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What is entrainment in vertical two-phase churn flow?
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Abstract

Churn flow, the least understood of the flow patterns in vertical upflow in pipes, has been receiving

attention recently. One particular aspect addressed is the fraction of liquid entrained in the gas phase. This

paper reports on how data on the phase split at T-junctions has been used to determine this fraction at
liquid flow rates much higher than hitherto. The results and other available data are examined to question

whether the entrained liquid is being carried as drops or travelling in huge waves which have been identified

as being present at the flow rates corresponding to churn flow.
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1. Introduction

When considering the flow of a gas/liquid mixture in pipes most researchers group the wide
variety of ways in which the phases can distribute themselves about the pipe cross-section by
describing the features through a limited number of flow patterns. These encapsulate the main
features of the flow. Though many names and descriptions have been identified, there is now a
consensus to stick to a well defined set of names, e.g., for upflow in a vertical pipe these are taken
as bubbly, slug, churn and annular. There is a reasonable amount of information for bubble, slug
and annular flow, though models for these are not yet universally applicable. Churn flow is much
less understood.

There is a modicum of consensus on the mechanisms causing transitions between flow patterns
to occur. Initially the bubble/slug transition was considered to occur by coalescence of bubbles.
*
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The frequency of collision was determined to depend on void fraction, increasing rapidly beyond
values of 0.25–0.3. This, together with the buoyancy driven bubble rise velocity, can be used to
determine a flow pattern boundary criterion. However, this concept does not explain why the
coalescence occurs at regular intervals to produce the approximately evenly spaced, large Taylor
bubbles that characterise slug flow. More recent ideas have focussed on the waves of bubble
concentration that are found in bubbly flow. The high concentration points will give local
occurrences of coalescence. Interestingly, the velocity of these void fraction waves have been
found to have the same relationship with mixture velocity as do the Taylor bubbles in slug flow,
(Cheng et al., 1998). As yet there is no mathematical description for this approach. It is noted that
slug flow has not been observed in larger diameter pipes. The maximum diameter at which Taylor
bubbles have been seen is less than 0.1 m. Kyt€oomaa and Brennen (1991) who experimented on a
0.102 m diameter pipe found that the transition was from bubble to churn-turbulent rather than
slug flow. Lammers and Biesheuvel (1996) reported that bubble to slug did occur in a 0.08 m
diameter pipe.

For the slug/churn transition one proposal is that growth of waves on the liquid film sur-
rounding Taylor bubbles can lead to local flooding. Jayanti and Hewitt (1992) and Watson and
Hewitt (1999) developed a model based on these ideas that gives good predictions of experimental
data including the effect of system pressure. In contrast, Mishima and Ishii (1984) and Brauner
and Barnea (1986) have presented a model based on excessive bubble entrainment into the liquid
slug and its subsequent break down.

The churn/annular transition has been related to the flow reversal phenomena for smaller
diameter pipes. In larger diameter pipes the transition is considered to depend on the drops being
carried up. This normally depends on drop size. The model of Taitel et al. (1980) specifies this
drop size as the maximum size that can survive without undergoing aerodynamic breakup. The
resulting transition criterion is a dimensionless superficial gas velocity, the Kutateladze number.
The transition is considered independent of liquid flow rate. For higher liquid flow rates, Barnea
(1986) proposed an alternative mechanism. This considered that when films were thick enough
they might have a void fraction similar to that of the bubbly liquid slugs. The film might become
unstable and transform into the bubbly flow. She developed equations to describe this transition.
It shows the correct trends but there is very little data in this region.
2. Churn flow

Part of the confusion about churn flow has been attributed by Barbosa et al. (2001a) to the fact
that the word churn has been employed for a number of flow types, i.e., Zuber and Findlay (1965)
used it as churn-turbulent to describe what they considered to be type of bubbly flow; Taitel et al.
(1980) considered churn flow to be a developing slug flow and Hewitt and Hall-Taylor (1970) used
it to define the region intermediate between slug and annular flows. Here, available literature is
examined to understand the nature of churn flow and the flow rates over which it occurs.

