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CHAPTER 1

INTRODUCTION

Gas-liquid two-phase flow is simultaneous flow of gas and liquid through pipes. It is a
commonly occurring phenomenon in variety of industries such as chemical,
petrochemical, power and refrigeration. Two types of two-phase flows are encountered —
boiling and non-boiling. Boiling two-phase flow is observed when a liquid evaporates
because of heat transfer to the liquid. It is a single component two-phase flow. Examples
of boiling two-phase flow are steam-water flow in power plants, refrigerant vapor-liquid
flow refrigeration plants. Non-boiling two-phase flow is a two component two-phase
flow in which gas and liquid are two different substances. For example, flow of natural
gas and crude oil through pipes.

Two-phase flow is studied extensively throughout the world because of its wide range of
applications. History of two-phase flow goes back to 1930’s. Therefore, a vast literature
is available in this area of study. There are a variety of studies done in the field of two-
phase flow. For example, some researchers have studied flow patterns in two-phase flow.
Others have studied pressure drop in two-phase flow. Some have concentrated on a
particular orientation of two-phase flow. Many researchers have developed correlations
for prediction of design parameters (For example, heat transfer, void fraction) of two-

phase flow. But, more work is needed in some specific areas. Such areas which are



relevant to this study are discussed next.

As mentioned above, different flow patterns are observed during two-phase flow because
of the different ways in which the two phases position themselves inside the pipe. It is
important to note that gas phase is compressible whereas liquid phase is incompressible.
Their properties (such as density, viscosity) also vary depending upon pressure and
temperature of the system. Liquid phase also exhibits surface tension. Therefore, the two
phases behave differently inside the pipe. One or more of these factors affect the flow
pattern inside the pipe. Knowledge of flow patterns is important because parameters such
as void fraction, pressure drop and heat transfer in two-phase flow depend upon the type
of flow pattern. Some researchers have studied flow patterns, have developed flow
pattern maps and have found the dependence of parameters such as void fraction,
pressure drop and heat transfer on them. For example, Sujumnong (1997) developed a
flow pattern map for vertical two-phase flow and studied void fraction values for
different gas and liquid mass flow rates. Similarly, Taitel et al. (1980) developed flow
pattern map based on their study of flow patterns in only vertical upward (+90° to
horizontal) two-phase flow and suggested flow pattern transition theories. Many other
researchers studied flow patterns in vertical two-phase flow and suggested a flow pattern
map or flow pattern transition theories. But, till date there is no universal flow pattern
map available for vertical upward flow. There is no agreement on the number of
significant flow patterns and their definitions. Many researchers (For example, Shoham
(1982)) have not taken into consideration the effect of operating pressure while
developing their flow pattern map. Effect of gas phase density and diameter on flow

pattern map is also an unresolved issue.



Similar to flow patterns, void fraction (volumetric fraction of gas in a two-phase flow) is
important because it affects pressure drop and heat transfer in two-phase flow. Therefore,
knowledge of void fraction value is essential. To achieve this, many researchers have
developed correlations for prediction of void fraction. For example, Fernandes (1981)
studied void fraction in slug flow pattern (a type of flow pattern) and developed a
correlation for its prediction. Some researchers (For example, Gomez et al. (2000))
recommended void fraction correlations for all flow patterns. Other researchers tried to
eliminate the effect of flow pattern inside pipe. For instance, Woldesemayat and Ghajar
(2007) suggested a flow pattern independent correlation for prediction of entire range of
void fraction and orientations from horizontal to vertical. But, there is no general
consensus on either approach. Flow pattern specific void fraction correlations have a
limitation because of absence of a universal flow pattern map and there is no generally
accepted flow pattern independent correlation for prediction of void fraction in vertical
upward two-phase flow. There is no large scale comparison of vertical void fraction
correlations available in the literature.

Considering the above points, a detailed study of flow patterns and void fraction was
carried out for upward vertical two-phase flow. The principal objective of this study was
to recommend the best correlation for prediction of void fraction. But, as discussed
above, different areas in the study of two-phase flow are interrelated. Therefore, other
complementary tasks were carried out to get a better insight of the behavior of two-phase
flow. The first step was to recognize the number of significant flow patterns and variation
of void fraction with flow patterns. Therefore, accurate experimental data for flow

patterns and void fraction was collected rather than depending upon the data of other



researchers. The void fraction data was collected for a wide range of void fraction values
and with considerable representation of all the flow patterns. The data was taken with the
help of experimental facility in Two-phase Flow Laboratory at Oklahoma State
University. Based on the data for flow patterns, a flow pattern map was developed for the
experimental setup. The transition boundaries of the flow pattern map were compared
with the prediction of flow pattern transition theories proposed in the literature. It was
observed that the effect of two parameters: gas phase density and diameter, on the flow
patterns (and therefore void fraction) was significant, which prompted further study of
the effect of these two parameters. Using the void fraction data collected in the present
study and the data from literature, comparisons of the flow pattern dependent and flow
pattern independent correlations were carried out and the best correlations were
recommended.

Each of the area of study mentioned above is elaborated in different chapters of this
document. In Chapter 2, the vast literature studied in the present work is presented. In
Chapter 3, details of the experimental set up and its validation with respect to flow
patterns and void fraction is presented. Chapter 4 explains the flow visualization studies
i.e. details about different types of flow patterns observed during the present study. It also
presents the flow pattern map developed during present study and evaluates flow pattern
transition theories based on flow pattern data. In Chapter 5, effect of diameter and gas
phase density on flow pattern map is presented. In Chapter 6, trend of void fraction
values depending on mass flow rate and flow pattern is discussed. Chapter 6 also covers a
detailed analysis of flow pattern specific void fraction correlations with respect to

different flow pattern specific data sets in the literature. Performance of flow pattern



independent void fraction correlations with respect to different data sets and void fraction
ranges is discussed in Chapter 7. In Chapter 8, conclusions and recommendations based
on the results obtained in Chapters 4 to 7 are presented. Details of the data sets used in

the present study are given in Appendix A.



CHAPTER 11

REVIEW OF LITERATURE

Two-phase flow was studied since 1930°s and a large amount of literature is available.
This facilitated the access to lot of good works in this area but also posed a problem of
choosing relevant articles from the abundant number of studies covering different aspects
of two-phase flow.

As discussed in the Chapter 1, this work is divided into three major areas: flow patterns
and flow pattern transition theories, effect of diameter and gas phase density on flow
pattern transitions and void fraction correlations for vertical upward two-phase flow.
Thorough literature search was carried out to study most of the literature related to these
three areas. In addition to this literature, previously done experimental work was referred
to gather experimental data on flow patterns and void fraction. This was the most
challenging task because experimental data was not openly shared.

This literature review is divided into the three sections discussed above. Literature related

to each section is discussed in the following paragraphs.

2.1 Flow Patterns and Flow Pattern Transition Theories

2.1.1 Flow Patterns

A lot of work is done in vertical two-phase flow patterns and including all the work here



A lot of work is done in vertical two-phase flow patterns and including all the work here
will result in repetition of information. Therefore only some of the work from the
literature is discussed here.

Nicklin and Davidson (1962) carried out experiments in a 1.02 inch (0.026 m) diameter
tube in vertical co-current air-water flow. They observed bubble, slug, semi-annular,
annular and mist flow patterns. Bubble flow was characterized by very small bubbles
compared to tube diameter, slug flow was characterized by large bubbles with round
nose, semi-annular flow was characterized by to and fro motion of liquid building up and
breaking down again. In annular flow, they observed a central gas core surrounded by
liquid annulus at the wall. Interface between gas and liquid phase was wavy. Mist flow
was observed when gas flow rate was increased beyond the flow rate for annular flow.
Liquid was carried as droplets in the mist flow.

Oshinowo and Charles (1974) reported six flow regimes — bubble, quiet slug, dispersed
slug, frothy slug, froth and annular. Bubble flow was defined as the flow in which the gas
phase dispersed in the form of bubbles. Quiet slug and dispersed slug flows were
observed to have bullet shaped bubbles. Froth formation was observed in the trailing part
of bubble in dispersed slug flow whereas in quiet slug flow, no froth formation was
observed. Frothy-slug was a transition region between slug and froth with froth observed
over the entire boundary of gas bubbles. Froth flow was characterized by a highly
turbulent mixture of liquid and gas bubbles. Annular liquid film and liquid droplets
entrained in central gas core were observed in annular flow.

