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Abstract—Traditional two-phase flow-regime criteria based on the gas and liquid superficial velocities may
not be suitable to the analyses of rapid transient or entrance flows by the two-fluid model. Under these
conditions, it is postulated that direct geometrical parameters such as the void fraction are conceptually
simpler and therefore more reliable parameters to be used in flow-regime criteria than the traditional
parameters. From this point of view, new flow-regime criteria for upward gas-liquid flow in vertical tubes have
been developed considering the mechanisms of flow-regime transitions. These new criteria can be compared to
existing criteria and experimental data under steady-state and fully developed flow conditions by using
relative velocity correlations. The criteria showed reasonable agreements with the existing data for
atmospheric air-water flows. Further comparisons with data for steam-water in round tubes and a
rectangular channel at relatively high system pressures have been made. The results confirmed that the present
flow-regime transition criteria could be applied over wide ranges of parameters as well as to boiling flow.

NOMENCLATURE

flow area of a tube

non-dimensional group defined by equation
(20)

dimensional group defined by equation (21)
a constant

distribution parameter

hydraulic diameter

wall friction factor

mass velocity of two-phase mixture
gravity

distance from the nose of a slug bubble
superficial velocity of two-phase mixture
superficial velocity of k phase

mean slug-bubble length

gap between two bubbles

a constant

viscosity number

pressure

mean bubble radius

terminal film velocity in the slug-bubble
section

gas velocity in the slug bubble
parameter defined by equation (12)
thermal equilibrium quality

dimensional group defined by equation
(25).

* All correspondence related to this paper should be
addressed to M. Ishii, ANL.

723

Greek symbols
o void fraction
Oln mean void fraction
oy,  void fraction corresponding to the terminal
film velocity vgg,
Ap  absolute value of density difference
I viscosity of liquid
v kinematic viscosity of liquid
Pk density of k phase
g surface tension.
Subscripts
b bubble
€ thermal equilibrium
f liquid phase or friction
g gas phase
m mean
sb tail-end of the slug bubble

s slug bubble.

1. INTRODUCTION

IN ANALYZING two-phase flow transients such as in
nuclear reactors under various accident conditions, a
two-fluid model is very important because of its
detailed description of thermohydraulic transients and
phase interactions. The main difficulties in modeling
arise from the existence of interfaces between phases
and discontinuities associated with them. The internal
structures of two-phase flow are classified by the flow
regimes or flow patterns. Various transfer mechanisms
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between two-phase mixture and the wall, as well as
between two phases, depend on the flow regimes.
This leads to the use of regime dependent correlations

together with two-phase flow-regime criteria. From
this point of view, many works have been undertaken to
predict flow regimes [1-12].

Traditionally, flow regimes are identified from a
flow-regime map obtained from experimental observ-
ations. Many flow-regime maps have been proposed
using dimensional coordinates based on the liquid and
gas superficial velocities [1-4]. Other investigators
have attempted to correlate the transition boundaries
by non-dimensional groups [5-9]. There have also
been theoretical works [10-127 to predict flow regimes.
These conventional flow-regime maps are based
primarily on the liquid and gas superficial velocities or
the total mass flux and quality. The flow regimes are the
classifications of the geometrical structures of flow.
Therefore, it is postulated that the flow structures
should depend directly on the geometrical parameter
such as the void fraction and interfacial area. Under
steady state fully developed conditions, it may be
assumed that there exists a unique relation between the
void fraction and the superficial velocities [2, 3, 14].
Therefore it can be said that these traditional
approaches may be suitable for slow transients and
near fully developed conditions, where a mixture model
such as the drift-flux model is sufficient. The
discrepancies between these two different approaches
can be significant near flow reversal conditions or under
rapid transient conditions, though these differences
have not yet been clearly demonstrated by specially
designed experiments.

However, in view of the practical applications of the
two-fluid model to transient analysis, the flow-regime
criteria based on the superficial velocities of liquid and
gas may not be consistent with the two-fluid model
formulation. This can be explained as follows. From the
basic definitions of variables, the void fraction can be
uniquely determined from the superficial velocities j,
and j; and the relative velocity [14]. In the two-fluid
model, the relative velocity is an unknown to be solved
from the field equations. Therefore, the void fraction,
which is the most important geometrical parameter,
cannot be determined uniquely from superficial
velocities j, and j;. Consequently, a flow-regime map
based on j, and j; alone may be unsuitable to the two-
fluid model formulation. This difficulty does not arise in
the drift-flux model because the constitutive relation for
the relative velocity can be used to determine the void
fraction. However, for a two-fluid model, a direct
geometrical parameter such as the void fraction may be
more suitable to use in flow regime criteria than the
traditional parameters.

