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Abstract—Experimental studies are reported on the flooding phenomenon and on the closely associated
churn flow regime. Flooding experiments were carried out with air—water flow in a 32 mm dia vertical
pipe with various forms of liquid outlet, namely a porous wall, a tapered outlet and a square-edged outlet.
For the first time, downflow (penetration) measurements were made with the porous wall outlet and
showed significant differences between penetration rates beyond flooding and the flooding rate. This
contrasts with other types of injectors, where the mechanisms of flooding are somewhat different.
Measurement of pressure drop and holdup in the churn flow regime were made both with and without
a co-existing falling film below the liquid injector. These showed that the falling-film and churn flow
regions were essentially decoupled. Analysis of the data for churn flow showed that the minimum pressure
gradient does not, for this data, correspond to the condition of zero wall shear stress as had been suggested
by some earlier analytical studies. Interfacial shear stresses in churn flow were compared with those used
in current reactor safety codes (TRAC and RELAP) and it was found that, for the churn flow region,
the relationships used in the RELAP code were more appropriate.
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1. INTRODUCTION

An important class of counter-current two-phase flow is that of falling-film flow, in which a gas
flows upwards, counter-current to a liquid film on the channel walls, falling under gravity. Such
flows occur in many practical situations such as falling-film evaporators and emergency-cooling of
a nuclear reactor. There is considerable interest in the phenomenon of “flooding”, which represents
a limit to the pure counter-current flow region. Here, we shall define flooding as the condition at
which liquid begins to be carried upwards above the liquid injector, this condition being
approached by increasing cither or both of the phase flowrates. Beyond the flooding point, part
of the liquid flows upwards above the injector and part may flow downwards. The downflow region
is one of counter-current flow whereas, above the injector, a highly disturbed region of co-current
flow occurs which we shall refer to as “churn flow”. Though the net upwards flow of the liquid
in the churn flow regime is zero or positive, the flow can vary transiently in direction as shown
by Hewitt et al. (1985).

There have been a very large number of published studies of flooding, but in spite of this, there
is still confusion over the mechanisms involved and many of the data and correlations are in poor
agreement. This diversity in the data can be illustrated by comparing it with one of the most widely
used correlations for the onset of flooding, namely that of Wallis (1961). This correlation is as
follows:

UL+ U =C, (1l
where C is a constant whose value Wallis suggested should be around unity. U% and U are defined
as
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Figure 1. Flooding date [from McQuillan (1985))].

where d is the hydraulic diameter of the channel, Uz and U, are the gas and liquid superficial
velocities, pg and p, are the gas and liquid densities and g is the acceleration due to gravity. Figure 1
[taken from McQuillan (1985)] shows a large range of flooding data, plotted in terms of U¥'? and
U, which illustrates the large scatter which exists.

There are two main reasons for the lack of agreement. Firstly, the onset of flooding appears to
be very sensitive to the test-section geometry, particularly the inlet and outlet configurations.
Secondly, there has been some inconsistency in the past in the definition of the onset of flooding
and of the related phenomena of “deflooding” (i.e. the point at which the pure counter-current
flow region is reinstated on reduction of flow after flooding) and liquid downflow (or ““penetration’)
rate in the region beyond flooding. Reviews of the literature are given by Bankoff & Lee (1986)
and Hewitt (1989). The available data suggests that the geometry of the liquid outlet has a very
large influence on the onset of flooding. Of the wide range of possible geometries illustrated in
Bankoff & Lee’s (1986) review, the three principal types used by experimenters are as shown in
figure 2: (a) a porous wall outlet; (b) and (c) tapered (or bell-mouth) outlets; (d) and (e)
square-edged outlets. Several published studies (e.g. Feind 1960; Hewitt 1977) have suggested that
the flooding curve (U vs Uy ) for (a) lies above that for (b) and (c), which in turn lie above that
for (d) and (e). Furthermore, the studies of Hewitt ez al. (1965) and McQuillan (1985) using outlet
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Figure 2. Principal types of liquid outlet geometry used in flooding studies.
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type (a), have shown a strong influence of the length of the falling-film region on the flooding curve

while others, such as Zabaras & Dukler (1988), using outlet type (b) show no effect of length.
The work described in this paper aims to throw further light on flooding and the associated

phenomena of deflooding, churn flow and penetration. The main objectives were as follows:

(A) To carry out a series of flooding measurements in the same apparatus to give
direct comparison between the data for porous wall, square-edged and bell-
mouth outlets, making detailed visual observations in each case to elucidate the
governing phenomena.