Spedding and Nguyen (1980) carried out extensive work on flow patterns from vertically

upward to vertically downward for air-water flow in a 0.0455 m diameter pipe. For



vertical upward flow, they observed seven flow patterns — bubble, slug, slug-froth,
annular-slug, annular, annular-roll wave and annular-droplet. But, they did not report the
definitions of the seven flow patterns in this work. They stated that annular-slug flow
observed in their study was similar to churn or semi-annular flow reported in other
studies.

Mukherjee (1979) also carried out experiments from vertical upward to vertical
downward orientations. He used air and kerosene as the two fluids in a pipe of diameter
0.0381 m. He divided vertical upward data in only three flow regimes — bubble, slug and
annular mist. Bubble flow was observed in the form of discrete bubbles for low liquid
flow rates. At high liquid flow rates, a homogeneous mixture of uniformly distributed
small gas bubbles and liquid was observed. Slug flow was characterized by cap shaped
bubbles and annular mist flow was characterized by concentric central gas core and no
slip between the two phases.

Taitel et al. (1980) observed four flow patterns in vertical two-phase flow during their
study with air and water in 0.025 and 0.05 m pipes. They observed bubbly, bubble, slug,
churn and annular flow regimes. Bubble flow was defined as the flow with discrete
bubbles in a continuous liquid phase. Slug flow was defined as the flow with bullet
shaped bubbles with diameter equal to pipe diameter and continuous liquid phase
bridging the pipe and containing small gas bubbles. Churn flow was characterized by
alternating direction of motion of liquid. Alternating direction of liquid was due to
formation and destruction of liquid bridges in the pipe. Their description of churn flow
matched the description of semi-annular flow of Nicklin and Davidson (1962). Annular

flow was observed with a continuous gas phase along the pipe and wavy liquid flim at the



wall. Liquid drops were entrained in the central gas core. They proposed that bubbly flow
cannot exist in a pipe diameter below 0.05 m. They suggested that the existence of either
dispersed bubble or bubbly flow pattern was dependent on turbulent energy of the flow.
At higher turbulent energy finely dispersed flow would be observed, otherwise bubbly
flow would exist.

Yamaguchi and Yamazaki (1984) tried to come up with combined flow pattern map for
co-current and counter-current flow in vertical tubes. They observed only bubble and slug
flow in their study with air and water in pipes of diameter 0.04 and 0.08 m. This could be
due to velocity ranges covered in the study. The ranges of liquid and gas superficial
velocities in their study were 0 to 1 m/s and 0 to 1.2 m/s, respectively.

Aggour and Sims (1984) observed bubble, slug, churn, froth and annular flows in their
study with air, helium and Freon 12 (gas phase) and water (liquid phase). Bubble, churn,
slug and annular flows were defined in the same way as the literature discussed so far.
They reported that Govier and Aziz (1973) defined froth flow similar to definition of
churn flow in the literature. In their study, froth flow was observed at high liquid flow
rates, after bubble flow. It was characterized by high turbulence and milky appearance.
McQuillan and Whaley (1985) observed only four flow patterns — bubble, plug, churn
and annular in their study. Bubble flow was defined as a flow pattern with discrete
bubbles in the shape of distorted spheres flowing in liquid continuum. Plug flow was
distinguished by the bullet shaped bubbles having the same diameter as tube (similar to
slug flow observed by other researchers). Churn flow was distinguished from plug flow
with the help of following differences

1) narrower and irregular gas plugs



2) repeatedly destroyed liquid slugs due to regions of high gas concentration

3) falling film surrounding gas plugs
Annular flow was defined as the flow with central gas core and liquid in the form of
liquid film at the wall and liquid droplets in the central gas core.
Mao and Dukler (1993) challenged the existence of ‘churn’ flow pattern in vertical flow.
They concluded that churn flow was just an extension of the slug flow. They came up
with many evidences to support their idea.
Spedding et al. (1998) observed bubble, slug, churn, semi-annular and annular flow
regimes during their experiments with air and water in a 0.026 m diameter tube. They
reported that bubble flow was observed at high liquid flow rates and had a frothy
appearance. Definition of slug flow by Spedding et al. (1998) matched the definition of
slug flow by Taitel et al. (1980). Churn flow observed by them had an oscillatory
instability but semi-annular flow had no oscillatory up and down motion. Annular flow
was distinguished by the clear central gas core.
Manabe et al. (2001) reported four (bubbly, dispersed bubble, intermittent and annular)
flow patterns for vertical upward two-phase flow. Bubbly flow was defined as the flow
with uniformly distributed bubbles in a continuous liquid phase. Dispersed bubble flow
was defined as a homogeneous flow in which both phases move with the same velocity.
Their definition of intermittent flow was similar to definition of slug flow by Spedding et
al. (1998) or definition of plug flow by McQuillan and Whalley (1985). Annular flow
was characterized by central gas core with a wavy liquid film and liquid droplets in the

gas core.
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Zhihua et al. (2006) used probability density function from optical probe signals to
distinguish between flow patterns. They studied air-water flow in a 0.05 m diameter pipe
and observed bubble, slug, churn and annular flow regimes. The definitions of flow
patterns given by Zhihua et al. (2006) matched with the definitions of Taitel et al. (1980).
The technique of flow pattern identification used in this study needed a horizontal rod to
be placed inside the pipe. Therefore, technique was instrusive and it affected flow pattern
transitions as reported by Zhihua et al. (2006).

Schmidt et al. (2008) conducted experiments with highly viscous liquid (Luviskol®™) and
water in a 0.0545 m diameter pipe. They observed bubble, slug, churn and annular flow
in their study. But, they did not report definitions of the flow patterns.

From literature review on flow patterns in vertical two-phase flow, it is observed that
there is lack of agreement on definitions of some of the flow patterns. Number of
important flow patterns in vertical two-phase flow is not yet finalized. Some researchers
have distinguished only four while some have distinguished as many as seven flow
patterns for vertical upward flow. Existence of some of the flow patterns is also
challenged by some researchers. There is an agreement on the definition of bubble, slug
and annular flow patterns. But, sometimes slug, churn and froth are together called as
slug or intermittent flow. Slug flow is called as plug or intermittent flow by some

researchers. Definitions of churn and froth flow patterns are not yet standardized.

2.1.2 Flow Pattern Transition Theories
Flow pattern transitions generally reported in the literature are — bubble-slug, slug-churn
and churn-annular. But, only slug-churn and churn-annular transitions are predominantly

discussed 1n this section.
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Taitel et al. (1980) were the pioneers in the work on flow pattern transitions. They
suggested theoretical models for prediction of bubble-slug, dispersed bubble-bubbly,
slug-churn and churn-annular transitions. They performed experiments with air and water
in 0.025 m and 0.05 m diameter pipes and suggested a flow pattern map. They observed
that churn flow was an entrance phenomenon and a stable slug flow occurred
downstream of the pipe. They also reported that the entry length for the churn flow (the
length at which flow changes to slug flow) depends upon the flow rates of fluids and the

pipe diameter. Their proposed equation of slug-churn transition is

%:40.6( Y +0.22J 2.1)

JeD

Where, L is the entrance length in which the churn flow is observed, before a stable slug
flow is seen downstream.

The churn-annular transition model of Taitel et al. (1980) was based upon the concept
that annular flow cannot take place till the velocity of gas phase is sufficient to lift the
entrained liquid droplets. If the velocity is not sufficient, the droplets drop down and form
churn flow by accumulation. This idea was originally reported by Turner et al. (1969) in
their work on gas lift operations. In the formulation of the model, Taitel et al. (1980) used
maximum size of entrained droplet reported by Hinze (1955) and proposed the following
equation

1/2

UsePs -3
(og(p, — e )"

(2.2)

The non-dimensional group on left hand side of equation is called Kutateladze number

(Ku). Equation (2.2) is independent of pipe diameter.
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Taitel et al. (1980) compared results from their theory with experimental transition
boundaries available in the literature. But, results from their theory were not in good
agreement with the experimental transitions for bubble-slug and slug-churn transition.
For churn-annular transition, the theory of Taitel et al. (1980) and experimental
transitions were in good agreement.
Weisman and Kang (1981) suggested an equation for transition to annular flow as given
below
Fr? Ku®" :l.9(ﬁjl’8

U, (2.3)
Where, Fris Froude number and Ku is Kutateladze number.
They presented transition data of Freon 113 on a flow pattern map with gas and liquid
mass flux as coordinates. But, comparison of theoretical and experimental transition was
not carried out.
Mishima and Ishii (1984) used void fraction as the basis of flow pattern transition. They
proposed that the slug-churn transition takes place because of the instability in the liquid
slug due to wake effect of bubble, when the void fraction over the entire slug region
(Taylor bubble + liquid slug) exceeds void fraction in only Taylor bubble region. At this
point, the liquid slugs get destroyed and form again. The equations for the void fractions
were derived by Mishima and Ishii (1984). The equation for void fraction in the Taylor

bubble region is
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Where,
Uy=Ug+Ug (2.5)
The procedure followed to derive this equation is very complicated.

