler (1976).
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Figure 2.16 Flow pattern reported by

Damianides and Westwater (1988) for 2
mm diameter horizontal tube, air-water at
atmospheric conditions (10-25 °C, 1 bar).
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Figure 2.15 Flow patterns reported by
Barnea et al. (1985) for 25 mm diameter
vertical upward tube, air-water at
atmospheric conditions (25 °C, 1 bar),
compared with the theoretical lines
proposed by Taitel et al. (1980).
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Figure 2.17 Flow pattern reported by
Mishima and Hibiki (1996) for 2.05 mm
diameter vertical upward tube, air-water
at atmospheric conditions. The solid line

is the prediction by the model of
Mishima-Ishii (1984).



2.2.3 Transition models and correlations

The initial method to predict flow patterns was to correlate experimental data and plot
them on a “flow pattern map”. However, this method requires a great deal of
experimental data and can hardly help obtain general correlations. In the 80’s, attempts
were required to develop physical models that allow an analytical prediction of the
transition boundaries (Barnea 1986). These models try to simplify the description of
physical phenomena so that a mathematical simulation is possible. However, a complete

physical understanding of the phenomena related to flow pattern transitions is still not
available. Most models are restricted to a specific range and thus give only a partial

view of the transition mechanisms in tubes (Barnea 1987).

The models for normal size tubes have been presented for the following particular

situations:
(1) Horizontal and slightly inclined tubes (Taitel and Dukler 1976, Husain and

Weisman 1978, Kadambi 1982, Lin and Hanratty 1986)
(2) Vertical upward flow (Taitel et al. 1980, Mishima and Ishi1 1984, McQuillan and

Whalley 1985)
(3) Vertical downward flow (Barnea et al. 1982)

(4) Inclined upward flow from 0 to 90° (Barnea et al. 1985)
(5) Inclined downward flow from 0 to -90° (Barnea et al. 1982)
(6) Complete range of inclined flow from -90 to 90° (Barnea 1987)

Based on the previous studies, Taitel summarized and presented a “Unified Model”
which can predict flow patterns reasonably at any angle of inclination. This model
incorporates the effect of fluid properties (density, viscosity and surface tension), tube
size and inclination angle. The prediction of the model agrees with the experimental
results of 50.1 mm tube in the whole range of tube inclination (Taitel 1990). However,
it was based solely on the experimental data for normal tubes and might not consider the
effect of surface tension adequately. Therefore, the unified model is only valid for

normal size tubes and a revision for small tubes is needed.

Barnea et al. (1983) verified experimentally the model of Taitel and Dukler (1976) for
horizontal flow and Taitel et al. (1980) for vertical upward flow by using 4-12 mm
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tubes. The comparisons are shown in Figures 2.18 and 2.19 for horizontal flow and
upwards vertical flow respectively. For the horizontal flow in Figure 2.18, the Taitel
and Dukler’s model (1976) could predict Barnea’s data properly except for the
stratified-intermittent transition boundary, which exhibit the enhanced effect of surface
tension in small tube. For the vertical flow in Figure 2.19, the Taitel’s model (1980)
generally agreed with Barnea’s data but the deviation was obvious at the boundaries of
slug-churn and churn-annular at high ujs region, which might be attributed to the
different identification of churn flow. However, Damianides and Westwater (1988)
sketched flow maps for 1-5 mm tubes in their experiments and found that the Taitel and
Dukler’s model (1976) could hardly predict any transition boundaries. For example, the
stratified flow could not be observed in the Damianides and Westwater’s experiments
but it is a main flow pattern in the Taitel and Dukler’s model, see Figures 2.20 and 2.21.
It indicated that the existing models are not valid when tube diameter is less than 5 mm

for air-water at atmospheric conditions because surface tension begins to dominate as

tube diameter decreases.
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The maps depicted in Figures 2.22 and 2.23, are sketched according to the “Unified Model”

model cited from Taitel (1990). The relevant equations are given in Appendix B. Obviously,

it results in an inconsistent prediction for small tubes because there is a region where

intermittent-churn and churn-annular transition boundaries cross, see Figure 2.23.