The ranges of flow rates that cover churn flow have been studied recently by a number of
groups (Sekoguchi and Mori, 1997; Furukawa and Fukano, 2001; Sawai and Kaji, 2001) utilising
modern instrumentation that reveals the structure of the flow. One method uses conductance
probes regularly spaced along the test section to obtain cross-section averaged void fractions.



B.J. Azzopardi, E. Wren / International Journal of Multiphase Flow 30 (2004) 89–103 91
Examination of the space/time information shows much detail. In addition, Sekoguchi and Mori
(1997) also used an array of 67-needle probes facing upstream mounted across a diameter. These
were mounted in electrical circuits and could determine whether the needle tip was in air or water.
In all cases the second electrode is the pipe wall or the metal strap supporting the needles. As the
needles were sampled simultaneously, the liquid profile across a diameter was obtained. In the
region beyond bubbly flow they reported three major enduring structures: slugs, huge waves and
disturbance waves. Slugs filled the pipe cross-section and travelled at velocities well predicted by
the equation of Nicklin and Davidson (1962). Huge waves were distinguished in having an almost
linear relationship between velocity and width. They had velocities larger than disturbance waves
but lower than those of slugs. Disturbance waves, which occurred at higher gas and lower liquid
velocities, had a much lower dependence of velocity on wave width. The width velocity rela-
tionship can be described by a power law with an exponent of about 0.25. At low liquid flow rates,
the frequency of disturbance waves was found by many workers to increase with increasing liquid
flow rate (Azzopardi, 1997). The data of Sekoguchi and Mori (1997) follows this trend up to
liquid superficial velocities �0.25 m/s. Thereafter, the frequency decreases with increasing liquid
flow rate. No other study has worked at such high flow rates. Disturbance wave velocities increase
with both gas and liquid flow rates with power law exponents of 0.25 and 0.4 respectively.

Sekoguchi and Mori (1997) reported that more than one of the above structures could be
present at a particular combination of flow rates with specific structures being more dominant
depending on the flow rates studied. They defined transitions at which the frequencies of
occurrence of slugs and huge waves and of huge waves and disturbance waves were equal. Fig. 1
shows the position of these boundaries on a flow pattern map together with the transition lines
from the map of Hewitt and Roberts (1969) and those based on models of transition from Taitel
et al. (1980) (bubble/slug), Brauner and Barnea (1986) (slug/churn, Sl Ch) and Kaya et al. (2000)
(intermittent/annular). It can be seen that the huge wave/disturbance wave boundary is similar to
the intermittent/annular boundary (as well as the alternating phases/gas continuous boundary of
Duns and Ros (1963) which are not shown here) at very low liquid flow rates. At higher flow rates
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it moves to higher gas flow rates as the liquid flow rate increases as do the curves of Kaya et al.
and that of Duns and Ros.

Recent observations of churn flow have begun to give a clearer, less vague description than
previously. From their work with photochromic dyes, Hewitt et al. (1985) reported that the waves
transport liquid upwards whilst the base film between them flows downwards under gravity. Total
pressure drop and void fraction have been measured in this region. For the latter, Barbosa et al.
(2001a) report work with quick closing valves whilst Sawai and Kaji (2001) used their conduc-
tance probes to obtain averaged void fractions. When they used the void fractions to determine
the gravitational pressure drop and by difference the frictional pressure drop they found that this
quantity was negative for lower gas superficial velocities. Sawai and Kaji show that the transition
between positive and negative values of frictional pressure drop moved to lower gas velocities as
the liquid flow rate was increased. Their data for a liquid superficial velocity of 0.2 m/s showed
only positive values of frictional pressure drop.