The expression for void fraction over the entire region is

o= Use B
CUWlishimsishiiUM + 035\/W i

Pr
According to Mishima and Ishii (1984), transition occured when a became greater than
.

Churn-annular transition suggested by Mishima and Ishii (1984) is

Ug = M(d ~0.11)
Pq

(2.7)
Where, a should be in such a range that flow is churn flow (and not slug or bubble).
Thus, expression of transition by Mishima and Ishii (1984) requires void fraction as an
input parameter.

Mishima and Ishii (1984) compared their transition theory with their air-water, steam-
water data by other researchers and flow transition theories by other reseacrehrs.
Comparison of their theory with other researchers and data was not satisfactory. They

attributed the discrepancies in prediction to different methods of observation and

different definitions of flow patterns.
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Flooding mechanism suggested by Nicklin and Davidson (1962) was the basis for
transition from slug to churn flow, proposed by McQuillan and Whalley (1985). Nicklin
and Davidson (1962) suggested that the transition takes place because the gas flow rate in
the bubbles increases and causes flooding of the falling film surrounding them.
McQuillan and Whalley (1985) used the following equation for flooding reported by

Wallis (1961).
VU's¢ +U"s =C (2.8)

Where,

U'se = UsePo - 2.9)
(gD(p, - ps)) '

and

Uy = Uspr” _ 2.10
(gD(p, - ps)) (2.10)

The value of the constant C, suggested by McQuillan and Whalley (1985) was 1.

They used the expression for volumetric flow rate in plug suggested by Davis and Taylor
(1950) and expression for falling film thickness reported by Smith et al. (1984) for
modeling the slug-churn transition.

McQuillan and Whalley (1985) observed that churn-annular transition depends upon the
relative dominance of gravity effects on the liquid and drag force on the liquid droplets

by the gas. They suggested equation (2.11) for the transition.
Uscz1 (2.11)

U'sg is the modified Froude number, implying relative importance of gravity and inertia

forces.
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McQuillan and Whalley (1985) compared their transition theories with 1399
experimental data points for air-water, steam-water, Refrigerant-11, Refrigerant-12 and
Refrigerant-113. They could predict 70.1% of the data points correctly. Performance of
prediction for bubble and annular flows was better than for slug and churn flows. This
was the only study in which high number of data points was used for comparison.

Brauner and Barnea (1986) suggested that slug-churn transition takes place when the void
fraction inside liquid slug reaches a value equal to maximum bubble volumetric packing.
Brauner and Barnea (1986) proposed that the gas bubbles inside the liquid slug behave
like dispersed bubbles. At the maximum value of bubble volumetric packing (0.52),
suggested by Brauner and Barnea (1986) (taken from Taitel et al. (1980) dispersed
bubble-slug transition theory), the liquid slug disintegrates, the liquid falls down and is
again lifted by the gas phase and hence the churn flow occurs. The equation for the

transition is

1/2 3/5 n\2/?
2((p 024; )gJ (p?j [%C(vgj J Uu T S0mS rA15a) (2.12)
L G L

Uy, is actually the mixture velocity, but as explained by Brauner and Barnea (1986), the
velocity of mixture inside the slug and Uj, are equal. Values of C; and » are 0.046 and
0.2, respectively. It should be appreciated that this theory definitely gives a reason for
pulsating / oscillating nature of the churn flow.

Brauner and Barnea (1986) compared their theory with experimental air-water data of
Shoham (1982) and Luninsky (1981). Their prediction was satisfactory for low water

velocities, but was inaccurate for high water velocities. They also compared the
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transitions with other slug-churn transition theories, but there was a disagreement
between the two predictions.

Bilicki and Kestin (1987) also studied flow pattern transitions in vertical upward flow.
They suggested equations for bubble-slug and slug-froth transitions, based on
experimental data collected in their study. Froth-annular transition, suggested by Bilicki
and Kestin (1987) was based on the results reported by Wallis and Makkenokery (1974)
and Pushkina and Sorokin (1969). The idea behind the transition was having sufficient
momentum in the air flow to support the liquid film at the walls. According to Bilicki and
Kestin (1987), annular flow was possible when Kutateladze number (Ku) becomes

greater than 3.2.

U p 1/2
_ SGI-G
K= aolp, - p ) 2.13)

Jayanti and Hewitt (1992) tested the following four mechanisms for slug-churn transition

1) Taitel et al. (1980): Entrance effect mechanism

2) Mishima and Ishii (1984): Wake effect / relative void fraction mechanism

3) McQuillan and Whalley (1985): Flooding mechanism

4) Brauner and Barnea (1986): Bubble coalescence mechanism
They compared the transitions predicted by each mechanism with the experimental data
reported by Owen (1986). The data was taken at 2.4 bar pressure in a 0.0318 m diameter
and 18 m length (L/D = 560) pipe. McQuillan and Whalley (1985) and Brauner and
Barnea (1986) theories did better than the other two, but they did not predict all the
transition points satisfactorily. Hence, Jayanti and Hewitt (1992) proposed one more

theory for prediction of slug-churn transition based on flooding mechanism.
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Jayanti and Hewitt (1992) suggested improvements in the flooding mechanism by

McQuillan and Whalley (1985) and proposed equation (2.14) for slug-churn transition.

\ U*SG + mJayantiHewitt v U*SL > 1 (214)

Where,

2
L (L L
M aniitionin = 0-1928 + 0.01089(Bj —3.754x10 (Bj forB <120 (2.15)
L
mJayantiHewitt = 096 ~ 1 forB > 120 (216)

The expressions for U*SG and U*SL are the same as used by McQuillan and Whalley
(1985). They also suggested to use equation suggested by Brotz (1954) for calculating
falling film thickness instead of using Nusselt relation used by McQuillan and Whalley
(1985). They compared the transition theories with experimental data of Owen (1986)
and showed that their theory gave the best prediction of data.

Chen and Brill (1997) modeled a mechanism for slug-churn transition based on the wake
effect of Taylor bubbles on liquid slugs with high gas content. Their work was based on
the study of Brauner and Barnea (1986) and van Hout et al. (1992). They postulated that
the transition from slug to churn flow occurs when,

1) The void fraction in the liquid slug (a;s) reaches a maximum value of 0.52 and

2) The dimensionless liquid slug length () reaches a minimum value of 0.15.

Where,
L
B, ==
Ly, (2.17)
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They proposed five equations which need to be solved simultaneously to find out the
superficial gas velocity at transition for a particular superficial liquid velocity. The five

equations are listed below from (2.18) to (2.22).
AUy — (1 — Uy )UF =Ug +Ug =U), (2.18)
This equation is derived from the volumetric flow balance within a slug body.

Ug =0 (l= B Wy + 58U +Uy,) (2.19)

A mass balance for a slug unit is used in this equation.

When a gas flow balance is done for a slug unit, we arrive at the following equation,
o, (UTB Uy ) =y (UTB —Upp ) (2.20)
Nicklin and Davidson (1962) derived equation (2.21) for rise velocity of a Taylor bubble,

which is one of the five equations in the transition theory of Chen and Brill (1997).

1/2
_ gD(p, = pg)

Expression for falling film velocity used in their work is

U, :9.916[gD(pL _pG)(l_aTB ' )J . (2.22)

Pr

The equation used by Chen and Brill (1997) for calculating falling film thickness was

derived by Wallis (1969) (equation (2.23)).

2

1/3
S M) —kRe.™
F( o, r (2.23)

Where,
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Re, = 4[Mj >1000
H

(2.24)
The values of k=0.0682 and m;=2/3, recommended by Fernandes et al. (1983) were used.
Chen and Brill (1997) compared flow pattern transition prediction of their with air-water
data of Shoham (1982). The overall trend and values of superficial gas velocity predicted
by the transition theory were in good agreement with experimental data of Shoham
(1982).