Dispersed bubble flow
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Figure 2.22 Flow map for vertical upward  Figure 2.23 Flow map for vertical upward
flow, air-water, 0.1 MPa, 25 °C, 25.4 mm flow, R134a, 0.293 MPa, 0 °C, 2.0 mm
tube based on Unified Model (Taitel tube based on Unified Model (Taitel 1990).
1990).
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To date, the special transition models and correlations for small channels have not been
established. Therefore, revising the existing models and correlations for normal size
tubes or developing new models and correlations for small tubes is one of the main aims
in current two-phase flow research. Although the existing models and correlations
developed from normal size tubes have been proved by most researchers not to be
suitable for small tubes (Sue and Griffith 1964, Oya 1971, Barnea et al. 1983, Graska
1986, Damianides and Westwater 1988), they can provide some indications of the
boundaries or possibly provide the basis for the new developed models and correlations
for small tubes. Therefore, it was considered necessary to present these models and
correlations. Appendix B shows the equations of the models given by Taitel et al.

(1980), Mishima and Ishii (1984), McQuillan and Whalley (1985) and, as mentioned

above, the unified model! summarized by Taitel (1990).

Unlike the traditional flow maps, in which the transition boundaries are sketched based
on gas-liquid interface configuration, flow regimes for small tubes or in microgravity
situations are depicted according to force analysis in the work of Akbar et al. (2003).
They divided the entire flow map into four regions for small tubes:

(1) Surface tension-dominated region, including bubbly, plug and slug.

(2) Inertia-dominated zone 1, including annular and wavy-annular regimes.

(3) Inertia-dominated zone 2, including dispersed flow regime.

(4) Transition zone.

Akbar et al. (2003) proposed four semi-empirical correlations to predict the above four
regions based on the previous experimental data for small channels, see Appendix B.
The correlations use Weber numbers as the coordinate which represent the ratio of

surface tension and inertia. The sketch transition lines agreed with the relevant data for
air-water like fluid in circular and near-circular small tubes with about 1 mm hydraulic
diameter at ambient conditions. The comparative result is presented in Figure 2.24.

Akbar et al. also suggested that the applicability of the correlations needed further

validation.
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Figure 2.24 Comparison between the correlations proposed by Akbar et al. (2003) and

the experimental data for circular and near-circular channels with about 1 mm diameter.

2.3 The factors affecting flow patterns

2.3.1 Force analysis

The particular flow regime established by a given combination of liquid and gas
velocities depends upon the interaction of gravity, shear stress, tnertia force, surface
tension and turbulent force. It is believed that the flow mechanisms in small tubes are
different from those in larger tubes primarily due to the different relative magnitudes of

these forces (Coleman and Garimella 1999). The forces that act on a separate bubble

can be defined quantitatively as follows:

(1) Buoyancy (gravity)
Buoyancy originates from the gravity acceleration and the difference of gas and liquid

density. It causes the separation of gas and liquid thus is an important factor in forming
stratified flow in horizontal flow. In inclined flow, buoyancy facilitates bubble
accumulation and coalescence at the top of conduit, which leads to bubble flow

transition into intermittent flow. It is given as:
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Fy = %d (o -p, )2 2.4)

i.e. the force is proportional to d” (p, - P, )g :

(2) Shear stress (friction)
Shear stress at the gas-liquid interface can maintain the liquid film in annular flow and

can also intensify the disturbance of gas-liquid interface, which causes stratified smooth

flow and slug flow change to stratified wavy flow and churn flow respectively. It is

given as:
7, =_f:‘ pg(ugz_uf)z
F;:C,xwzxﬁM (2.5)

2
If the bubble’s length 1 is proportional to the bubble diameter d, the shear force between

gas and liquid phases is proportional to d*f P, (u‘g —u,)z :

(3) Inertia force
Inertia force keeps bubbles moving at their original track, direction and velocity. Liquid

bridge is broken at higher gas velocity to facilitate the transition of churn to annular

flow due to the large inertia force. In addition, turbulence flow can be formed at large

inertia force and accordingly promote the emergence of churn flow.