In view of these, new flow-regime criteria for upward
gas-liquid flow in vertical tubes have been developed in
this study. Four basic flow regimes designated by
Hewitt and Hall-Taylor [13] as bubbly flow, slug flow,
churn flow and annular flow, have been analyzed. These
new criteria can be compared to existing flow-regime
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maps under steady-state conditions by using relative
velocity correlations obtained previously [14].

2. CRITERIA FOR FLOW-REGIME
TRANSITIONS

2.1. Bubbly flow to slug flow transition
As studied by Radovicich and Moissis [15] and

Griffith and Snyder [16], the transition from bubbly
flow to slug flow in a tube occurs mainly due to
agglomerations and coalescences of smaller bubbles
into cap bubbles. Once a cap bubble is formed, further
coalescences follow in the wake region of a cap bubble.
This transition occurs at the void fraction around 0.3.
Radovicich and Moissis [ 15] showed qualitatively that
the probability of collisions becomes very large at
approximately 0.3, and they postulated this as a cause
of the flow-regime transition. Dukler and Taitel [10]
proposed 0.3 as the criterion and then used a relative
velocity correlation to convert it into a conventional
form based on the superficial velocities of liquid and
gas. Thus, following these observations, the criterion
for the bubbly-to-slug flow transition can be given by

o=03. (1

The value of 0.3 can also be obtained from a very
simple geometrical consideration only. Suppose
bubbles distribute themselves in a tetrahedral lattice
pattern in which each bubble fluctuates. It is assumed
that there is a sphere of influence around each bubble.
Although these spheres of influence can overlap in
certain situations, the summation of the sphere
volumes equals the total volume of the mixture. The
number of not only the collisions but also the
coalescences is considered to become very large if the
maximum possible gap | between two bubbles becomes
less than a bubble diameter 2r, as shown in Fig. 1.
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Fi1G. 1. Bubble packing and coalescence pattern.



Flow regime transition criteria for upward two-phase flow in vertical tubes

Under this condition, it is evident that the bubbles
should deform considerably during each fluctuation.
The above condition requires that

2 3
o= <§> = 0.296 ~ 0.3. )

In order to convert equation (1) into a conventional
form based on the superficial velocities, we use the
following relationship between j, and j,, which is
derived from the drift velocity for bubbly flow [14]

j agAp\M*
’—“=coj+¢2< i”) 1=9'7% ()
f

o

where C,, is given by

Co=12-02 /(p—g> for round tubes, ()

Pr

=135-035 \/(ﬁ) for rectangular ducts, (5)
Pr

and
J=Jgtis (6)

Therefore, the relationship between j, and j; at the
transition becomes
. 0.76 [agAp\!*
Y- ()" o
0 Pr

. 3.33
J= ( C,

2.2. Slug flow to churn flow transition

The transition is postulated to occur when the mean
void fraction over the entire region exceeds that over
the slug-bubble section. This criterion can be visualized
in an idealized pattern as follows. At just before the
slug-to-churn flow transition, the slug bubbles are lined
up right next to each other and the tail of the preceding
bubble starts to touch the nose of the following bubble.
Under this condition, the liquid slugs become unstable
to sustain its individual identity due to the strong wake
effect. Then destructions and creations of liquid slug
follows. It is considered that physically this corres-
ponds to the flow-regime transition. The mean void
fraction over the slug-bubble section «,, is obtained
by a potential flow analysis applied to the film flow
along the bubble until the film flow reaches the void
fraction corresponding to the fully developed flow.