Tangesdal et al. (1999) developed a model for slug-churn transition based on drift flux
approach using a value of void fraction observed at transition. According to Chokshi
(1994), the void fraction value at transition was 0.8. As reported by Tangesdal et al.
(1999), Garber and Varanasi (1997) proposed a value of 0.73 based on the data of

Fernandes (1981). But, Tangesdal et al. (1999) used a value of 0.78 from the data

reported by Owen (1986), in the equation (2.25).

a=| s 2.25
12U, +U,, (2.25)

They derived a new expression for relation between velocity of Taylor bubble and
superficial gas velocity, given by equation (2.26)

Uy, =12.19(11.2U, +U,,) (2.26)

Taylor bubble rise velocity (Urg) was calculated based on the work of Bendiksen (1984)

U,, =(0.35sin0+0.54cosg) | E2LL—Pe)

o (2.27)

The final relation for superficial gas velocity at transition was derived, given by equation

(2.28).
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(2.28)

Ug, = 12.19(1.2USL +(0.35sin 0 +0.54 cos @
P

\ [0, —pg)}

Tangesdal et al. (1999) compared their theory with data of Shoham (1982) for 0.025 and
0.05 m diameter pipes and showed that the slug-churn transition was predicted very well
by the relation. But, they did not compare the results with data of Fernandes (1981) and
data collected by Owen (1986), available to them.

Spedding et al. (1998) conducted experiments with air-water in 0.026 m pipe. They
studied flow pattern maps from literature and concluded that it is unlikely to design a
commonly acceptable flow pattern map. They also proposed transition theories for slug-
churn and churn-annular transitions. But, those are difficult to implement because of the
presence of undefined ‘Heaviside Function’ in their equations.

The transition theories discussed above are listed in Table 2.1 for quick reference.

Table 2.1 - Flow Transition Theories from the Literature
Slug-churn Transition Theories
Taitel et al. (1980)

Mishima and Ishii (1984)

McQuillan and Whalley (1985)
Brauner and Barnea (1986)

Jayanti and Hewitt (1992)

Chen and Brill (1997)

Tangesdal et al. (1999)
Churn-annular Transition Theories
Taitel et al. (1980)

Weisman and Kang (1981)

Mishima and Ishii (1984)

McQuillan and Whalley (1985)
Bilicki and Kestin (1987)

The important points from the literature review for flow patterns and flow pattern

transitions are:
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1)

2)

3)

4)

5)

Except for slug-churn transition comparison by Jayanti and Hewitt (1992), no
independent comparison of flow pattern transitions is done in the literature.
Comparison of Jayanti and Hewitt (1992) for slug-churn transition is limited to
only 5 theories, but there are more theories available in the literature. For churn-
annular theory, no independent comparison is done in the literature studied.

Most of the researchers have come up with a theory, have compared their results
with other theories or experimental data and have claimed that transition theory
proposed by them is generally good. Quantitative analysis and reasoning for
trends in flow pattern transitions is not carried out in the literature.

Some of the researchers have compared their theories with data of Shoham
(1982). But, this data does not contain pressure values and therefore effect of gas
phase density on transition cannot be analyzed using this data.

In some studies, dependence of gas phase density and diameter on flow pattern is
considered while some researchers have proposed flow transition theories which
are independent of pipe diameter and gas phase density.

Some of the researchers have not compareed their transition theory with

experimental data.

2.2 Effect of Diameter and Gas Phase Density on Flow Pattern Transitions

There is a lesser amount of literature available which exclusively deals with the effect of
gas phase density (due to changes in operating pressure) and diameter on flow pattern
transitions.

Govier and Short (1958) studied air and water flow in 0.016, 0.026, 0.0381 and 0.0635 m

diameter pipes. Pressure was kept constant (36 psia) so that the air density remains
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constant throughout the entire work. They reported that there is an effect of diameter on
flow patterns. But, they only presented the data for different diameters and did not come
up with a factor or mathematical equation for dependence of flow patterns on diameter.
Hosler (1958) carried out diabatic experiments with steam-water in a rectangular channel
(4 inch x linch x 24 inch) at pressures 150, 300, 600, 800, 1400 and 2000 psia. He
studied the effects of pressure, mass velocity, heat flux and inlet temperature on the flow
patterns. He observed that the increase in pressure pushes the transitions from bubble to
slug and slug to annular at higher values of quality. This effect was attributed to decrease
in specific volume (i.e. increase in density) of steam.

Lin and Hanratty (1987) studied flow patterns in pipes of 0.0254 and 0.0953 m diameters.
They used air and water as working fluids and presented two flow pattern maps for both
the pipe diameters. But, exact effect of diameter on flow patterns cannot be determined
from the two flow pattern maps.

Watson and Hewitt (1999) studied the effect of pressure on slug-churn transition
boundary. They conducted experiments in a 0.032 m and 12.6 m long pipe, with air and
water. Effect of pressure on slug-churn transition was analyzed by performing
experiments at different pressures. They compared their data with slug-churn transition
theories suggested by different researchers. The transitions were captured with the help of
a conductance probe used to obtain probability histogram of void fraction, from which
the slug, churn and transition flows could be discerned. With the help of their data they
showed that superficial gas velocity at transition decreases with the increase in pressure.
Chen et al. (2006) conducted experiments with R134a in tubes of 0.0011, 0.00201,

0.00288 and 0.00426 m diameters. Diameters of 0.0011m and 0.00201m are not
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discussed in the present study, because according to Chen et al. (2006), they are small
diameter tubes. They showed that increase in diameter causes decrease in superficial gas
velocity at transition.

Omebere-lyari and Azzopardi (2007) studied high pressure (20 and 90 bar) flow of
naptha and nitrogen in a pipe of 0.189 m diameter and 52 m length. They observed that
flow pattern transition theories for small diameter tubes failed to predict transitions in
their study. The flow map in the case of large diameter pipe was entirely different from
that of small diameter pipes.

It can be seen that there are limited studies on effect of gas phase density (or system
pressure) and pipe diameter on flow pattern transitions. Most of the studies have given

qualitative recommendations and a mathematical analysis of the effect is absent.

2.3 Void Fraction Correlations for Vertical Upward Two-phase Flow

This section concentrates on correlations proposed for prediction of void fraction in
upward vertical two-phase flow. Four types of void fraction correlations are available in
the literature, based on theory or methodology followed to develop them.

1. Slip ratio

2. Drift flux

3. Koy

4. General or Empirical
Details about these types are discussed in Woldesemayat (2006) and are not reiterated in
this study.
In this study, correlations are divided into four categories, irrespective of the theory or

methodology used to develop them.
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Flow pattern specific correlations — These are the correlations developed for a
particular flow pattern in vertical upward two-phase flow.

Flow pattern independent correlations for vertical upward orientation —
These are the correlations which are independent of flow pattern and developed
only for upward vertical orientation.

Flow pattern independent correlations applicable to variety of flow
orientations including vertical upward flow — These correlations are developed
for different angles of inclination or orientation. For example, correlation
developed for 0 to 90 degrees angle of inclination.

Correlations not developed for but applicable to vertical upward flow —
There are correlations in the literature which are not developed specifically for
vertical flow, but are studied and recommended by researchers for prediction of
void fraction in vertical flow. It was observed that these correlations perform well
for vertical upward data. For example, Bonnecaze et al. (1971) correlation was
developed for slug flow for £10° inclination from horizontal. But, as reported by
Woldesemayat and Ghajar (2007), its prediction for vertical two-phase flow in all

the flow patterns was excellent.

These four categories will be discussed in the following sections.

2.3.1 Flow pattern specific correlations

These correlations are developed for specific flow pattern occurring in vertical upward

two-phase flow. For example, correlation of Sylvester (1987) developed for slug flow.

This correlation takes into consideration dynamics of slug flow and is not applicable to

any other flow. If applied to void fraction data of other flow patterns, it will not produce
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good results. Hence, it is not reasonable to apply this correlation to any data other than

slug flow data.