2
U

¥/4
F}=C1 X-gdspgx—j-— (26)

i.e. it is proportional to d*p,u,°

(4) Surface tension

Surface tension takes an important role in small bubbles, i.e. it facilitates the formation
of regular and round bubbles and enhances the rigidity and anti-coalescence of bubbles.
Another reason surface tension becomes an important factor in small tubes is that the
size and the shape of bubbles are not anymore negligible in flow pattern studies. The
enhanced effect 1n small tubes makes the liquid film in churn flow thinner so as to
facilitate the rebuilding of liquid bridge in annular flow. The resulting force is

proportional to the bubble size and surface tension, i.e.
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F, <do (2.7)

(5) Turbulent force

Turbulent force drives bubbles to move in a zigzag way (Levich 1962). It increases

collision frequency among bubbles. It also prevents bubbles from accumulating at the

top of conduit in inclined flow. It 1s given as:

1 > ﬂ'dl
F S 12
/ 2 piu r 4
where
/ f \lf.?
u' =u,| =
& 4
Therefore.
T >
Fr = '1_6d2 n (2.8)

i.e. this force is proportional to d° f,pu; .

Figure 2.25, which is a plot of the ratio of the forces act on a bubble and the bubble
surface area, i.e. F/A, qualitatively exhibits the influence of bubble size on buoyancy
and surface tension, which shows that surface tension dominates over buoyancy when

the bubble size is less than a certain value.

Forces vs. Bubble Size

Buoyancy

Forces (N/mz)

Fy

Buoyancy:

Surface tension:

Surface tension

Bubble Diameter (m)

Figure 2.25 The relationship between forces and bubble size.
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2.3.2 Parametric analysis

Based on the aforementioned dynamic analysis and Taitel’s (1990) summary, it can be
concluded that the following parameters directly affect flow patterns:

(1) liquid, gas superficial velocity uy, ug

(2) liquid, gas density pi, pg

(3) liquid, gas dynamic viscosity pj, tg

(4) conduit dimension, D

(5) gravitational acceleration g and conduit inclination angle 6

(6) surface tension, o

(7) tube roughness, €

(8) heat flux, g (only for flow boiling)
(9) enthalpy h,, h; and latent heat of evaporation hgg (only for flow boiling)

Although the above parameters can be simplified to eight parameters in vertical

adiabatic two-phase flow in smooth tube at the normal gravitational conditions, i.e. uy,
Ugs, P1» Pgs Mi» Mg, D, O, it is still quite impractical to find a relation for them based on

experimental data or theoretical analysis. In order to establish an appropriate

mechanistic model that is sufficiently close to the natural phenomena as well as being

simple enough, we have to fully analyse the effect of these parameters so that finally

only important factors are considered.

(1) Superficial velocities

Liquid and gas superficial velocities are two of the most important parameters. They
directly influence void fraction and the balance of the forces which consequently affect
flow patterns. The published flow regimes show that all flow patterns strongly depend
on the superficial velocities. For example, annular flow always takes place at high gas
superficial velocity, which means that gas-liquid shear stress dominates over other
forces. Dispersed bubble flow appears at the region of high liquid superficial velocity
where turbulent force becomes very important. The importance of gas and liquid
superficial velocities to flow patterns has been recognized in Weisman et al. (1979)
experiments. Their investigation also confirmed that both fluid properties and tube

diameter have only moderate influences compared with the superficial velocities. The
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effect of the superficial velocities on flow patterns is also explained by the effect on
void fraction. Barnea and Brauner (1985), Hout et al. (1992) and Taitel et al. (2000)

reported that the void fraction 1n liquid slug, o, is a function of homogeneous velocity

u,, where up=u,stuy, see Figure 2.26, and that o is a vital criterion that distinguishes

intermittent flow, 1.e. plug (or elongated bubble), slug and churn, see Figure 2.27.
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(2) Density

Published work on the effect of liquid density on flow patterns is indeed rare. Weisman

et al. (1979) examined the density effect by using air-K,CO; solution (p;=1420 kg/m?)
and comparing with the flow map of air-water (p;=1000 kg/m’). The relative liquid

viscosity and surface tension changed only slightly. In their experiments, it seems that

liquid density has little effect on the main transient boundaries, see Table 2.3.
Table 2.3 The shift direction of flow pattern boundaries with reducing liquid density.