Consider the slug flow model as shown in Fig. 2.
Except very near the nose of the bubble, the application
of the Bernoulli equation yields the local void fraction
at the distance h from the nose, thus

_ \/(2ghAp/p))
JCghAp/p)+(Co—1)j+0.35./(ApgD/p;)’
(8

where the following equation for the slug-bubble
velocity is used [14]

ApgD
vgs=C0j+0.35\/< P9 ) o)
Pr

alh)
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Fi16. 2. Slug flow model.
The mean void fraction is calculated by

I
Oy = — j a(h)dh, (10)
Lb 0
where L, is the mean slug-bubble length. Integrating
equation (8) and from equation (10), the following
equation is derived

1
o, =1-2X+2X2 ln<1+}>, 1y
where
P . ApgD
X= (c —1);+0.35\/( )]
\/ (29Apr>[ ° pr
(12)

Equation (11) is well approximated over the numerical
values of &, from 0.6 to 0.9 by the following expression

o, = 1—0.813X°75, (13)

Now the mean slug-bubble length L, at the transition
from the slug-to-churn flow regime may be estimated as
follows. Somewhere below the nose of a slug bubble, the
gravity force on the liquid film is completely balanced
by the wall shear stress and the flow becomes fully
developed. At a section below this point, there exists a
small adverse pressure gradient for the downward
liquid film flow. Since the liquids are no longer
accelerating in the downward direction, the liquid film
becomes unstable due to a flow separation and film
instability. Thus, beyond the terminal velocity point of
a film, interface disturbances will lead to a cut-off of the
slug bubble. The force balance on the liquid film around
the slug bubble gives

2
£ pfvfzsan = § ApgA(l - ash)a (14)

2

The factor 2/3 appears on the RHS of the above
equation due to the effect of gravity on the wall shear
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[13, 14]. The wall friction factor fis assumed to be in the

form
f=C, |:(1 - asb)vfsz:l_ m.

Vg

(15)

Substituting equation (15) into equation (14) and
solving for v, we obtain

(1 +m)j(2-m)

D\ ™™ 1/(m—2)
x [3C, <—> Pr ] . (16)
Ve ApgD

The above equation can be transformed by using the
basic relationships for the two-phase mixture, ie.
equation (9) and the following equation

Uggp, = (1 —0tp)

asbvgs )

1 —og,

an

Ugsh =

The resulting equation is

_Jj+-= %)*'2 "™ [3C(D/ve) " (ps/ApgD)]! /"~ 2

as .
’ Coj+0.35\/(8pgD/py)
(18)

Here we assume that m = 0.2 and C; = 0.046 for a
turbulent flow. In the presence of small bubbles in the
liquid film section and due to its relatively large film
thickness, the film behavior may be approximated by a
turbulent flow model for most of the practical cases.
Then equation (18) becomes

_J43ab(1—ag)’

= , 19
%t Coj+035b (19)
where
A D3 1/18
az( sk ) , (20)
Pl
and
ApgD
b5/< g ) @1)
Pt

Equation (19) can be solved if we use the approxi-
mation

(1—0)1 07 ~ 0.25(1 —aty). 22)
Hence we obtain
j+0.75ab
T e S 23)
Coj+0.35b+0.75ab
On the other hand, equation (8) gives
y
Ly) = , 24
L) = T Ca= 1)+ 0355 4)
where
2ApgL
y= \/ (ﬂ) 25)
Pr

Based on the condition that a(L,) = o, at the tailend of

the slug bubble, we obtain
y =Jj+0.75ab, (26)

or in a more explicit form, the solution for the slug-
bubble length becomes

2ApgL ApgD\ [ ApgD*\ V18
JOEE) = v (27 ) ()
P Pr PeVe

(27)

There exist several data on the slug-bubble length [5,
17]. Although the general trends are the same among
those data, the exact mean bubble lengths are different
by as much as 100%. This indicates that the length
depends on the development of the stug flow (injection,
entry length, etc.) However, when this fact is
recognized, Fig. 3 shows a reasonable comparison
between Akagawa’s data and L, predicted by equation
27).

Since it is assumed that the transition from the slug-
to-churn flow regime occurs when the mean void
fraction over the entire region reaches the mean void
fraction in the slug-bubble section, the transition
criterion becomes

a>1-0813

(Co—1)j+0.35./(ApgD/p;) 073 (28)
i+0.75/(ApgD/pe)(ApgD*/pevi) 8 |

It is noted that for standard conditions, the term
involving 1/18 power in the denominator in the above
criterion may be further simplified. For weakly viscous
fluids such as water this term may be simply replaced by
a constant value of 3, ie. (ApgD3/pvH)!'® ~ 3. The
above criterion is obtained from o > «,, where a,, is
calculated from equation (13) together with equations
(12) and (27).