Bubble Flow Correlations

An empirical correlation was proposed by Ellis and Jones (1965) for void fraction

calculation in bubble flow. The correlation as reported by Kaminaga (1992) is

1/6
Us 0.7 Us
=56 —(0.8+5.51(Ug, +U e
a | (Vs +U)") {0.2U5L+o.03 (2.29)

Beggs (1972) studied two-phase air-water flow from horizontal to vertical flow in a
0.0381 m diameter pipe. Based on the data collected, he developed correlations for
segregated (wavy, stratified and annular), intermittent (slug and plug) and distributed
(bubble and mist) flows. The correlation for liquid hold up in bubble flow for vertical

orientation is

R,(0)
R, (0)

, 1.
=1+ CBeggsl[sm(l 80) — 5sm3 (1 .86’)} (2.30)

Where,

C =0 for upward distribute d flow

Beggs1

1.0657\40.5824

0.609
FR

R,(0)= for distributed flow (2.31)

Equation for void fraction in bubble flow becomes
a(@)=1-R,(0) (2.32)
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But, the correlations proposed by Beggs (1972) were not tested against independent data
of other researchers.

Kabir and Hasan (1990) presented equations for flow pattern, void fraction and pressure
drop in bubble, slug, churn and annular flows in vertical wells. They proposed a drift flux
correlation for prediction of void fraction in bubble flow. Expressions for distribution

parameter and drift velocity are given below.

D
C, :l.2+0.3713’ (2.33)

c

D, and D, are inner and outer diameters in case of annulus.

0.25
_ Pr—Pg
Ugy = 1.5{@(—2 H (2.34)
Pr

Value of C was proposed as 1.2 for a circular pipe.

Kabir and Hasan (1990) did not elaborate on the performance of any of their flow
specific void fraction models. They did not test their correlation against experimental
void fraction data.

Gomez et al. (2000) proposed a mechanistic model for prediction of liquid hold up (void
fraction) in bubble flow, which was a part of their work on unified model for prediction
of flow pattern, liquid hold up and pressure drop for all flow patterns in horizontal to
vertical two-phase flow.

Gomez et al. (2000) modified bubble flow model of Hasan and Kabir (1988) to cover a
wide range of orientations by introducing inclination angle into the model.

Usg _

- 0.5
e v, +U,, sinoR") 239
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Where, Uy, is the rise velocity of a single bubble, suggested by Harmathy (1960) and is
give as

0.25
Uooo :153[go-(pL Z_pG)J
Pr

Value of Cy= 1.15 was used.

Gomez et al. (2000) did not compare their prediction of void fraction with experimental
data. Therefore, the reliability of their model is not known.

Hibiki and Ishii (2002) developed a drift flux correlation for bubble flow in upward
vertical flow. The expressions for distribution parameter and drift velocity for the bubble
flow were calculated using 214 data points. The generalized expression for drift flux

correlation is

T 2.36)
CoUy +Ugy, 2.

Where,
Uy =Ug +Ug
UGM = UG - UM

The expression for the distribution parameter (Cy) given by Hibiki and Ishii (2002) is

C, = {1 2- 0.2( \/%J(l = ezz(DSm”D)} (2.37)

Dy, 1s sauter mean diameter of bubbles. Sauter mean diameter is defined as the diameter
of a sphere having the same ratio of volume to surface area as the particle studied. This

parameter is not easy to measure and requires special measurement techniques, not
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readily available. Therefore, expression for distribution parameter proposed by Ishii

(1977a) and reported by Hibiki and Ishii (2002) could be used.

C, - [1.2 —0.2[\/‘;:?}(1 —e ' )}

The expression for drift velocity (Ugys) was given by
1/4

Ugy = ﬁ(wj (I-a)” (2.38)

P
This equation of Ugy,is applicable only if u;>>ug, which is generally the case.
All the data of void fraction in bubbly flow, used by Hibiki and Ishii (2002) was taken
with the help of probes.
They compared the prediction of their model with experimental data of Hibiki and Ishii
(1999), Hibiki et al. (2001) and Grossetete (1995). The data was predicted with maximum
average deviation of 23.1% for data of Hibiki and Ishii (1999) and minimum average

deviation of 8.9% for data of Grossetete (1995).

Slug Flow Correlations

Slug flow is the most extensively pursued topic of study. There are a lot of correlations
found in the literature for void fraction prediction in slug flow. Most of them are
mechanistic, based on the flow mechanics of slug flow.

Nicklin and Davidson (1962) studied flow pattern transition in upward vertical slug flow
using air and water as fluids. Their correlation for void fraction in slug flow is

o= USG
12U, +0.35,/gD (2.39)
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Ellis and Jones (1965) developed the following empirical correlation for void fraction in

slug flow.
ﬁ_ ﬁ B . (-1/4) 2

. _0.3048( =) 1.433exp (-0.1220, ¥ (1.55D% +5.5)) (2.40)
Where,

Yse | _o8+5510," forUg, <128

a ) M SG = (2.41)
Yse | ~08+524U," forvU,, >1.28

a ). . . M s6 =1 (2.42)

Bonnecaze et al. (1971) studied void fraction and pressure drop in slug flow of oil and
gas in inclined (£10° to horizontal) pipes. From the 152 data points collected, they

developed the following correlation for prediction of void fraction.

a= %y
(2.42)
0.35(1 - pGJ
Pr
12+ ——=Z
k N Fr

Bonnecaze

Beggs (1972) proposed the following empirical correlation for intermittent (slug) flow

pattern.
a(9) _ : L
2(0) 1+C Beggsz{sm(l .80) ;s (1.89)} (2.43)
Where,

0.305 0.0978
Crogeer = (1 _ ,1)111{2'961 o 4{‘\7[; R } for vertical upward flow (2.44)

LV
0.5351

a(0) :1_% for intermittent flow (2.45)

FR

30



025
P
Ny =Ug (_L] (2.46)

As discussed already, Beggs (1972) did not carry out comparison of his correlation with
independent data.

Fernandes (1981) conducted experiments with air and water in a Plexiglas pipe of
0.05074 m. Based on the experiments, a detailed physical model for slug flow was
suggested by Fernandes et al. (1983) for void fraction in upward co-current two-phase
flow slug flow at low pressures. The model includes 17 variables related to slug flow and
17 equations, which could be solved simultaneously to find out void fraction. The model
has served as basis for many slug flow models such as Sylvester (1987), Orell and
Rembrand (1986). Structure of a slug unit, as depicted by Fernandes et al. (1983) is

shown in Figure 2.1.

volume—Taylorbubble

B Gas, ;.. Vi Gas + Gas
“Total,, =~ Vg Ve, Ve, (2.47)

volume

volume—slug VGTB + VGLS
Uy -

VG = LTB AGTB + LLS AGLS

gy = Prog + (- Bra

For a slug unit (one Taylor bubble and one liquid slug), the void fraction was calculated

iy =00 | g, = gt

The other equations were either derived by applying overall mass balance, mass balance
at the nose of Taylor bubble or used from the previous literature. Overall mass balance
provides

Use = BraUgrs + (1= Br)asUgs
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Ug === )U, s = Br(l=ap)U
Mass balance at the nose of Taylor bubble yields
U =Ups) 1 =ays) = Upy + Uy )(1 = )

(U =Ugrs)s = Upg =Ugrs) g

The rising velocity of Taylor bubble used in their work was suggested by Collins et al.

(1978) and is given by

Uy, =1.29U,, +0.35,/gD (2.48)

af |

TAYLOR BUBBLE
FALLING FILM

UguID SLUG

Figure 2.1 Structure of a Slug Unit (Fernandes et al. (1983))

Expression for rise velocity of a bubble in liquid was suggested by Zuber and Hench

(1962) as

U = 1.53|:Og(10L ZPG)} (1-a)" (2.49)

Pr

This expression, when used in Ugzs= Urs+U, gives
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1/4
UGLS :ULLS+153|:Og(pL;pG):| (l_aLS)1/2
Pr
The expression for the velocity of liquid film surrounding Taylor bubble, suggested by

Brotz (1954) was used.

U,y =9.916(gD(1-a;,")) (2.50)
Fernandes et al. (1983) used a value of 0.25 for a5, which was suggested by Taitel et.al.
(1980). But, using a;sequal to 0.25 causes a loss of accuracy because higher void fraction
values are observed in the liquid slugs. For example, a void fraction value (in liquid slug)
of 0.52 was reported by Brauner and Barnea (1986).

Fernandes et al. (1983) compared their model with approximately 30 experimental data
points of Fernandes (1981) and achieved a prediction within +5% error for most of the
data points.