Barbosa et al. (2001b) have developed a model of the waves in churn flow. They assumed that
the waves were of sinusoidal shape, preferring this to the semicircular shape suggested by
McQuillan et al. (1985) and the asymmetric shape used for flooding by Shearer and Davidson
(1965), noting that it was a reasonable approximation to the shapes found in the work of Hewitt
et al. (1985). They discuss the creation of waves at the porous wall inlet for the liquid. Thereafter,
the waves are taken to travel upward with a downwards-falling film in between. The thickness of
the falling film was calculated using the classical equation of Nusselt (1915). A force balance was
then constructed over the wave involving forces due to gravity, pressure on the gas core, pressure
on the liquid, wall shear and interfacial shear. The pressure variation in the core is determined
from a Bernoulli analysis on the gas phase and an assumption of flow separation downstream of
the crest––this implies constant pressure of the downstream part of the wave. The sum of forces
was used to determine the acceleration of the waves using Newton�s second law of motion. This
results in predictions of wave velocities. However, these tend to have much higher values than
those measured. Sawai and Kaji (2001) considered that the frictional pressure drop in churn flow
to be dominated by the waves. This requires wave velocities, which they indicated could be
determined from a void fraction wave analysis.
3. Entrained fraction

One facet of churn flow that has received attention recently is the amount of liquid carried in
the centre of the channel. Published material assumes that this liquid is carried as drops. Data for
the fraction of liquid so carried, usually termed the entrained fraction, has been reported by Wallis
(1962), Verbeek et al. (1992), Fore and Dukler (1995), Azzopardi and Zaidi (2000) and Barbosa
et al. (2002). The information shows that, unlike in the annular flow region where entrained
fraction increases with gas flow rate, in churn flow entrained fraction decreases with increasing gas
superficial velocity. Fig. 2 shows data from three different pipe diameters. Those from the small
diameter pipe, Azzopardi and Zaidi (2000), are for a superficial liquid velocity of 0.08 m/s. The
data in the other two diameters, Verbeek et al. (1992), are from liquid superficial velocities of
0.013 and 0.01 m/s respectively. Also shown, as open symbols, are the values of minimum en-
trained fraction calculated from the equation developed by Barbosa et al. and given as Eq. (1)
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Fig. 2. Effect of gas superficial velocity on entrained fraction showing different trend in churn flow region. Open

symbols are minimum entrained fraction values calculated using equation of Barbosa et al. (2002).
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This minimum is taken to occur at the transition to annular flow, i.e., at a dimensionless gas

velocity of u�G ¼ _mmGffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qGðqL�qGÞgDt

p ¼ 1. Here _mmG and _mmL are the mass fluxes of gas and liquid, qG, qL are

the densities of the gas and liquid, g is the gravitational acceleration and Dt is the pipe diameter.

It is instructive to consider the methods employed to determine entrained fraction. Wallis (1962)
used a concentric pipe arrangement to separate the core and wall flows. Barbosa et al. (2002) used a
sampling probe of 0.00625 m in a 0.032 m diameter pipe. Measurements were taken at the centre
line and 0.2 pipe diameters on either side. Other researchers determined entrained fraction from
measurements of film flow rates obtained with a slot or porous wall device. In both cases the basis
of the method is to suck off all of the film with the minimum amount of gas. To ensure that this is
achieved, the test is repeated with increasing take off whilst the flow rates of gas and liquid taken off
are measured at each stage. A plot of the flow rate of liquid taken off against that of the gas shows a
plateau, which can be taken as the film flow rate. However, Azzopardi and Zaidi (2000) have re-
ported an anomalous behaviour in the churn flow region. Here there is a tendency for liquid take
off to increase with gas take off between the liquid only region and the plateau. Two values of film
flow rate might be deduced. One corresponds to the plateau, the other to the first take off of gas. It
is the latter that has been used to produce the churn flow data in Fig. 2.
4. Use of T-junction data

