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ABSTRACT

A correlation for the amount of entrained liq-
uid in annular flow has been developed from a sim-
ple model and experimental data. There are basic-
ally two different regions of entrainment, namely,
the entrance and quasi-equilibrium regions. The
correlation for the equilibrium region is expressed
in terms of the dimensionless gas flux, diameter,
and total liquid Reynolds number. The entrance ef-
fect is taken into account by an exponential relax-
ation function. It has been shown that this new
model can satisfactorily correlate wide ranges of
experimental data for water. Furthermore, the nec-
essary distance for the development of entrainment
is identified. These correlations, therefore, can
supply accurate information on entrainment which
has not been available previously.

1. INTRODUCTION

Droplet entrainment from a liquid film by a
streaming gas flow is of considerable practical im-
portance for heat and mass transfer processes in
annular two-phase flow. The onset of droplet en-
trainment significantly alters the mechanisms of
mass, momentum, and energy transfer between the
film and gas core flow as well as the transfer be-
tween the two-phase mixture and the wall. In order
to accurately predict a number of important physi-
cal phenomena in droplet-annular flow, an under-
standing of the mechanisms of the entrainment and
correlation for entrained fraction of liquid are
essential. In particular, the dryout and post-
dryout heat fluxes [1-3] and the effectiveness of
the emergency core cooling systems in light water
reactors [4] are significantly affected by the
amount of liquid which can be entrained into gas
core flow.

In spite of the importance of entrained frac-
tion for annular flow analyses, there have been no
satisfactory correlations for the prediction of the
amount of entrained liquid flow [5j. The lack of
such a correlation has been the main difficulty of
a detailed mechanistic modeling of various phenom-
ena in annular two-phase flow. The purpose of the
present study is to develop a reliable correlation
for entrained fraction of liquid.

2. PREVIOUS WORK

When a gas phase is flowing over a liquid

film, several different flow regimes are possible
on the magnitude of the gas velocity [5-7]. For a
very small gas velocity the interface is relatively
stable; however, as the gas velocity increases in-
terfacial waves appear. At sufficiently high gas
flow, the capillary waves transform into large am-
plitude roll waves. Near the transition to the
roll wave, or at a still higher gas velocity, the
onset of the entrainment occurs.

For a relatively high film Reynolds number
(Ref>160), the mechanism of entrapment is basic-
ally due to the shearing-off of roll wave crests
by a highly turbulent gas flow. However, at a
lower Reynolds number, other entrainrcent mecha-
nisms such as the wave-undercut become possible.
For a relatively inviscid fluid, the mechanism
based on the roll wave is the predominant mode of
the liquid entrainment into gas core flow under
normal conditions. Various data and correlations
for the onset of entrainment have been reviewed
previously [5-7]. A number of experiments have
been carried out for the measurement of entrained
fraction. There are basically two different tech-
niques [5] which can be used for this purpose.
The first technique is based on local probes [3,6,
8-10] such as the sampling or isokinetic probes
which measures the axial liquid mass flux at the
location of a probe. The second and probably more
accurate technique is based on the measurement of
the liquid film flow by removing it completely from
the test section [11-13].

There are several correlations for the frac-
tion of liquid flowing as entrained drops. Wicks
and Dukler [8] correlated the droplet mass flow in
terms of the Martinelli parameter, and the critical
Weber number. Although a reasonable agreement has
been reported, this correlation is dimensional which
limits the applicable ranges. Furthermore, the de-
pendencies of the entrainment on various variables
are hidden by the use of the Hartinelli paramater.

The other correlations proposed by Minh and
Huyghe [14], Paleev and Filipovich [12], and Wai 1is
[15] are given in terms of the fraction of liquid
entrained, E, and gas flux. Here E is defined as

. wfe =
 Jfe

w. (1)

jf~, and jf are droplet mass flow
quid mass flo d l

where W^e, f, j f , jf p
rate, total liquid mass flow rate, droplet volumet-
ric flux, and total liquid volumetric flux, respec-
tively. Minh and Huyghe [14] plotted E against gas
core momentum. The result shows that the correla-
tion depends on the fluid properties in unspecified
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manner due to the use of the dimensional parameter.
This shortcoming was eliminated by Paieev and

Filipovich [12] by introducing a dimensionless gas
flux. Then, by fitting to data, empirical correla-
tion has been obtained. This correlation showed
some agreement with a limited number of data, but
the diameter effect and liquid Reynolds number de-
pendence have been neglected. Later, Wall is [15]
proposed to replace the liquid viscosity by the gas
viscosity in the Paleev and Filipovich's correla-
tion. However, various data indicate that the
parametric dependence is more complicated than that
predicted by either correlation.