In order to compare equation (28) to existing data in
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F1G. 3. Comparison of mean bubble length to the experimental
data by Akagawa et al. [17].
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the je—j, plane, the following relationship from the
drift-flux model [14] is used
o= Jg
Coj+0.35(ApgD/py)

(29)

By using equation (29), the transition criterion can be
recasted in terms of j, and j; under steady-state fully
developed flow conditions.

2.3. Churn flow to annular flow transition
The criteria for this transition have been developed
previously [ 14], postulating two different mechanisms:

(a) flow reversal in the liquid film section along
large bubbles,

(b) destruction of liquid slugs or large waves by
entrainment or deformation.

The first mechanism assumes that, for the film section
along large bubbles, the annular drift-velocity corre-
lation can be used locally. This can be given by [14]
Ja 1—«o

o T A ([ T30 — @) (o)

. ApgD(1—0)
s o

which can be obtained from a force balance. Hence by
setting the flow reversal condition in the film as j; = 0

2o ApgD 125 1—ua 1/2
]B_/< Pe )a {0.015[1+75(1_a)]} . (3D

However, in the range of « relevant to the present case,
the churn-to-annular flow transition criterion can be
approximated by [14]

pgD

=

where o should satisfy the condition given by equation
(28).

On the other hand, the second criterion can be
obtained from the onset of droplet entrainment [14].
The onset of entrainment criteria for film flow has been
developed from a force balance on the liquid wave crest
between the shearing force of the vapor drag and the
retaining force of the surface tension. This is given by

U],
Hels /(”g) = N9,
a Pr
G 1/2
N = "f/ [”/ (m)] ’

for low viscous fluid (N ,; < 1/15)and at relatively high
liquid Reynolds number (Re; > 1635). It is considered
that once the gas flux exceeds the value given above in
the churn flow bubble section, the liquid waves and
subsequently liquid bridges and slugs can be entrained
as small droplets. This will lead to the elimination of
liquid slugs between large bubbles and to a continuous

)(oc—O.ll), (32)

(33)
where

(34)
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gas core. This entrainment induced flow transition is
given by the second criterion based on equation (33) as

. [ogAp 't
]g?( 5 ) N”fO.Z.
Pe

The second criterion is applicable to a flow in a larger
diameter tube given by

J(6/Apg)N °*
[(1-0.11 CO)/CO]Z’

Therefore, the second criterion from the onset of
entrainment is applicable to predict the occurrence of
the annular-mist flow or to predict the churn-to-
annular flow transition in a large diameter tube.

Equation (35) can be compared to existing data if we
use equation (30) when a < «,,, and

(33

(36)

Je

o =
Coj++/2(cgAp/pP)*

when a 2 a,

(37)

2.4. Flow-regime map

A flow-regime map can be drawn by using newly
developed transition criteria. Figure 4 shows an
example of a flow-regime map for air-water flow in a
25.4 mm LD. tube at 25°C and atmospheric pressure.

Curve A on the map designates the bubbly-to-slug
flow transition which is predicted by equation (1). The
locus of the curve depends only on the properties of
both phases. The transition from the slug-to-churn flow
occursat curve B, based on equation (28). At high liquid
and gas velocities, the slug flow is limited by curve D
corresponding to equation (35). At higher gas velocities
than curve D, liquid slugs will be disintegrated into
liquid drops by entrainment, thus the annular-mist flow
will be observed. However, in Region A, the void
fraction is rather low, ranging from 0.3 to 0.7. Thus in
this region the flow is so highly agitated that it may be
difficult to distinguish between the slug or annular flow.
Hence the flow may behave like a churn flow, although
it appears to be paradoxical in terms of the standard
behavior and definition of the churn flow. The churn-
to-annular flow transition occurs at curve C predicted
by equation (32). Curve C moves toward higher gas
velocities when the tube diameter becomes larger,
until the diameter reaches the value which satisfies
inequality (36). Therefore, the annular flow which is
seen in the region bounded by curves B-D disappears
when the diameter is larger than the limiting value.

3. COMPARISON WITH EXISTING DATA

The newly developed flow-regime criteria can be
compared with existing data for air-water flow [1, 2,
4-7, 11, 12, 18] and steam-water flow [19-21]
under steady-state and fully developed flow con-
ditions, although the present criteria are not limited
to these conditions.