Sylvester (1987) proposed a model for slug flow. The model was based on the model of
Fernandes et al. (1983). Basic equations from Fernandes et al. (1983) were used in this
model with some modifications which are mentioned below.

The expression for rise velocity of Taylor bubble used by Sylvester (1987) is

1/2

gD(p, — ps)

Up = Co (USG + USL) + CLSylveszer |:pL—G:| (2.51)
L

The values of Cp and Cjsypesier suggested by Sylvester were: 1.2 and 0.35, respectively.
Sylvester (1987) studied the data of Fernandes (1981) and developed the following

equation for void fraction in the liquid slug

.. = Use
G + o (U +U) (2.52)

2Sylvester 3Sylvester
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The values of Cosyneser and Cssypesier sSuggested by Sylvester were: 0.425 and 2.65,
respectively.

Fernandes et al. (1983) used a constant value of 0.25 for void fraction in liquid slug (as).
But, equation (2.52) in sylvester (1987) model predicts variable values of void fraction in
liquid slug depending upon changes in operating conditions. Therefore, this is an
important modification made by Sylvester (1987) in Fernandes et al. (1983) model.
Sylvester (1987) did not present the accuracy of his void fraction model.

Kataoka and Ishii (1987) suggested a drift flux correlation for void fraction prediction in

slug flow. The expressions for distribution parameter and drift velocity are

C,=12-02|2¢

0.25
| [P —p
Ugw =Usgus (gG[Lp—zGJ] (2.54)

The value of Ugy, can be found out with the help of following equations

-0.157
* % 10.809 [0 -0. *
Uy =0.0019(D,") (p—cj N, % for D, <30 (2.55)
L
—0.157
U, =003 25| N, % for D, >30and N, <2.2x107 (2.56)
o’ =003 & " > L <2. .
L
-0.157
U, =092 £ for D, >30and N, >2.2x10° (2.57)
Pr
Where,
D, = D and N, = Ay
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Correlation of Kataoka and Ishii (1987) takes into consideration the effect of liquid and
gas phase properties, diameter and pressure.

Kataoka and Ishii (1987) compared their model with air-water, air-glycerin and steam-
water void fraction data of 13 other researchers. Their model achieved a prediction of
void fraction within £20% error band for nearly all the data points.

Kabir and Hasan (1990) recommended a drift flux correlation for void fraction in slug

flow. Expressions for distribution parameter and drift velocity are given below.

Dt

c

D, and D, are inner and outer diameters in case of flow in annulus.

D PL=P
U, =03+022=| |g(D,-D, )[MJ
M D. [\/ P (2.59)

Gomez et al. (2000) proposed a physical model similar to that of Fernandes et al. (1983).

This model is applicable to orientations from 0 to +90 degrees. The model closure
relationships used by Gomez et al. (2000) are stated below.

Liquid hold-up in liquid slug (part of slug unit, other part being Taylor bubble) was
predicted with the help of following equation

| 785107 .9+2.48Re—gf)
10

Rys=e (2.60)
Where,
ReM pLUMD

H

Velocity of Taylor bubble was calculated by the equation reported by Bendiksen (1984).

Upy =1.2U,, +(0.542/gD cos 6+0.351,/gD sin 0) (2.61)
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Velocity of small gas bubbles in liquid slug was calculated by the following equation

suggested by Hasan and Kabir (1988)
Uy, =120, +(0.542,/gD cos 6+ 0.351,[gD sin 0) (2.62)
R;1s1s the liquid hold up in liquid slug.
The bubble rise velocity suggested by Harmathy (1960) was used.
025

U, =1.53(%;'%)J (2.63)

P
The length of liquid slug used was, L, ; = 20D.
Orell and Rembrand (1986) developed a model for slug flow in vertical tubes based on
flow structure of slug flow. Basic equations of slug flow used by Fernandes et al. (1983)
were used in this model. The model is capable of predicting six variables in slug flow,
including void fraction in slug unit. Downward flow of film was also taken into
consideration in this model and friction factor of the film flow was used. Important
equations constituting the model are listed below.
Equation suggested by Nicklin et al. (1962) was used to calculate velocity of Taylor
bubble
U, =12U,, +0.35\/gD

Film velocity Urwas found by using mass balance,

45 45
UM:UTB[I‘EJ‘UF[EJ (2.64)

Where, ¢ is the film thickness, which can be found from

s=Iry
2g

36



and

0.5
1 7= =1.75+5.75log &(ﬁj
Gl

2
Where,

U

Re.=4p, 4
F Pr F”DﬂL

2

UF

A, = f.7nD
2g

Finally, the void fraction in slug unit was calculated by

a:(l_ﬁj ﬁ +a _i 265
D LSU LSU ( )

Where, the ratio of Taylor bubble to total length of slug unit and void fraction in liquid

slug was computed by following equations

Ly _ Usg —a5Uy (2.66)
L 40 :

U Up (1 - Dj —a, Uy
“. =1 45U, +Up)

05 2.67
0.6CWD{(UF +U,,)-2g(0.6C,R> - Ds)* + D} (267)

Value of Cjrwas recommended as 0.29.
Orell and Rembrand (1986) compared their model with approximately 70 data points of

other researchers and achieved a prediction within £10% for all the data points.
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Annular Flow Correlations

Use of Lockhart and Martinelli (1949) correlation for prediction of void fraction in
annular flow was reported by Woldesemayat (2006). It is a slip-ratio correlation with the
following equation.

1

1\ 0.36 0.07 (2.68)
1+O.28(xj (”GJ (“L]
X PL Hg

But, Woldesemayat (2006) compared Lockhart and Martinelli (1949) correlation with

data for all flow patterns and therefore accuracy for Lockhart and Martinelli (1949)
correlation for annular flow data is not known.

Fauske (1961) conducted experiments with steam-water system for quality range 0.01 to
1, mass velocities from 500 to 4200 Ib/s-ft* and pressure range of 40 to 360 psia.
Diameters of 0.125 (0.003175 m), 0.269 (0.006833 m) and 0.5 inch (0.0127 m) were used
in these experiments. He proposed the following correlation for void fraction prediction
in annular flow

1

1+[1—x}(pc j =
RPAN )

However, he did not present the error analysis for his correlation and the accuracy of data

collected during his study was also not reported.
Smith (1969) suggested a correlation for prediction of void fraction in annular flow. This

was reported by Tandon et al. (1985) and its expression is
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& + kSmith (Hj
) [22 -

_ Pc ( _x)
a =1+ 20 = kg, + (1= kg 2.70)
ot e I+ k[”] .

Value of ks suggested by Smith (1969) was 0.4.
Another correlation for prediction of void fraction in annular flow was proposed by Zivi
(1964) as reported by Tandon et al. (1985).

B 1

o= 2/3
X AP

Tandon et al. (1985) proposed an analytical expression for void fraction in annular flow.

They used von Karman’s velocity distribution for annular liquid film to arrive at void

fraction in annular flow. Equations for the model are as follows

a=1-1928Re,, “"[F(X)]'+0.9293Re,, ““[F(X )] for Rey, <1125 (2.72)
a=1-038Re, ""[F(X )] +0.0361Re, ""*[F(X )] for Reg, 21125 (2.73)
Where,

1

[Fx)]=0.15(x, " +2.85x, )

Tandon et al. (1985) compared their model and the models of Smith (1969) and Zivi
(1964) with the data of Rouhani and Becker (1963), in which range of quality from 0.01
to 0.31 and range of pressure from 700 to 2100 kN/m” was used. Tandon et al. (1985) and
Smith (1969) models predicted most of the data within £10%, but model of Zivi (1964)

did not perform well and under-predicted most of the data.

Chen (1986) suggested a semi-empirical model for void fraction in annular flow.
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kChen

o= (2.74)

Chen tt

Where,

0.1 0.9 0.5
X :(&J (I—_XJ (p_j
74
Hg X Pr

kcnen 18 a parameter depending upon diameter of pipe, system pressure and gas-liquid
interfacial characteristics. Chen (1986) provided a graph for kcu., as a function of
pressure, from which value of k¢, can be calculated. But, constant k¢, adds rigidity to
this model because it must be chosen from graph provided in the paper.

Chen (1986) used steam-water data of Rouhani and Becker (1963) and Isbin et al. (1957)
and analyzed the correlations of Tandon et al. (1985), smith (1969), Zivi (1964) and Chen
(1986). He concluded that for most of the data, his correlation performed better than the
other three. But, he did not present any statistical analysis to reinforce his conclusion and
depended mainly on graphs of void fraction (both predicted and measured values of void
fraction on y-axis) versus quality for each correlation.