(B) To measure the downflow rate beyond flooding. Zabaras & Dukler (1988) found
that the flooding and downflow rates were equal. For smooth, porous wall
outlets, this is not the case. To the authors’ knowledge, measurements of liquid
downflow rates beyond flooding have not been made previously with smooth
outlet conditions and the new measurements, reported here, allow the overall
picture to be clarified.

(C) To make specific measurements of pressure gradient and liquid holdup in churn
flow, the churn flow investigated being set up in two ways

(i) By increasing flows beyond flooding in a flooding experiment and making
measurements above the liquid entry point. In this case, there exists a
counter-current flow region below the injector.

(ii) By introducing both phases at the bottom of the tube and setting conditions
such that churn flow exists over the whole tube. In this case there is no
co-existing churn flow region.

By comparing (i) and (ii) it was possible to establish that, beyond flooding, the falling-film and
churn flow regions were essentially decoupled. Furthermore, the new data on churn flow (for which
there is actually a dearth of previous data) could be analysed to throw new light on the pressure
drop minimum phenomenon.

2. EXPERIMENTS ON FLOODING

2.1. Apparatus and Test Sections

The experiments were carried out on a low-pressure air—water facility at Harwell which supplied
filtered, metered air to the test section. Air flow measurement was by means of a standard orifice
plate and water flow measurements by means of calibrated rotameters. The air pressure at the test
section outlet was maintained at 1.33 bar for all the experiments and the fluid temperatures were
close to ambient (namely 20°C). The air passing from the apparatus was separated from any liquid
passing out with it in a cyclone separator and was discharged to the atmosphere. The water was
returned to a sump tank. The following two types of test section were employed.

2.1.1. Porous wall outlet

The test section (figure 3) is comprised of flanged lengths of 31.8 mm i.d. acrylic resin or drawn
copper tubing. The liquid phase enters via the upper porous wall section (“inlet sinter”’) and, before
flooding, leaves via the lower porous wall section (“‘outlet sinter””). Beyond flooding some of the
liquid phase flows above the injection point into the upper region of the tube. Experiments on this
latter region are described in section 3 (on churn flow) below. One of these experiments was to
determine the liquid holdup, hence the simultaneously-closing valves in the upper section. The
sections below the lower of the two simultaneously-closing valves are of acrylic resin, while the
upper sections are of copper. The air enters the test section through a short section of dia 10 mm
(to prevent water drainage) which is followed by a 1 m calming length preceeding the liquid outlet
sinter. Water is fed to the upper of the two sintered bronze porous wall sections which is 50 mm
long. The falling film is removed, together with a small quantity of air, at the lower sinter section
(75 mm long) which is positioned at 1.0 or 0.3 m below the inlet sinter. The two-phase flow removed
at the sinter is separated in a cyclone; the air flowrate is measured using a gas meter while the water
flowrate is measured by timing the rise in the water level in the cyclone. The valve V1 was used
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Figure 3. Experimental arrangements with a porous wall outlet.

to minimize the air removal; in the present experiments the air removal varied from 0 (at high
gas/low liquid flowrates) to 20% of the air input (at high liquid rates). Typically, the air removed
was around 5% of the air input and this was subtracted from the measured air input before carrying
out any further analysis. In some of the later experiments a second outlet sinter section (75 mm
long) was placed immediately below the first to improve the film removal at high liquid inputs.
In all the experiments the pressure at point P was maintained at 1.33 bar using valve V2.

2.1.2. Square-edged and tapered liquid outlets

The apparatus is shown in figure 4; the upper part of the test section is identical to that for the
porous wall liquid outlet but the lower sinter section and the air calming length are replaced by
a transparent cylindrical vessel which the air enters through a 25 mm pipe. The square-edged outlet
is formed by the top plate of this vessel, while the tapered outlet consists of a polycarbonate insert
positioned between the pipe flange and the top plate. The geometry of the tapered outlet has the
same proportions as that used by Zabaras & Dukler (1988) but the tube diameter was 50 mm in
their experiments.
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Figure 4. Experimental arrangement with a tapered outlet.