Researcher |Orientation| (mm Fluid bubble To annular |stratified flo

horizontal 51 ' little effect | little effect | little effect




The compressibility of gas is normally much bigger than that of liquid, and gas density
can vary significantly compared with liquid. Therefore, it has more practical
significance to study the effect of gas density on flow patterns. Gas density strongly
depends on fluid pressure within a definite temperature range in incompatible gas-liquid
fluids such as air-water flow. Other parameters, such as liquid density, gas and liquid
dynamic viscosity, and surface tension, are less dependent on pressure. Thus, the effect
of pressure on flow patterns reflects the effect of gas density indirectly. This effect
could be variable in different fluids depending on the sensitivity of the gas density to
pressure. However, the situation is much more complex for vapour-liquid type fluids
such as steam-water or two-phase R134a flow used in the proposed experiments. The
fluid temperature, i.e. the saturated temperature, is a function of the fluid pressure. The
densities cannot be isolated from other parameters to study their exclusive effect only.

Table 2.4 presents such relationship between fluid parameters and pressure.

Table 2.4 The effect of fluid parameters on their properties*.

| RI3ta | steamWater | AieWater
Pressure (bar ﬂmmmmnmm—
m-nm

(kg/m’ 29.0149.1{70.7(0.59]5.15{55.43/1.21]12.1 1.2911.07 [ 0.95
(kg/m’ 121811148 958 | 887 | 688 | 998 [ 999 [1003]1000( 988 | 958
Viscosl Pa.s 11.7112.6 | 13.3[12.4]15.0]20.5 17.2 21.7
ISCOSI Pa.s 210.2|170.8{147.31282.0{153.9 107111071{1065{1791(547.1]282.0
(mN/m 8416246 (59.0({422]11.8(72.8| - 75.6167.91| 58.9

*: Based on the information from Nagano, H.(1990), Schmidt, E. and Grigull, U.(1981), Rogers,
G.F.C. and Mayhew, Y.R.(1988), and www.udel.edu/pchem/C446/Experiments/exp1.pdf.

Even with the above problems, the influence of gas density can be investigated
qualitatively through a force analysis. High gas density evidently enhances gas-liquid
shear stress and gas inertia force which facilitates churn or annular flow forming at
lower gas velocity. Some experimental results support this analysis. For example,

Weisman et al. (1979) evaluated the effect of vapour density by using R113 at 1 bar
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(pe=14 kg/m3) and 4 bar (p,=44 kg/m3). Considering the change from the variation of
viscosity and surface tension, the higher vapour density made the transition to annular
flow to occur at lower gas superficial velocity but had little effect on the boundaries of
stratified flow and intermittent flow, see Table 2.5. McQuillan and Whalley (1985)
predicted the transition boundaries of plug-churn and churn-annular slightly shift
towards the region of lower gas flow rate for vertical tubes when the pressure increases
in their model. The agreement between the theoretical predictions and the experimental

observations was generally good. Figure 2.28 shows the comparison of the McQuillan

and Whalley’s model with the steam-water flow maps sketched by Bergles and Suo

(1966) at the pressures of 34.5 bar (p,=17.28 kg/m3) and 69.0 bar (py;=35.95 kg/m3)
(McQuillan and Whalley 1985). However, the flow maps only support the prediction of

churn to annular transition boundary, see Table 2.5 and Figure 2.28.

gas phase Steam

gas phase steam .
iquid phase  water iquid phase : water

tube diameter 001 m tube diameter : 001 m
pressure : 34.5 bar 10-0 | Pressure

100

annular

Uls (m/s)

o1

b0t -1

01 1-0 100 1000 01 10 100 100-0
Ugs (mvs) Ugs (nvs)

Figure 2.28 Comparison of the steam-water flow maps from Bergles and Suo (1966)

and the model of McQuillan and Whalley (1985) at different pressures.