In most cases, rather wide discrepancies will be
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F1G. 4. Flow-regime map based on newly developed transition criteria.

observed in the location of the curves for experimental
transition boundaries. This is due to the different
methods of observations and definitions of the flow
regimes. Moreover, the transition phenomena them-
selves develop gradually and there are some history
effects of upstream conditions. Consequently, some
ambiguity is inevitable in determining the transitions.
Therefore, the transition boundaries should be under-
stood as a band with a certain width proportional
to the uncertainty in determining the transition
boundaries.

3.1. Air-water flow at atmospheric pressure

Figure 5 shows the comparison of the bubbly-to-slug
flow transition for air-water flow at 25°C and
atmospheric pressure in a 2.5 cm LD. tube. Although

there are wide discrepancies in the location of the
curves, the present criterion predicts intermediate
location of the transition boundary. The discrepancy
will be attributed mainly to the definition of the bubbly
flow, that is, whether the bubbly flow includes cap
bubbles or not. For example, the curve by Duns and
Ros [6] corresponds to the boundary between Regions I
and II, following their terminology. According to their
definition, Region I includes part of slug flow as defined
by Govier and Aziz [2]. This may be the reason why the
curve by Duns and Rosislocated at arelatively high gas
velocity. Taking into account these facts, the com-
parison shown in Fig. 5 seems reasonable.

Figure 6 shows the boundaries for the slug-to-churn
flow transition for air-water flow at 25°C and atmos-
pheric pressure in a 2.5 cm LD. tube. The agree-
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Fi1G. 5. Comparison of the bubbly-to-slug flow transition for atmospheric air-water flow.
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FIG. 6. Comparison of the slug-to-churn flow transition for atmospheric air-water flow.

ment between the present theory and the curve by
Govier and Aziz [2] is good and the general trends of
the curves which appear in the figure is well reproduced
by the theory, except that some of the curves tend to
depart from the others at high liquid superficial
velocity. This discrepancy may be attributed to the
difficulty in discriminating between the churn and slug
flow at higher liquid velocities.

The curves for the churn-to-annular flow transition
are shown in Fig. 7. A remarkably good agreement is
observed in the figure.

Figure 8 compares the present theory with the flow-
regime map by Govier and Aziz [2]. Overall agreement
is reasonable. Figure 9 shows a good agreement
between the present criteria and those of Dukler and
Taitel [11]. This agreement is not surprising because

the basic principles involved in defining the transition
criteria are similar. Figure 10 shows the comparison
between the present theory and that of Taitel et al. [12].
In the bubbly flow region, they proposed the transition
B above which finely dispersed bubbles exist, which the
present theory does not distinguish. Transitions A and
C may correspond to the curve for the bubbly-to-slug
flow transition by the present theory, although Taitel
et al. [12] postulated the void fraction at the transition
to be 0.25 for transition A and 0.52 for transition C
instead of 0.3 in the present theory. There is a large
disagreement in the boundary between the slug and
churn flow at higher liquid volumetric fluxes. This may
be attributed to the difference in the proposed basic
mechanism of the slug-to-churn flow transition. That s,
Taitel et al. characterized the churn flow as an entry
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FI1G. 7. Comparison of the churn-to-annular flow transition for atmospheric air-water flow.
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F1G. 8. Comparison to the map of Govier and Aziz [2].

region phenomenon associated with the existence of
slug flow further along the pipe, whereas the present
theory characterizes it as highly agitated Taylor
bubbles and aerated liquid slugs at an increased void
fraction. In addition to this, it is very difficult to visually
discriminate between these flow regimes at higher
liquid velocities, as pointed out by Taitel et al. [12].
Finally, transition E corresponds to the boundary of
annular flow which agrees very well with the present
criterion.

3.2. Steam—water flow at high pressures
As most of the maps for vapor-liquid flow are drawn
as a relationship between the mass velocity G and the

equilibrium vapor quality x,, the theoretical maps in
the j,~j; plane are transformed into those in the x~G
plane. In those cases, the equilibrium vapor quality and
the mass velocity are calculated by the following
equations

G= Pl t Peles (38)
and
Pele
X, = —=. 39
=G {39)

The present theory is compared to the data of Bergles
etal.[19] and Bennet et al. [20] for steam—water flow at
high pressures in round tubes. Typical comparisons are
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F1G. 9. Comparison to the map of Dukler and Taitei [10]. Air-water at 0.1 MPa.
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FiG. 10. Comparison to the map of Taitel et al. [12]. Water at 0.1 MPa and 25°C.

shown in Figs. 11 and 12. The data were reproduced
from ref. [19] in Fig. 11 together with the present flow
maps in terms of the mass velocity and the exit vapor
quality. The figure demonstrates fairly good agreement
between the data and the present criteria. At high mass
velocities, the froth flow was observed by Bergles et al.
[19]. This flow regime appears in the part of the annular
flow region where the void fraction is rather low (0.3
< o < 0.7) according to our calculation. Hence region
A on the present flow map, where the flow may behave
like a highly agitated churn flow, may correspond to the
froth flow regime.