In annular flow, the maldistribution of the phases that occurs at a T-junction with a vertical
main pipe and a horizontal side arm has been attributed to the different momentum fluxes of the
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film, the gas and the drops. It is argued that the fluids with the lower momentum fluxes will be
most easily diverted into the side arm. For typical low pressure conditions the momentum fluxes
of the gas and liquid are similar and much lower than that of the drops. Therefore, gas and film
will be diverted. From information on the behaviour of single phase flow at junctions, it is ex-
pected that fluid from the segment of main pipe nearest the side arm will be taken off with the
chord defining the segment moving further from the side arm with increasing take off. If applied to
annular flow, this observation results in the following equation to describe the phase maldistri-
bution.
Table
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Here, _MMG and _MML are the mass flow rates of the gas and liquid, respectively, and the subscripts 1
and 3 refer to the main pipe and side arm, respectively. Ef is the entrained fraction and K is a
factor to allow for the effect of side arm to main pipe diameters. Azzopardi (1984) showed that for
equal diameter junctions this is equal to 1.2. The deviation from 1.0 is probably due to the
dividing boundaries between fluid being taken off or not being curved concavely, rather than
being chords, as observed by Charron and Whalley (1995). Eq. (2) has been shown to give good
predictions of phase split when no other mechanisms were occurring.

In churn flow the same equation might apply if there is entrainment and a wall film. Indeed, if
the phase split were known, the equation could be utilised to back out the entrained fraction.
Azzopardi (1999) identifies sources of phase split data at junctions with vertical main pipes. Those
which give data from the churn flow region at low take off are summarised in Table 1. Data from
these sources have been used to back out the entrained fraction using Eq. (2). Fig. 3 shows an
example of the goodness of fit. The conditions at which the experiments of Zetzmann (1984) were
carried out are shown on Fig. 4. The flow patterns reported were slug, churn and annular. This
agrees with the flow patterns predicted using the transition criteria of Taitel et al. (1980) for
bubble/slug, that of Brauner and Barnea (1986) for dispersed bubble/slug/churn and that of Kaya
et al. (2000) for the transition to annular flow. It is surprising that there is slug flow reported in the
0.1 m diameter pipe. Other sources have indicated that slug flow does not occur in such large
diameters (Kyt€oomaa and Brennen, 1991; Cheng et al., 1998).

The entrained fractions determined from the above approach are shown in Figs. 5–10. Fig. 5
shows data determined from the experiments of Zetzmann (1984) for a constant liquid superficial
velocity. This shows only a very small effect of gas velocity for values above 3.5 m/s and no var-
iation of pipe diameter over the fourfold range in diameter. Data from the 0.024 m diameter pipes
1

ls of sources of phase split data for vertical flow patterns other than annular
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opardi et al.
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shows a small but systematic effect of liquid flow rate (Fig. 6). This is seen more clearly in the in the
expanded plot (Fig. 7). A similar trend is seen in the data from the 0.05 m diameter pipe (Fig. 8).

Figs. 9 and 10 show equivalent data from the experiments reported by Hewitt et al. (1990) and
Azzopardi et al. (submitted for publication). The same trends as noted above for the data of
Zetzmann (1984) are present. However, there is more scatter and data are available at fewer gas
velocities. Part of the scatter might be attributed to the hysteresis reported by Azzopardi et al.
(submitted for publication); slightly different take off values were recorded according to whether
the fractional take off was being increased or decreased.
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Consideration has been given to the uncertainty in the estimation of entrained fraction from the
above data. Azzopardi et al. (submitted for publication) report the greatest uncertainties arose
from mass balances across the three legs of the junction. They found that most data has mass
balance differences of within 3% for the liquid and 6% for the gas. Because of the shape of the
curve being fitted and illustrated in Fig. 3, the uncertainty in the liquid measurement corresponds
to a maximum uncertainty in entrained fraction of 5%. The shape of the curve in Fig. 3 indicated
that the uncertainty effect of gas phase measurements is smaller. This level of uncertainty is equal
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to or less than those for measurements of entrained fraction using other techniques as discussed
by Azzopardi and Zaidi (2000).
5. Discussion