Table 2.5 The shift direction of flow pattern boundaries with reducing vapour density

by decreasing fluid pressure.

Researcher Orientation| (mm Fluid To annular | - stratified
-- 1-0 vs- 4.0
(1979 horizontal | 25, 51 R113 bar higher u,s | little effect
Bergles and Suo -n 36.5 vs.
(1966 vertical steam-water| 69.0 bar | higher ug N/A
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The above works were based on large tubes. Yang and Shieh (2001) experimentally
investigated two-phase flow patterns for refrigerant R134a and air-water in horizontal
small tubes with the inside diameters from 1.0 to 3.0 mm. Compared to the air-water
flow regime, an increase of vapour density in R134a flow leads to a shift of slug to
annular transition to lower gas velocity. The authors attributed the phenomenon to the
difference of surface tension since the surface tension of air-water is much larger than
that of R134a. However, some researchers (Reinarts 1993) gave a different explanation

to the above phenomenon. They suggested that the change of vapour density might be

the key factor.

(3) Viscosity

A series of experiments were carried out by Weisman et al. (1979) to examine the effect

of liquid viscosity on flow pattern transitions in S1 mm horizontal tube. The fluids used

were air-water (W=1.071 mPa.s) and air-glycerol solutions (=75 mPa.s and 150

mPa.s). Glycerol solution has an advantage of allowing the liquid viscosity to be varied
while the surface tension and the density are nearly constant. The experimental results

showed that the liquid viscosity affects the transition boundaries of dispersed bubble

and annular but has little effect on stratified - intermittent boundary, see Table 2.6.

Bousman et al. (1996) experimentally studied the effect of liquid viscosity on flow
patterns in 12.7 mm and 25.4 mm tubes at microgravity conditions. Air and two liquids,
water (1 mPa.s) and glycerine-water solution (6 mPa.s), were tested at 21 °C. They
concluded that liquid viscosity affects slightly the slug-annular boundary but had an
effect on the bubble-slug boundary only for the larger diameter tube, see Table 2.6.

Furukawa and Fukano (2001) investigated the effect of liquid viscosity on the flow
patterns of upward air-liquid flow in a 19.2 mm vertical tube. Three different liquids,
including water and 53% and 72% glycerol-water solutions with the viscosities of 5.7
and 14.7 times that of water and little change on the density and the surface tension,
were employed. Figure 2.29 shows the photographs of the three fluids under the same
flow velocities (ug=0.2m/s, u=0.3m/s). This clearly demonstrates the effect of
viscosity on the flow patterns, i.e. small bubbles coalescence is easy to occur in the case

of larger liquid viscosity. Similarly liquid viscosity has a great impact on the transition
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boundaries of slug-churn and churn-annular. For example, with a decrease of liquid

viscosity. the slug-churn and churn-annular boundaries move towards lower uy. see

Table 2.6 and Figure 2.30.
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(a) (h) (c)
Figure 2.29 The flow patterns in three different fluids at the same conditions
(ues=0.2m/s. u=0.3m/s), Furukawa and Fukano (2001).

(a) bubble-slug, water (b) slug, 53% glycerol (b) slug, 72% glycerol
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Figure 2.30 The comparison of the flow boundaries in the fluids with different
viscosities, Furukawa and Fukano (2001).
(W1 —water, G15 - 72% glycerol, B — bubble, S — slug. SF — slug/churn, FA -