The maps can also be plotted in terms of the
superficial velocities of both phases as shown in Fig. 13.

As the experimental data are originally plotted in terms
of the mass velocity vs equilibrium vapor quality, the
superficial velocities for the data points are calculated
from those parameters by assuming thermal equilib-
rium. However, provided that the subcooling is not
very large, the calculated superficial velocities will be
good estimates of the true values. It is interesting to
note, by comparing Fig. 12 with, say, Fig. 8, that the
locus of the curve for the bubbly-to-slug flow transition
is almost unchanged, whereas the locus of the curve for
the churn-to-annular flow transition moves toward
lower gas velocities at higher pressures.

An example of the map affected by subcooled boiling
is shown in Fig. 14. The broken lines represent the
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F1G. 11. Flow-regime map for steam-water flow at 6.9 MPa in a 10.3 mm 1.D. tube, compared to the data of
Bergles et al. [19]. Water at 0.1 MPa and 25°C.



732 KAICHIRO MiIsHIMA and MAMORU IsHil
4
10 T T T
w ——— PRESENT THEORY
13 N - -~ BENNET et al.
2 h
[N ROUND TUBE
A ANNULAR D: 12.8 mm
| . 112,
: A P:3.4 MPa
> \
= 3 l \
o 107 — | \ =
[e] | \
- \
u \
> s N
% \ sLug o
< . CHURN ~_
= BUBBLY |\ \ N
\ \
10° i 1 ]
-0.05 o] 0.1 0.2 0.3

QUALITY

F1G. 12. Semi-logarithmic flow-regime map compared to the data of Bennet et al. [20] for subcooled flow
boiling at 3.4 MPa.

transition boundaries reproduced from the data of
Bergles et al. [19] for 3.4 MPa steam—water flow in a
29.9 mm LD. tube. The curves turn away from the
theoretical map as the mass velocity is increased.
Figure 14 shows that the use of thermal equilibrium
quality may not be accurate for the flow-regime map
when subcooled boiling occurs at higher mass
velocities. In the present theory, the criteria for the flow-
regime transition are correlated in terms of the void
fraction and the volumetric fluxes. In view of this,
flowing quality will be more relevant to use in plotting
the experimental data in the flow map [21] for

non-equilibrium flow. The data in Fig. 14 can be
transformed to the one shown by the broken lines in
which the flowing quality was estimated by using the
Levy correlation [22] together with the Bowring
correlation [23] for the subcooling at the point of
bubble detachment. The dotted solid-line represents
the bubbly-to-slug flow transition based on the thermal
equilibrium quality. The figure shows the relevance of
the use of the flowing quality in non-equilibrium
(subcooled boiling) flow.

The comparison of the theory with the data for high
pressure steam-water flow in a rectangular channel is
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F1G. 13. Comparison of the flow-regime map in terms of the superficial velocities for steam-water flow at 6.9
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MPa in a 10.3 mm LD. tube.
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MPa in a 20.9 mm 1.D. tube.

presented in Figs. 15-19. The data were reproduced
from ref. [24]. In these figures, the data are plotted in
terms of mass velocity vs flowing quality. Hosler used
flowing quality instead of thermal equilibrium quality
in order to account for subcooled boiling and for some
of the effects of heat flux, as mentioned by himself [24].
Figures 15-19 indicate that the general trends are very
similar to those for steam-water flows in round tubes
andare predicted reasonably well by the present theory,
except that the agreement of the bubbly-to-slug flow

transition is disappointing at 1.0 MPa. However,
Hosler himself limited the applicable range of pressure
to 2-14 MPa for use of his data with reasonable
confidence.