2.2. Observations and Data

2.2.1. Porous wall outlet

The experimental procedure was to set the water flowrate at a constant value in the range
3-63 g/s, with the air flow initially at a low value so that a falling film is created. The air flow was
then gradually increased, maintaining a constant test-section pressure and water flowrate, until
flooding was observed. At water flowrates above about 12 g/s flooding occurred suddenly due to
the formation of a single wave near the outlet sinter, which travelled rapidly upwards beyond the
liquid injection point. At the lowest water flowrates, on the other hand, the transition was more
gradual. Small intermittent waves were observed travelling upwards on the falling film but initially
these did not travel beyond the liquid injection point. With further increases in the gas velocity,
splashing occurs above the liquid injection, and flooding was recorded as the point at which the
liquid appeared to travel above the transparent section above the inlet sinter. The gas flow is then
increased still further and a series of measurements are made of the liquid downflow rate at various
gas flowrates with the test section pressure still maintained at 1.33 bar. The “deflooding™ point was
measured by gradually reducing the air flow until all the liquid flowed downwards from the
injection point. At the higher liquid flows it was necessary to decrease the air flow very slowly
because it often took several minutes for the liquid flow distribution to settle down.
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The results are shown in figure 5 for falling-film lengths (i.e. distance between inlet and outlet
porous wall sections) of 0.3 and 1.0 m, respectively. For each liquid input flowrate. at least two
measurements were made of the flooding and deflooding transitions. To clarify the trends, curves
have been drawn through the data showing the flooding and deflooding transitions and the
liquid downflow (penetration) rates. The following main points emerge from the results shown in

figure 5:

(1) Reproducible data are obtained for flooding and the flooding velocity decreases
with increasing length. This latter effect is consistent with the data obtained
previously with the same kind of geometry (Hewitt ez al. 1965, McQuillan 1985).
The present results are compared with the previous data in terms of U¥ and U}
[2] and {3] in figure 6. The trends are reasonably consistent; the present results
show a somewhat weaker length effect. These results may refiect small differences
in the way the experiments were performed, reflecting the sensitivity of the basic
phenomenon, as will be discussed in section 2.3 below.
The net results for the residual downflow rate beyond flooding show that the
downflow rate is independent of the length of the falling-film region. Further-
more, beyond flooding, the downflow rate is independent of liquid input rate, any
additional liquid being carried upwards in churn flow above the injection point.
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Figure 5. Flooding, deflooding and downflow with a porous wall outlet.
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Figure 6. Comparison with the flooding data of Hewitt et al. (1965) and McQuillan (1985).

The relationship between the downflow curve and the flooding curve falls into
two distinct regions:

(A) At high liquid flowrates, the downflow curve lies well below the flooding

(B)

curve. Thus, at the flooding point liquid begins to be transported in
co-current churn flow out through the air exit of the test section. Note that,
in this region, flooding corresponds to the formation of a large wave near
the bottom of the test section which is then transported up beyond the liquid
injection point. The formation of such large waves is probably essential to
the formation of co-current churn flow.

At liquid rates below around 12 g/s, the downflow curve lies above the
flooding curve. This result seems curious but can be explained if one recalls
the definition of flooding used here, i.e. as the point at which liquid begins
to be observed above the injector. The fact that liquid is carried above the
injector does not mean necessarily that it then proceeds to leave the test
section; it is likely that the so-called ““hanging-film” phenomenon has been
initiated above the injector in which a film exists with no net flow, downflow
near the wall balancing upflow near the interface. Only when the liquid
flowrate or air flowrate is increased to the downflow limit curve will net
upflow of liquid begin. At this point, the transport of large waves may be
possible and churn flow may occur.

The existence of these two regions is consistent with the qualitative observation
of the nature of flooding reported above.

The results for deflooding lie quite close to the downflow curve [as was found
by Clift et al. (1966)] at high liquid flowrates but fall below it at low liquid
flowrates. The deflooding curve lies below the flooding curve [consistent with the
results of Wallis et al. (1963) and Hewitt & Wallis (1963)].
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Figure. 7. The flooding mechanism in a test section with a tapered outlet.