churn/annular, A — annular)
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Table 2.6 demonstrates conflicting information among the past reports. For instance,
Furukawa and Fukano (2001) and Bousman et al. (1996) gave different results on the
dependence of change of bubble-slug boundary on viscosity. Therefore, further work is
necessary to explore this area. According to force analysis in Section 2.3.1, fluid
viscosity, which decides the magnitude of friction and turbulent force, could become a
dominating factor with the decrease of channel dimension because the gravitational
force is depressed correspondingly. In addition, the thickness of hydrodynamic
boundary layer, which is comparable with micro or small channel, 1s also decided by
viscosity. Therefore, fluid viscosity significantly affects flow field. Viscosity, especially
liquid viscosity is greatly influenced by temperature. Other parameters are
comparatively less dependent on temperature, as shown in Table 2.4. Therefore, the
effect of viscosity on vapour-liquid flow patterns may be explored indirectly by
changing fluid temperature. It is known that friction will grow as the dominating force
with increases in viscosity. This limits the slippage between gas and liquid phases.

Therefore, the gas-liquid interface suffers less disturbance and the turbulent flow

patterns such as churn flow may hardly appear in high viscosity fluids.

Table 2.6 The shift direction of flow pattern boundaries with reducing liquid viscosity.

- To dispersed |Intermittent —
Researcher Orientation Fluid bubble |stratified flow| To annular
Weisman et al. - air-water vs. _

(1979 horizontal air-glycerol | higher uy little effect | lower u,,

-

Researcher Orientation Fluid Bubble-slug | Slug-churn | To annular
Furukawa and -- alr-water vs.
Fukano (2001 vertical 19.2 | air-glycerol | lower uy lower u,, lower u,,
Researcher Condition Method | Bubble-slug annular

little effect — little effect
Bousman et al. air-water vs.
1996) microgravi 25.4 | air-glycerin - little effect

(4) Surface tension

Theoretically, surface tension minimizes the interfacial area of bubbles. It tends to keep
bubbles retaining their ctrcular shape and also to keep the liquid holdup to retard the

transition from intermittent flow to annular flow (Yang and Shieh 2001). However, the
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study of surface tension on flow patterns was hardly carried out in normal size tubes

because the size of bubbles tends to be larger in the absence of the confinement of tube

wall and the effect of surface tension can be neglected when compared with other forces
such as gravity, as shown in Figure 2.25 and the equations in Section 2.3.1. Therefore,
in earlier studies the effect of surface tension is mostly indirectly demonstrated through
a reduction in tube diameter, and rarely directly by changing surface tension itself. One
of exceptions was that Bousman et al. (1996) who investigated its effect in 12.7 mm and
25.4 mm tubes in microgravity conditions. They mixed a small quantity of Zonyl FSP
into water, which can reduce air-water surface tension from 72 mN/m to 21 mN/m
without significantly affecting other physical properties. The results of experiments
indicated that reducing surface tension resulted in a shift in the bubble-slug transition to
lower ujs at the same ug, i.e. higher void fraction. It had no significant effect on the
slug-annular transition, see Table 2.7. The researchers explained that the reduced
surface tension in the air-water/Zonyl FSP could reduce the probability of coalescence
when bubbles contacted each other thus shift the bubble-slug boundary to lower liquid
superficial velocity. Their result, that surface tension has little effect on the slug-annular
transition boundary, was reported to be in agreement with Reinarts (1993) but in
contrast with the analysis of Yang and Shieh (2001). The above phenomenon specified
could be explained by the fact that the inertial force which relates closely to fluid

velocity grows as a dominant force at the region of slug to annular flow. By comparison,
the surface tension is not strong enough to influence the flow regime significantly at

high liquid velocity. A similar experiment was also carried out by Weisman et al. (1979)
using air-water (c=68 N/m) vs. air-Aliguat 221 solution (6=38 N/m) in a horizontal
tube. They reported that surface tension had significant effect on the wavy to stratified

boundary. Their experimental results are summarized in Table 2.7.

Table 2.7 The shift direction of flow pattern boundaries with reducing surface tension.