The entrained fraction data shown in Figs. 5–10 show no effect of pipe diameter, little trend
with superficial gas velocity for velocities greater than 5 m/s, and a small but significant trend with
liquid superficial velocity. A simple dimensional equation has been developed to describe the data.
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Ef ¼ 0:47u0:16gs u0:35ls for ugs < 5 m=s

Ef ¼ 0:6u0:35ls for ugs > 5 m=s
ð3Þ
The accuracy of the predictions using this equation for the low gas, high liquid inlet conditions of
churn flow is shown in Fig. 11. Due to the lack of experimental data collected for these relevant
situations, the predicted entrained fraction is shown against the entrained fraction deduced from
the known phase split data at a vertical T-junction using Eq. (2). This has a mean error of 3% and
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a standard deviation of 11.7%. It is noted that all data considered were obtained with air/water
mixtures at pressures of 1–3 bar.

The entrained fractions obtained here have been compared with those predicted by the annular
flow model of Hewitt and Govan (1990). As seen in Figs. 5 and 6, the predictions show the trend
that is expected for annular flow, entrained fraction increasing as the gas velocity increases. This is
different to the present data which appears almost constant for gas superficial velocities >5 m/s.
The minimum values of entrained fraction at the churn/annular boundary from equation of
Barbosa et al. (2002) are shown in Fig. 6 (open symbols). These underpredict. It is noted that the
databases used to derive the equations for the rates of entrainment and deposition used in the
model of Hewitt and Govan (1990) and the equation of Barbosa et al. (2002) have hardly any
points with the high liquid superficial velocities of the present data.

The basis of the division of phases at T-junctions is the difference in momentum flux of the
different parts of the liquid. In annular flow, these are the film and the drops. However, can the
same be said to be correct for churn flow? It has been noted that churn flow has been described as
waves moving upwards with a falling film in between. The area of churn flow overlaps that for
huge waves as defined by Sekoguchi and Mori (1997). If the momentum flux of the huge waves is
compared to that of the gas, it can be seen that the ratio is very large (Fig. 12). In contrast, the
momentum flux of the film will be around zero. Therefore, it is possible that the film is taken off
and the waves carry straight on, i.e., the entrained fraction is the fraction of liquid travelling in the
huge waves as well as a part travelling as drops. The predictions of Eq. (3) have also been
compared with entrained fraction data obtained by Barbosa et al. (2002) around the churn/
annular flow pattern transition. They obtained entrained fraction data from measurements of
drop fluxes across the pipe diameter. They show the entrained fraction to be fairly independent of
gas velocity over the range of dimensionless gas velocities of 0.9–1.5. The entrained fraction in-
creases at lower gas velocities. The data at the lowest gas velocity lies around the predictions of
Eq. (3), though there is considerable scatter. The minimum values at dimensionless gas velocities
around 1.0 are lower than those given by Eq. (3).