Yao and Sylvester (1987) also suggested a physical model for annular-mist flow in
vertical pipes. The equations for the model are

LY,
EV, +V, (2.75)

Liquid entrainment £ was calculated with the help of Wallis (1969) equation reported by

Yao and Sylvester (1987) as

_1_ (-0.125(¢-1.5))
E=l-¢ (2.76)

Where,
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$=3048x U, p, V2L
(o2

But, the prediction performance of this model is not known because Yao and Sylvester
(1987) did not compare void fraction prediction of their model with any experimental
data.

Kabir and Hasan (1990) proposed a model for calculating void fraction in annular flow.
The model was based on the flow structure and took into consideration void fraction in
the central gas core of annular flow. Expression for void fraction is

g=——S 2.77
Uy, +EU, (2.77)

Where, E is liquid entrainment in the central gas core, which is calculated depending

upon critical vapor velocity.
E=0.0055(Ug0 x10*J*  for Uy, x10* <4

- Y CcSG CcsG = (2_78)
E=0857L0G(U¢s; x10*)=02  for Upy, x10* >4 2.79)
Critical vapor velocity was defined as

Ps
Pr

Ucse =Usgllg (2.80)

A similar approach was followed by Gomez et al. (2000). Void fraction in annular flow
was calculated using equation (2.77). Liquid entrainment £ was calculated with the help

of the following expression, suggested by Wallis (1969).

_1_ (-0.125(¢-1.5))
E=l-e (2.81)

Where,
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¢:104XUSG/UGL
o

As discussed earlier, both Kabir and Hasan (1990) and Gomez et al. (2000) have not

mentioned the accuracy of their models.

Churn Flow Correlations

Churn flow is not studied as extensively as other flows and therefore void fraction
correlations available for this flow are scarce in the literature.

Ellis and Jones (1965) correlation for slug flow (Equation (2.40)) can be used for
prediction of void fraction in churn flow, as reported by Kaminaga (1992).

Kabir and Hasan (1990) suggested a drift flux correlation for churn flow. They used a
value of 1.15 for distribution parameter. The expression for drift velocity is given by

following equation

_ D, _pYPL=Ps
U, =03+0.22 D ( \/ g(D, Dc)( o (2.82)

Tangesdal et al. (1999) studied churn flow and developed with drift flux correlation for

prediction of void fraction. With the help of Schmidt (1977) data, they determined the

value of distribution parameter to be 1. Equation for drift velocity for the correlation is

U, = 0.28[ gD(pr;L'%N (2.83)

However, statistical analysis of predicted and measured void fraction was not done by

Tangesdal et al. (1999).
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Froth Flow Correlations

From the literature studied, no correlations for froth flow were found.
The flow specific correlations from the literature studied are listed in Table 2.2.

Table 2.2 — Flow Pattern Specific Correlations from Literature
Researcher

Bubble Flow Correlations
Ellis and Jones (1965)
Beggs (1972)

Kabir and Hasan (1990)
Gomez et al. (2000)

Hibiki and Ishii (2002)

Slug Flow Correlations
Nicklin and Davidson (1962)
Ellis and Jones (1965)
Beggs (1972)

Fernandes et al. (1983)
Sylvester (1987)

Kataoka and Ishii (1987)
Gomez et al. (2000)

Orell and Rembrand (1986)
Bonnecaze et al. (1971)
Kabir and Hasan (1990)
Annular Flow Correlations
Lockhart and Martinelli (1948)
Fauske (1961)

Smith (1969)

Zivi (1964)

Tandon (1985)

Chen (1986)

Yao and Sylvester (1987)
Kabir and Hasan (1990)
Gomez et al. (2000)

Churn Flow Correlations
Kabir and Hasan (1990)
Ellis and Jones (1965)
Tangesdal et al. (1999)

2.3.2 Flow Pattern Independent Correlations Developed for Upward Vertical
Orientation
Bankoff (1960) suggested a Koy type correlation for steam-water two-phase flow. The

correlation is
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o= kBankQﬁ' aH (284)
Where,

Kpanioy = 0-71+0.0001P

psia
and ay1s homogeneous void fraction given by following equation.

— Use
Ug +Ug

aH
Bankoff (1960) mentioned that the model is proposed for bubble flow, but the void
fraction limit for bubble flow, suggested by Bankoff (1960) was up to 0.8, which is a
very high value. He also mentioned that annular and homogeneous (two phases mixed
completely) flows could be considered as special cases of bubble flow. Bankoff (1960)
compared prediction of his correlation with vertical upward steam-water flow data of
other researchers, but he only presented void fraction versus quality curves and did not
analyze the accuracy with which void fraction was predicted.

Hughmark (1962) suggested a correlation for void fraction in vertical gas liquid flow,

which is given by

D[ e
() as

Hughmark (1962) plotted values of kg, with a parameter Zj,g,

Where,

1/6 1/8
Rey o Fr

Hugh — 1/4
¢ )‘Hugh

Z

GD

e (1— ), +apg

Re
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gD
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1 _ Pr _ Ug
e my my U +U
L L SG SL
Pr Pgs

He did not give a relation between kg, and Zp,gp, but values of kpg;, for various values of
Zngn wWere provided. Therefore, an equation fit was done between kp,g, and Zj,g,, which is

given by

VA
kHugh :ZHugh ﬂ +0.0155 — L — (2.86)
3'1645+ZHugh ZHugh —-2.3609 .

Quantitative error analysis for void fraction prediction was not done by Hughmark
(1962). It should also be noted that most of the experimental data points were at void
fraction values greater than 0.4. Therefore, the applicability of this correlation for lower
void fraction data is questionable.

Nishino and Yamazaki (1963) suggested an empirical correlation for void fraction based
on their study of steam-water boiling systems in vertical upward pipes. They used a
factor (kyy), which relates velocity difference between steam and water, and superficial

steam velocity. The correlation is

@ P X
(l_a)(l_kNYa) Pe 1-x (2.87)
Where,
— UG -U
kNY - USG £
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As reported by Nishino and Yamazaki (1963), value of kyy could be approximated as 1
for the entire range of quality (0 to 1) and pressure (from atmospheric to critical
pressure).

Nishino and Yamazaki (1963) compared the prediction of their correlation with
experimental data and achieved an accuracy of £10% for nearly all the data points. But,
they did not test their correlation against a void fraction value of higher than 0.8.

Yamazaki and Yamaguchi (1976) recommended values of kyy as follows

kyy =1 for Ey, Ay, 22x107° and ky, =0.57 for Eyy Ay, <2x107° (2.88)

Where,

2
V. P
__L L
A’NY

Do
They tested their correlation against experimental data of 13 other researchers. Most of
the data was predicted within error of +15%. Entire range of void fraction values was
used for this comparison.
Thom (1964) also suggested a correlation for vertical upward flow of boiling water.
Gamma rays were used for measuring void fraction in the tube cross section.

1
0.89

0.18
e
1+(Uj Pe {ﬂj
X P Hg

But, Thom (1964) did not compare predicted and measured void fraction and only

@= (2.89)

presented trend of void fraction with increasing quality.
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Baroczy (1966) formulated a correlation using vertical flow data, as reported by Chishom
(1973a). The correlation is given by

1
0.65
0.74 0.13
_ p
1{”) P (#]
X P Hg

The correlations of Baroczy (1966) and Thom (1964) are slip ratio correlations.

o=

(2.90)

Neal and Bankoff (1965) studied co-current mercury-nitrogen flow and suggested a

correlation for void fraction. Simplified version of the correlation was reported by

Woldesemayat (2006).
1.88 2 0.2
w2 U ) (U0
: U, gD (2.91)

Premoli et al. (1971) developed a correlation for vertical two-phase flow (as reported by

Woldesemayat and Ghajar (2007)). The correlation is given by

l-a) x Yo |_ y 1"
() B9 Rt .

Where,

Premoli

0.22
F,=1.578Re;"” (&]

—0.08
FVZ = 0'0273W6Premol' ReP(:jrrioli(&j

i
G
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This correlation has a drawback in the right hand side term of equation (2.92). If the

value of term yF» becomes greater than , the term in the bracket on right hand side

1+ yF,
of equation (2.92) becomes negative and its square root cannot be calculated.
El-Boher et al. (1988) formulated a correlation based on the data of water-air, mercury-
steam and lead-bismuth alloy-steam. The work was carried with focus on liquid metals.