Diameter - To dispersed Intermittenff Wavy -
Researcher | Orientation Method bubble |To annular| - stratified | stratified

alr-water vs
eisman et 11.5, 25, lir-aliguat
al. horizontal 51 21 little effect |little effect|little effect| hig

Researcher | Condition Method | Bubble-slug | annular
al. (1996) |microgravity(12.7, 254 ir-zonyl Lower u; |[little effect
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Bang et al. (2004) studied photographically vertical subcooled boiling flow using R134a

in 4 x 5 mm rectangular channel. They reported that the higher pressure made the size
of bubbles smaller. whilst higher subcooling caused faster bubble collapse, as shown in
Figures 2.31 and 2.32. It indicates that dispersed bubble flow is easily formed in higher
pressure, 1.e. bubbly to dispersed bubble transition boundary may shift toward lower
liquid superficial velocity. The transition mechanism of dispersed bubble to bubbly may

relate to surface tension more rather than to the effect of vapour density as mentioned in

the above section.

Figure 2.31 Effect of flow parameters on boiling phenomena at 7.0 bar, 2000 kg/m"s.
137 to 955 kW/m”, -13.8% to -11.5% quality.

e
=)

N

A

Figure 2.32 Effect of flow parameters on boiling phenomena at 14.5 bar, 2000 kg/m"s.
478 to 873 kW/m’, -24.6% to -23.3% quality.
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(5) Channel dimension

One of main objectives 1n the present experiments 1s to elucidate the effect of channel
dimension on flow patterns. Many previous studies proved that surface tension becomes
an important parameter with the decrease of tube dimension (Oya 1971, Barnea et al.
1983, Fukano and Kariyasaki 1993, Hibiki 1993, Lin et al. 1998, Coleman and
Garimella 1999). In small tubes, bubble size and shape can no longer be ignored and

surface tension is a vital factor on deciding bubble size and shape.

Some transition boundaries are very sensitive to tube diameter and others are not. Kokal
and Stranislav (1989) studied experimentally the effect of tube diameter (normal range)
on transition boundaries using air-oil in horizontal flow. The tube diameters were 25.8,
51.2 and 76.3 mm. The experimental results showed that tube diameter had a distinct
effect on some but not all transition boundaries as shown i1n Figure 2.33. Kokal and
Stranislav reported that the stratified-intermittent transition 1s quite sensitive to tube
diameter and the region of stratified flow expands with tube diameter. The intermittent-
dispersed bubble transition is also affected by tube diameter and shifts to higher liquid
velocities for the larger tube. They explained that higher turbulence level was required

to produce dispersed bubble flow in the larger tube. The intermittent-annular transition

was relatively insensitive to tube size.
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Figure 2.33 The effect of tube diameter on flow patterns for air-oil flow
Kokal and Stranislav (1989).
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Some studies focused on small tubes. Sue and Griffith (1964) studied two-phase flow in
1.0 and 1.6 mm horizontal tubes. They observed that the characteristics of slug flow in
the horizontal small tube were quite similar to that in the vertical small tube. Therefore
they concluded that surface tension dominates over gravity in small tubes. Oya (1971)
investigated experimentally the developing flow patterns of air-water, air-gasoline two-
phase flow in vertical upward flow. The tube diameters were 2, 3 and 6 mm and the
experimental conditions were 10-40 °C and atmospheric pressure. He found that the
flow patterns were much affected by tube dimension and surface tension. For example,
fish-scale type slug flow appeared at higher uy in the smaller tubes. Some special flow

patterns (granular-lumpy bubble and fish-scale type slug) were first reported in his

experiments, see Figure 2.10.

Barnea et al. (1983) compared the experimental data of 4-12 mm vertical and horizontal

tubes with the physical models for normal tubes (Taitel and Dukler 1976, Taitel et al.

1980), see Figures 2.18 and 2.19. They reported satisfactory comparisons except for the
stratified-intermittent transition boundary in honizontal flow. They argued that the
deviation between theory and experiment is attributed to the increasing effect of surface
tension in small tubes, which makes surface tension, not Kevin-Hemholtz type
instability, responsible for the transition from stratified flow to intermittent flow.
However, the results disagreed with Damianides and Westwater (1988) and Fukano and
Kariyasaki (1993) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>