Apart from these overall correlations for frac-
tion of entrained liquid, a more mechanistic model
has been proposed by Hutchinson and Vlhalley [16].
In their correlation method, the rates of entrain-
ment and deposition of droplets have been intro-
duced rather than using the equilibrium amount of
entrainment used by others. However, there are
some difficulties associated with it. First, in
order to calculate the amount of entrainment two
different correlations should be used. The second
difficulty is associated with the development of
the correlation for the equilibrium concentration
Ce. The data showed considerable scattering. This
suggests that a single dimensionless group used to
correlate C e may not be sufficient.

It can be said that existing correlations for
entrainment fraction are not very satisfactory.
The entrainment rate and deposition rate are more
mechanistic parameters representing the transfer of
mass at the wavy interfaces than the entrainment
fraction. However, it has been considered that the
available data base is not sufficient to develop
two rate correlations simultaneously. Therefore,
as a first step, an attempt has been made to de-
velop an accurate correlation for the entrainment
fraction. This fraction represents the integral
effects of the rate process, and therefore it
represents more stable parameters to correlate than
the rate equations.

3. ENTRAINMENT MODEL

3.1 Theoretical Limit of Entrainment

For low viscous fluids such as water, shearing-
off of roll wave crests is the dominant mechanism
of liquid entrainment into gas core flow in annular
two-phase flow [5-7]. In view of this, the present
model development is concentrated on the roll wave
entrainment mechanism.

The onset of liquid entrainment has been
studied by Ishii and Grolmes [7] by considering a
force balance at the crest of roll waves. The in-
terfacial shear force, surface tension force, and
viscous force within the liquid film are taken
into account. When the retaining force of surface
tension is exceeded by the interfacial shear force
exerted by the streaming gas flow, the droplet
entrainment starts. This inception criterion is
shown in Fig. 1 in terms of the liquid film Rey-
nolds number given by Re* = pfjfD/uf.

The theoretical limit for the amount of en-
trainment can be readily obtained from the above
onset of entrainment criterion. Thus, by assuming
that all the excess liquid beyond the critical

Figure 1 Theoretical Limit of Entrainment
from Onset of Entrainment Criterion.

liauid flow will be entrained, one obtains from
the onset of entra:nnient criterion [7],

1 - E*

where Et- is the theoretical limit of fraction en-
trained and jff is the liain'd film volumetric flux.
Here the viscosity number N,, is given by N. = i>f/
(Of a Vo/gao) /2- F o r a relatively invisid* fluid
the following assumDtion can be made N.J-8 = Uu
Njj0-2 = 3 Ny. By substituting this into Eq. (2)
one aets

(3)

This exDression shows that the E*h depends on
the liquid Reynolds numbar and dimensicnless pas
flux given by ji •>. jg/fagdP/o2,)!/^. wnen this the-
oretical limit, Eth, was compared to exDe-imental
data, it was found that E ^ » E, as expected. How-
ever, basic trends such as the deoendencies on the
gas flux and liquid Reynolds number are correctly
predicted. This indicates that the same forces con-
sidered for the onset of entrainment also control
the process of entrapment itself. From these ob-
servations one may expect that the entrained frac-
tion E can be correlated by the dimensionless gas
flux and liquid Reynolds number as E = E (j|, Ref).

However, since there are many droplets flowing
along the interface, a modification of the inertia
of the gas core flow is necessary in order to take
into account the droplet inertia. By assuming that
this effect is not strcngly coupled with the en-
trained fraction, a simple modification of the gas
density has been adopted here. Then the dimension-
less gas flux becomes

(4)

The experimental data of Steen and Wall is [9]
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plotted against this parameter at various liquid
Reynolds numbers show that n = 2/3 is satisfactory,
see, for example, Fig. 2. Hence
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Figure 2 Entrainment versus Dimensionless Gas
Flux.

(5)

This form implies that the gas core inertia near
the interface is increased by a factor of (ip/
p )''•* due to the existence of droplets.

3.2 Fully Developed Entrainment

The above anlysis has indicated that entrained
fraction E depends on jS and Ref. Furthermore, from
a simple consideration of droplet deposition it can
be shown that E should also depend on the droplet
concentration, hence on the diameter of a tube.
This point will be discussed in detail later. For
a fully developed flow, therefore, E = E^ (jj, Ref,
D*) where D* is the dimensionless hydraulic aiame-
ter scaled by the Taylor wave-length and given by
0* = 0 VpF77.

The expression for the theoretical limit of
entained fraction, E^h. implies that E should in-
crease with increasing ji and Ref. Since the driv-
ing force is the gas core inertia, it is exoected
that E should be apcrcximately proportional to jjj2
except at very high value of jS. Indeed, the plots '
of E versus jS in Fig. 3 show that E -v jS2-5.