Examination of the composite flow pattern map, Fig. 1, shows that the huge wave region
extends over both the churn flow and wispy annular flow regions. It is sensible to ask if wisps are
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the same as huge waves. Bennett et al. (1965) were the first to report on wispy annular flow. They
identify it as having ‘‘a continuous relatively slow moving liquid film on the tube walls and a more
rapidly moving entrained phase in the gas core’’. The latter they describe as, ‘‘This phase appeared
to flow in large agglomerates somewhat resembling ectoplasm’’. Flash photography only revealed
bubbles near the transparent pipe wall. X-ray photographs showed what appeared to be a filament
of material in the core, a filament of apparently gas rich froth in the process of breaking down.
Sekoguchi and Mori (1997) used their instrumentation at conditions well into the wispy annular
region on the flow pattern map of Hewitt and Roberts (1969). They present data from their 67-
needle probe array which show large aerated structures, presumably huge waves, but no large
liquid agglomerates in the core. Prasser et al. (2001) used a mesh electrode technique. This has two
grids of 16 electrodes each stretched at 3 mm intervals along chords. The second grid is 1.5 mm
downstream of the first with its wires perpendicular to those of the first grid. They report one case
in the wispy annular region of the Hewitt/Roberts map. The wispy structure they present is very
similar to the huge waves reported by Sekoguchi and Mori (1997). It can be seen that the fre-
quencies of huge waves and wisps have similar values for the same flow rates (Fig. 13). Here the
huge wave data were taken on a 0.026 m diameter pipe (Sekoguchi and Mori, 1997). The wisp
frequencies are from Hawkes et al. (2000) (0.032 m) and Prasser et al. (2001) (0.05 m). Hawkes
et al. determined the frequency using infrared sources and detectors mounted across a pipe
diameter. In the base experiment they obtained a power spectrum with two peaks with frequencies
of about 5 and 15 Hz. When the experiment was repeated with part of the liquid sucked off
through a porous wall section, the spectrum was seen to one contain the 5 Hz peak. Fig. 13 shows
the range of frequencies reported by Hawkes. The higher frequency corresponds to that expected
for disturbance waves. The lower frequency peak was identified as being from wisps. This
agreement of frequencies for the two phenomena could, of course, be a coincidence. However, it
could also be evidence of the sameness of huge waves and wisps.
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The results of the experiments where the film is sucked off through a porous wall section re-
ported by Azzopardi and Zaidi (2000) can be interpreted as giving a measure of the momentum of
different parts of the liquid. For annular flow, there is initially just liquid taken off. This is fol-
lowed by a plateau with no increase in the liquid taken off. Further take off of liquid only occurs
when a very significant portion of the gas is taken off. This can be interpreted as firstly film being
taken off and then drops. For churn flow there is an extra region. Like in annular flow, there is an
initial region where there is just liquid is taken off. This is followed by a region of increasing liquid
take off with augmenting gas take off, and then a plateau. This probably indicates a base film that
is easily taken off followed by suck off of fast moving waves, which are difficult to extract. The
measurements of Sekoguchi and Mori (1997) show that the predominant waves in this region,
huge waves, have velocities that come close to those of the gas.

The three-part take off from churn flow is also seen in data reported by Assad et al. (1998) for
inlet conditions which lie in the wispy annular flow region when plotted on the flow pattern map
of Hewitt and Roberts (1969). Analysis of the information from Assad et al. suggests that 7% of
the liquid is in the base film, 71% in the huge waves and 22% in drop form.
6. Conclusions

From the above it can be concluded that:

• Vertical churn flow can be described as huge waves moving upwards with a falling film in
between and a small amount of liquid droplets carried in the centre of the channel. The area
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of occurrence of huge waves covers the conventional churn flow and wispy annular flow pat-
terns.

• The entrained fraction as estimated from data on phase split at T-junctions in churn flow shows
little effect of pipe diameter or inlet gas superficial velocity. There is a stronger effect of liquid
flow rate, particularly at low flow rates. Entrained fraction is seen to increase with increasing
liquid velocity. For the split of churn flow at a T-junction it was found that the (lower momen-
tum) base film was easily extracted but the huge waves were found to have a similar momentum
to the gas core and thus not diverted into the branch arm. A simple description of entrained
fraction for churn flow has been developed. This uses separate equations for high and low
gas velocities. It has an average error of 3% with a standard deviation of 11.7%.

• It appears that much of the entrained liquid in churn flow is carried in huge waves. It is not
clear what wisps are. Might it be possible that they are highly aerated huge waves?

• The frequency of the huge waves were found to be very similar to the frequency of wisps found
in wispy annular flow.
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