The theory can be compared to those data in terms of
the volumetric fluxes, too. The example is presented in
Fig. 20. The theoretical flow-regime maps indicate that
the slug-to-annular flow transition occurs at lower gas
velocities with increasing pressure, although the trend
is less remarkable in the experimental data.
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Fi1G. 15. Comparison for steam—water flow at 1.0 MPa in a rectangular channel (data taken by Hosler [24]).
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F1G. 16. Comparison for steam-water flow at 2.1 MPa in a rectangular channel (data taken by Hosler [24]).

4. SUMMARY AND CONCLUSIONS

Traditional flow-regime criteria based on the gasand
liquid superficial velocities are not suitable to the two-
fluid model formulation. For a two-fluid model, direct
geometrical parameters such as the void fraction
should be used in flow-regime criteria. From this point
of view, new flow-regime criteria have been developed
for a vertical upward flow. These new criteria can be
compared to existing data under steady-state and fully
developed flow conditions by using relative velocity
correlations obtained previously [14].

Newly developed criteria have been compared with

the conventional criteria and experimental data for
atmospheric pressure air—water flows and high press-
ure steam-water flows in round tubes and a rec-
tangular channel. There exist wide discrepancies
among the experimental data, not only due to the
different methods of observations and definitions of the
flow regimes but also due to the transition phenomena
themselves which develop gradually. However, when
these factors are considered, it could be said that the
present criteria showed satisfactory agreements with
those data.

It is also pointed out that the flowing quality is more
suitable than the thermal equilibrium quality to

‘ l l !
10 |- 7]
HOSLER
o RECTANGULAR
E D: 5.64mm ! ANNULAR
o p: 4.1MPa 1
\
oo =
3 \
> 10 \ 7
5 O 0 @\
o
o @ 0 o QY o o
w /
w
2 00
< 0 T— FLOW REGIMES —
O BUBBLY
@ SsLUG
© ANNULAR BUBBLY
1 1
0.001 0.01 0.1 1

QUALITY

Fi1G. 17. Comparison for steam-water flow at 4.1 MPa in a rectangular channel (data taken by Hosler [24]).
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FiG. 18. Comparison for steam-water flow at 5.5 MPa in a rectangular channel (data taken by Hosler [24]).

correlate the flow-regime transitions for a subcooled-
boiling system. This is consistent with the statement
that the void fraction should be used in flow-regime
criteria.
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CRITERES DE REGIME D’ECOULEMENT TRANSITOIRE POUR UN ECOULEMENT
DIPHASIQUE ASCENDANT DANS DES TUBES VERTICAUX

Résumé— Les critéres classiques de régime d’écoulement diphasique basés sur les vitesses surfaciques de gaz et
de liquides ne peuvent étre convenables pour les analyses des écoulements d’entrée ou rapidement variables
parle modéle a deux fluides. Dans ces conditions, on postule que les paramétres géométriques directs tels que la
fraction de vide sont plus simples et plus utilisables dans les critéres de régime d’écoulement que les paramétres
adimensionnels. De ce point de vue, des nouveaux critéres de régime d’écoulement pour I'ascension dans des
tubes verticaux ont été développés en considérant les mécanismes de transition de régime d’écoulement. Ces
nouveaux critéres peuvent étre comparés aux critéres existants et aux données expérimentales de régime
permanent et d’écoulement pleinement établi en utilisant des corrélations de vitesses relatives. Les critéres
montrent des accords raisonnables avec les données relatives aux écoulements eau-air atmosphérique.
D’autres comparaisons ont été faites avec des données pour eau—vapeur d’eau dans les tubes circulaires et un
canal rectangulaire a des pressions relativement élevées. Les résultats confirment que les critéres présentés ici
peuvent étre appliqués dans un large domaine de paramétres aussi bien qu’a ’écoulement en ébullition.