Their correlation for void fraction is

1
- 03T ¢ o 0.067 (2.93)
140.27a, " (Fr,, Y (“LJ (ESL ]
Mg Weg,

Where, Frg;, and Weg; are Froude and Weber number based on superficial liquid velocity.

2
Fry = Uy

2

WeSL — pLUSL D

o

El-Boher et al. (1988) compared their correlation with 7029 experimental data points and
predicted data with an 11.97% RMS error. However, the performance of correlations in
terms of percentage error was not analyzed. The maximum value of void fraction from
the experimental data was limited to 0.8. The maximum diameter and superficial liquid
velocity used in the comparison were 0.23 m and 2.58 m/s, respectively.

Czop et al. (1994) performed experiments in a 0.0198 m diameter vertical helical tube

with water and SF¢ as working fluids. Their correlation for void fraction is
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But, they stated that the correlation may not produce good results if applied to conditions
other than those used in their work. They compared approximately 40 experimental data
points with their correlation and found an agreement between predicted and measured
values to within £10%.

The following few paragraphs explain some of the pool void fraction correlations
available in the literature.

Sterman (1956) proposed a correlation for steam bubbling through water (pool void
fraction). Apart from his own data, he used data of Behringer (1934), Kolokol’tsev
(1952) and Margulova (1955). The data ranged from 1 to 190 atmospheric pressure and

included column diameters of 52 to 300 mm. The correlation is

0.15

P 0.4 0.17
a=1.07 Yse J D { P ]
gD \/ o P Po (2.93)

Pr~Pes

Sterman (1956) compared prediction of his correlation with the experimental data of
Behringer (1934), Kolokol’tsev (1952) and Margulova (1955). There was close
agreement between measured and predicted values. But, Sterman (1956) did not state the
accuracy of the prediction.
Dimentiev et al. (1959) also proposed a correlation for pool void fraction, which is given
by the following equations.

-0.23 -0.5
a=1.07j"D}*> (LJ for . (Lj <37
¢ P~ Pc ¢ PL (2.96)
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0.09 -0.5
a=1.9j%D;*> (Lj for j;[ Pc J >3.7
Pc

L PL~Pg
Where,
* .D ok U
Dy = - and  j; = %
9 (o, ~ps)
glp, - ps) P
Correlation by Wilson et al. (1961) for pool void fraction is
— 0.1
o}
m 0.17
o= O.68FWI-]SO”0‘62 L & [ Pe j fOl" FWilson <2
D PL~Ps
0.1
o
m 0.17
a=0.88F,, "* —— ( Pe J Jor Fyy, >2
D PL~ Pg

0.25
pL= P,
FWilson = USG( s ¢ j
g0

(2.97)

(2.98)

(2.99)

The correlation was based on the data collected by bubbling steam in water columns of

diameters 4 to 19 inch.

Based on steam-water and Freon-12 data in diameters ranging from 0.063 m to 1.219 m,

Gardner (1980) proposed two pool void fraction correlations, which are

0.16

a=(1-a)’x1.7x

(o, - pc)go)™

U 2P 0.3 2/3
a=(1-a)’x11.2x { 561 Gardner J Referredto as Gardner—I1

(o, = pc)go)”
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Where,

_ pGVLz((pL —Pg )g)o.s
Gardner O_3/2

It should be noted that correlations of Dimentiev et al. (1959), Sterman (1956), Wilson et
al. (1961) and Gardner (1980) were developed for large diameter pipes and steam-water
mixtures. The accuracy of the four correlations was not stated by the respective authors.

Dix (1971) drift flux correlation was developed with the help of vertical upward flow
data sets, as reported by Chexal et al. (1991). The expressions for distribution parameter

and drift velocity are

Pe |

c _Us IJ{ﬁJ[pLJ

Uy, Use (2.102)
( ) 025
89\PL ~ Pg
Uqy =29 ———"
M [ P J (2.103)

Dix (1971) correlation was among the top three correlations in the comparison carried out
by Chexal et al. (1991), which included approximately 1500 data points of vertical
upward steam-water system.

Mukherjee (1979) conducted experiments with air and kerosene at inclination angles
from horizontal to vertical. His empirical correlation developed for upward vertical flow
is

Cs
a=1-exp(C, +C,sin0+C, sin’ ¢9+C4NL)II:]] o (2.104)

LV

Where,
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Values of constants C; to Cs suggested by Mukherjee (1979), are given in the Table 2.3.

Table 2.3 — Values of Constants for Mukherjee (1979) Correlation for Upward Vertical

Flow.

G

G

G

Cy

Cs

Ce

-0.380113

0.129875

-0.119788

2.343227

0.475686

0.288657

Mukherjee (1979) tested his correlation against 35 of his air-kerosene data points for

vertical upward flow and reported an average percentage error of -2.95% with a standard

deviation of 16.8. But, he did not compare his correlation with data of other researchers.

Spedding and Chen (1984) suggested a correlation for vertical two-phase flow taking into

consideration changing superficial liquid velocity. They considered a variety of gas-

liquid combinations like air-water, argon-water and gas-oil in their study.

correlation is

a 1 @
_ for =<4
—a 024k Ug |-
2t 1SpeddingChen Ui
SG
Ugg 0.65
a (7k35pedd[f1gC}x’nU7j USG a
= k2SpeddingChen 1 —e i for
l-a Ust I-a
Where,
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In(k, g iingcren) = —1.441n(U, ) — 0.007
k2SpeddingChen =0.14In(U, ) +1

k3SpeddingChen = 097 ln(USL) - 3

Where, expression 1L£4in equation (2.105) is correlation proposed by Armand

(19406).

Morooka et al. (1989) proposed a drift flux correlation based on steam-water two-phase
flow data in vertical 4x4 rod bundle (12.3 mm tube diameter tubes). Void fraction was
measured with the help of a CT scanner. This correlation is also referred to as Toshiba

correlation by many researchers. For developing the equation for void fraction, they
plotted US% against Uy and came up with a straight line fit. Calculated values of

distribution parameter and drift velocity were Cy= 1.08 and Ugy = 0.45. Morooka et al.
(1989) mentioned that prediction of void fraction by their correlation, for void fraction
value of greater than 0.8 will result in under-prediction, because the correlation was
developed by using void fraction data below 0.8. They reported an accuracy of 1.68%
and standard deviation of 1.8% for the prediction of void fraction, but number of
experimental data points considered for comparison were limited in number.

Takeuchi et al. (1992) devised a drift flux correlation for vertical two-phase flow.

Equations for distribution parameter and drift velocity are

_ 2
C,=1.11775+0.45881 0 —0.57656 (2.106)
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Takeuchl + Coa\/ pL
Pc

Where,

k2
Takeuchi

F Takeuchi — D
Takeuchi

. 1 10.24
kTakeuchi = \/ D Takeuchi mln[ﬁa D J
: Takeuchi

PL=P
D Takeuchi — D g (LTG)

(2.107)

Value of m recommended by Takeuchi et al. (1992) was 1.367. The accuracy of their

correlation was not mentioned.

2.3.3 Flow Pattern Independent Correlations Applicable to Variety of Flow

Orientations Including Vertical Upward Flow

Madsen (1975) suggested a flow pattern independent correlation for vertical and

horizontal orientations.

o= 05 oo
. (P] (Hj

Pq X
Where,

0.5L0GPL - LOG(“HJ
FMadsen = pG _aH

LOGPr - LOG[“”)
Pe l-ay

54

(2.108)



Madsen (1975) compared his prediction with experimental data I which pressure range
was from 101 to 14480 kN/m? and quality range was from 0.001 to 0.525. Prediction of
his correlation was within + 10% for void fraction of 0.3 and above. But, for lower values
the correlation consistently over-predicted the void fraction values.

Chisholm (1983) suggested a correlation which is applicable to horizontal to vertical
orientations. The equation for the correlation is

1

R S (2.109)

This correlation was not compared with any experimental data.

Shvarts et al. (1993) used data of steam-water systems in which pressure ranged from 0.1
up to 12 MPa and mass velocities ranged from 100 to 5150 kg/m*-s. The tube diameters
ranged from 7.8 to 60 mm. Their correlation is applicable for inclination angles ranging