In addition, the data of Cousins et al. [3]
clearly exhibit the entrance effect at locations
near the entrance. When these data are plotted in
terms of E/Jg?'c versus the axial distance, the
value of E/j;'"5 reaches an equilibrium value at
locations far from the entrance. The assymptotic
value of E/jg depends on the liquid Reynolds
number. This dependence of E^ on Ref can be
reasonably well correlated by E» -v jt?-^ Ref0*
as shown in Fig. 4. It is noted that! this weaker
dependence of E,» on Ref than on j* is also pre-
dicted by the expression for Ftn.

How the effect of the tube diameter or the
flow area can be estimated by considering the proc-
ess of droplet deposition. For systems having same
values of jS and Ref the entrained liquid flow rate
Is proportional to EJ). This is because the total
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Figure 3 Entrainment versus nimensionless Gas
Flux for Data of Cousins et al. [3]
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Figure 4 Entrance Effect on Entrainment

liquid flow rate is proportional to jfD£ whereas
.ifD = conr.t. Therefore, the droplet concentration
is proportional to E ^ D . However, the droplet dep-
osition rate can be related to the concentration by

(C)m is)

Therefore, in order to have the same deposition
rate, E<» •>• D*. However, the various experimental



data used in this study indicated that E» ̂  D* 1- 2 5.
Thus, by using this modified value, one obtains

(7)

Finally, there are two limiting conditions
which a correlation for E,, should satisfy. They
are:

E, « 1 for j* <_ j* and Em * 1 for j* * - (8)

where j|c is the dimensionless critical gas flux
for the onset of entrainrnent [12]. The first limit
imposes a condition that the entrained fraction of
liquid should be practically zero at gas fluxes be-
low the critical value. The second condition im-
plies that the maximum possible value of E^ is 1.
The expression given by the following equation

Em = tanh (7.25 * 10~7 D* 1" 2 5 Ref
0-25) (9)

can fit to a large number of data taken under var-
ious different conditions and also satisfies the
limit imposed above. The comparison of the data
of Cousins et al. [3], Cousins and Hewitt [13],
and Steen and Wallis [9] to the above correlation
is shown in Fig. 5.
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Figure 5 Comparison of Equilibrium Entrainment
Correlation to Data.

It is interesting to note that the correlating
parameter given by

Re 0.25 (10)

can be expressed in a different form. By substi-
tuting the definitions for j*, D*. and Rê ., n be-
comes

<">

Hence an effective Weber number for entrainment is
defined by

We =

Then

n = We1.25 0.25

(12)

(13)

The important point here is that if the Weber num-
ber is used, the significant length scale is D.
Then the Taylor wavelength, Va/gip, which is the
standard length scale for most of interfacial Dhe-
nomena, does not appear in the correlation. It is
wellknown that even when the Taylor instability
does not apply directly, this scale is important
for many practical interfacial problems related to
the droplet sizes and onset of entrainment as can
be seen from Eq. (2). In view of this, the above
result is quite interesting.

The entrainment fraction correlation given by
Eq. (9) is for the quasi-equilibrium condition.
Therefore, it applies to a region far away from
the entrance. In the following section, the ef-
fect of the development of the flow and the length
of the entrance region are studied.

3.3 Effect of Entrance Region on Entrainment

A number of data indicate that there is an
entrance effect on the droplet entrainment as
shown in Figs. 3 and 4. For a system with smooth
injection of liquid, entrainment is very small near
the inlet due to the insufficient interaction be-
tween the gas core flow and the liquid film. How-
ever, the amount of entrained liquid continuously
increases with the axial distance. This entrance
effect was studied experimentally by Gill and
Hewitt [10] and Cousins et al. [3]. The amount of
entrainment was found to be very sensitive to the
Inlet conditions. In some cases, the effect of
liquid injection methods can persist to a great
distance from the inlet. In the Dresent study,
only the case with relatively smooth injection of
liquid as a film is considered.

In studying the entrance effect, the gas ex-
pansion effect due to the axial pressure drop
should be carefully distinguished from the entrance
effect itself. If these two effects are not sepa-
rated, the entrainment in a low pressure system
seems never to reach a quasi-equilibrium condition
and the entrained fraction continuously increases
toward downstream due to the gas expansion. There-
fore, it is very important to use a local gas ve-
locity or volumetric flux based on a local pressure
for this analysis. The data of Cousins et al. [3]
clearly show that there is an entrance region and
gas expansion region.