UBERGANGSKRITERIEN BEIM STROMUNGSVERHALTEN FUR AUFWARTS
GERICHTETE ZWEIPHASENSTROMUNGEN IN SENKRECHTEN ROHREN

Zusammenfassung —Die traditionellen Kriterien fiir das Verhalten von Zweiphasenstrémungen, die auf den
Geschwindigkeiten an den Oberflichen basieren, eignen sich nicht zur Untersuchung von schnell
veranderlichen oder Eintrittsstrémungen mit Hilfe des Zwei-Fluid-Modells. Unter diesen Umstinden wird
postuliert, daB direkte geometrische Parameter wie Porositét begrifflich einfacher und deshalb verlaBlicher im
Gebrauch im Zusammenhang mit Kriterien des Stromungsverhaltens sind als die herkdmmlichen Parameter.
Von diesem Gesichtspunkt ausgehend, wurden neue Kriterien fiir aufwirts gerichtete Gas—Flussigkeits-
Strémungen in senkrechten Rohren entwickelt, die die Mechanismen der Anderungen des Stromungs-
verhaltens berlicksichtigen. Diese neuen Kriterien konnen mit bestehenden Kriterien und Versuchsdaten
im Fall der stationdren und vollausgebildeten Strémung verglichen werden, indem Beziehungen mit
der Relativgeschwindigkeit angewendet werden. Die Kriterien zeigten gute Ubereinstimmungen
mit vorhandenen Daten fiir atmosphirische Luft-Wasser-Stromungen. Dariiber hinaus werden Vergleiche
mit Daten fiir Dampf~Wasser in runden Rohren und einem Rechteckkanal bei relativ hohen System-
driicken durchgefiihrt. Die Ergebnisse bekriftigen, daB die gegenwirtigen Kriterien fiir die Anderungen
des Stromungsverhaltens sowohl iiber weite Bereiche der Parameter als auch beim Strémungssieden
angewendet werden konnen.

KPUTEPHUH TEPEXOJA PEXXMMOB TEUEHUS Z[BYX¢A3HLIX BOCXOJAMMX
MMOTOKOB B BEPTUKAJIBHBIX TPYBAX

AnHoTamms—T paIMIMOHHO HCNIONB3YEMBIE KPHTEPHH ABYX(A3HOro peXHMa TEueHHs, OIpelesseMble
H3 CKOpOCTed (UAbTpalMM ra3’a M OKHIKOCTH, MOTYT OKa3aTbCsl HENPHIOAHBIMH 1S aHAIH3a
BBICOKOCKOPOCTHOI'O HEYCTAHOBHBILIETOCH MOTOKA HWIM NIOTOKA HAa BXOJE C MOMOIBIO ABYXXKHIKOCTHO#
MOfeNH. B 3THX yCnOBHSX MpEANoNaraeTcs, 4TO TAKHE HEMOCPEACTBEHHO OMpPENENseMble T€OMETPH-
YECKHE NapaMeTphbl, kak obheMHas [0as MycToT, sABIAIOTCA (oliee NPOCTHIMM, a TOITOMY Gosee
HaJIEKHBIMA Ul HCNIOJbL30OBAHHA B KaYeCTBE KPUTEPHEB pexuMa TeueHHs. Mcxoms 3 3Toro, Ha
OCHOBE PACCMOTPEHHA MEXaHM3MOB MEPEXO[a PEXHMOB TEYEHHS MPELIOKEHB HOBbiE KPHTEPHH
ONs BOCXOJAUMX Ta30XMAKOCTHBIX NOTOKOB B BEPTHKAIbHBIX Tpybax. X MOXHO cpaBHHTL ¢
HMCIOLIHMHUCH KPUTEPHUAMHU H IKCIEPHMEHTA/IbHBIMM AAHHBIMY [ CTALMOHAPHBIX H IOJHOCTBIO
Pa3BHTHIX TEYEHHH, WCTONBL3YS COOTHOLICHHS [UIS OTHOCHTENBHBLIX ckopocTell. Kputepmu xopowo
COTaCYIOTCH € MMEIOIMMUCS JKCIEPHMEHTANLHBIME TaHHBIMH [UIS aTMOC(EPHBIX TeyeHHit BO3AyXa
u BOJbl. KpoMe Toro, mpoBeeHs! CpaBHEHMsS C JaHHLIMH 110 TEYEHHIO BOABI H Mapa B KPYLJbIX
Tpy6ax M NpsIMOYroJIbHOM KaHAle NMPH OTHOCHTENBLHO BLICOKHMX JaBieHMsX B cucreme. Ha ocHose
aHA/IM3a Pe3yJIbTATOB YCTAHOBJICHO, YTO MPEAIaraeMble KPHTEPHM NEPEXO/a PEXKHMOB TeuCHHS (B TOM
YHCJE [UIS TEYEHHH C KHNEHHEM) MOTYT HCIOJIL30OBATBCS B LIMPOKMX HANA30HAX H3MEHEHHA
napameTpos. :
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