In assessing the effect of the entrance re-
gion, a proper length scale should be considered
to take account of a flow development due to the
interfacial transport of mass and momentum. For
this purpose some estimate of the rate process of
entrainment becomes necessary. Since entrainment
Is caused by shearing-off of wave crests of a liq-
uid film, it is expected that the rate should be
proportional to an interfacial drag force. There-
fore, E -\. pgjg/2 or jSz. This force is also pro-
portional to the wave amplitude. Without going
into a detailed non-linear wave analysis to solve
for the wave amplitude, it is estimated that the
amplitude is proportional to some power to the
liquid flow or Reynolds number, Re^n. Here n
should be close to 1. This Reynolds number de-
pendence of the entrance effect can be clearly
seen in Fig. 4. Thus, it is expected that
E •»• JS 2 Re f

n.
using the above expression for the entrain-

ment rate, the development of droplet entrainment
can be scaled by

Jl
2.5 0.25 DJ.25

(14)
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Figure 6 Effect of Entrance Region on Entrain-
ment, and Comparison of Correlation to Data.

Therefore, a length scale
mately by

can be given approxi-

zRef
1'0"25

(15)

0 < c < 600. Thus, the entrainment reaches a quasi -
equilibrium value for

2 > 600 D (18)

where an additional small dependence on D* has been
neglected. It is shown in Fig. 6 that the value of
n = 0.75 can satisfactorily correlate the entrance
effect on entrainment. Here an alternative choice
of a nondimensional length scale based on the Weber
number is also possible. In that case, from Eq.
(14) one obtains r,' = (Z/D) (Ref/ We) 0- 5. Depend-
ing on the choice of the length scale the final
correlation and dependence on the diameter is
slightly different.

Then, by defining ? as

(16)

the correlation for entrained fraction in an en-
trance region is given by

E = (1 - e" (17)

where £„ is the quasi-equilibrium value of fraction
entrained and given by Eq. (9).

This exponential relaxation function can fit
to data in the entrance region reasonably well as
shown in Fig. 6. Furthermore, the data indicate
that the entrance region is given approximately by

For example, a typical case of Ref = 2000 and j| =
40, implies that the entrance region is about 8o D.
This shows that in many practical cases the effect
of the entrance region may not be negligible, par-
ticularly for a short tube.

4. SUMMARY ANO CONCLUSIONS

A correlation for the amount of entrained liq-
uid in annular two-phase flow has been developed
from a simple model and experimental data. The
fraction of liquid flux flowing as droplets, E, is
correlated in terms cf three dimensioniess groups,
jS, Ref and D*. The entrained fraction reaches a
qoasi-equilibrium value, £„, at points far removed
from the tube entrance where the entrainment and
deposition processes attain an equilibrium condi-
tion. The distance necessary to reach this con-
dition is given approximately by z - 600 D Jj*/ReT-
for cases with smooth liquid injection. * 9

This correlation has been compared to many ex-
perimental data for air-water systems in the ranges
of 1 < p < 4 atm, 0.95 < D < 3.2 cm, 370 < Ref <
6400, and j g < 100 m/sec, and the result has been
shown to be satisfactory. Some experimental data
indicated the strong entrance effect as well as the
gas expansion effect due to the axial pressure drop
in a low pressure system. For the correlation de-
velopment it was essential to use a local gas veloc-
ity or volumetric flux based on a local pressure in



evaluating data. By separating these two effects,
an additional correlation for the entrance effect
on entrainment have been developed.

In the present study, the entrainment model is
obtained by considering the mechanism of shearing-
off of roll wave crests by streaming gas flow. By
starting from the force balance for the onset of
entrainment and considering the effect of deposi-
tion, basic dimensionless parameters have been
identified. For this purpose the theoretical limit
of entrainment Et^, which can be calculated from
the onset of entrainment criterion, has been in-
troduced. After establishing these basic parameters
from a simple model, the above semi-empirical cor-
relation has been developed in colaboration with a
large number of data. In addition to being accu-
rate, this correlation also indicates basic mech-
anisms of entrainment processes and parametric de-
pendencies. These are significant improvements
over existing correlations. The correlations for
the development of entrainment are new. These sup-
ply valuable information which has not been avail-
able previously.

NOMENCLATURE

C Droplet concentration in gas core (g/cm )
C e Equilibrium droplet concentration (g/cm3)

Droplet deposition rate (g/cm's)
Hydraulic diameter (cm)
Dimensionless hydraulic diameter
Entrainment fraction
Theoretical upper limit of E
Equilibrium value of fraction entrained, E
Entrainment rate (g/cm^s)
Volumetric flux of total liquid (cm/s)
Volumetric flux of liquid film (cm/s)
Volumetric flux of droplets (cm/s)
Volumetric flux of gas (cm/s)
Dimensionless gas flux
Viscosity number
Total liquid Reynolds number
Entrainment Weber number
Axial distance from inlet (cm)

D
D*

k
Ref
HeT

z
Greek Symbols

Ap Density difference (g/cm )
n Equilibrium entrainment parameter
v~ Viscosity of liquid (q/cms)
p- Liquid density (g/cm3)
p Gas density (g/cm ) „
a9 Surface tension (g/s )
C Dimensionless distance
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