2.2.2. Square and tapered outlets

For square and tapered outlets, the flooding and downflow curves become identical. Thus, in
these experiments the air and water flowrates were set at values in the ranges 4-11 and 10-75 g/s,
respectively (above the onset of flooding) and the liquid downflow rate was measured by timing
the rise in the water level in the bottom part of the collection vessel.

The sequence of events in the test section with the tapered outlet is initially rather similar to that
for the porous wall outlet, as shown in figure 7. However, as the gas flow is increased above
flooding, there is a second point at which the gas interacts with the falling film to form a standing
wave at the narrowest part of the taper. When this happens the liquid penetration is reduced and
the pipe is filled with a churn-type flow. On reducing the gas flow the flow in the region below the
injector reverts to a smooth falling film but some hysteresis was found, which is clearly shown in
the results presented below.

In the test section with the square-edged outlet the sequence of events is different. In this case
a rather thick standing wave forms at very low gas flowrates, as shown in figure 8. As the gas flow
is increased some liquid is entrained from this wave but most of it redeposits on the falling film.
Because the wave reduces the flow area for the gas, flooding takes place at lower gas flowrates than
for the other test sections and appears always to occur at the bottom of the test section. In this
case flooding occurs because, as the gas flow is increased, the rate at which water can escape from
the bottom of the test section becomes less than the liquid input so the bottom part of the test
section becomes filled with a churn-type flow which eventually reaches beyond the liquid injector.
The flow behaviour in this case is very similar to the behaviour at high gas flows in the test section
with the tapered outlet [figure 7(d)]. It was also observed that the water drains intermittently from
the bottom of the test section, and this is accompanied by pressure fluctuations whose frequency
depends on both the gas and liquid input flowrates. Thus, it was found that in this case the liquid
penetration rate has a weak dependency on liquid input rate.

The penetration rate data for the square-edged and tapered outlets are shown in figure 9 and
compared with the porous wall data. Figure 9 also shows the data of Hewitt (1977) for flooding
in a 1.22 m test section ( x) and a 2.44 test section (@) with square-edged outlets. The data for
the square-edged outlet has considerable scatter, partly because of the dependency on liquid
input flowrate discussed above, but is in good agreement with the flooding results of Hewitt (1977).
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Figure 8. The flooding mechanism in a test section with a square-edged outlet.

The data for the tapered outlet is higher and shows the hysteresis at high gas velocities discussed
above. Thus, as the gas flowrate is increased the liquid downflow rate decreases progressively until
point A is reached. At this condition, as mentioned above, standing waves are formed at the outlet
and downflow is initiated at the outlet and fills the whole tube. The liquid penetration rate decreases
to a value commensurate with that for the square-edged outlet and is only reinstated to its previous
value when the air flowrate is reduced to B.

The measurements using the porous wall outlet are also shown in figure 9 and lie well above
the data for the square-edged and tapered outlets.

2.3. General Discussion

The new data in the paper has shown that there seem to be two extreme cases of flooding, namely
that occurring in channels with smooth (porous wall) liquid outlets and fully developed, parallel
gas inlet flow and, at the other extreme, sharp-edged liquid exit/gas entrance conditions.

For smooth entrance/exit conditions, the onset of flooding varies with tube length and can be
initiated in two ways, namely by formation of a large liquid wave near the liquid outlet or by the
spreading upwards of liquid interfacial disturbances with ultimate spread (but not transport) of
the liquid above the injection. The visualization studies of McQuillan et al. (1985) illustrated the
wave formation process, which is the dominant mechanism at higher liquid flowrates. Interfacial
waves were observed on the surface of the liquid film but, prior to flooding, these moved
downwards, through some of them grew rapidly as the flooding point was approached. At flooding,
one of the waves is arrested, grows rapidly by accretion of other large waves falling into it and
is then transported upwards and is carried beyond the liquid injection point, initiating the flooding
process. There has been much controversy about the role of waves in the onset of flooding.
Observations using continuous film thickness measurement and cross-correlation analysis have
shown that, right up to flooding, the waves are in fact moving downwards. How, then, could
waves moving upwards explain the flooding process? The answer is probably that the flooding
process corresponds to the transport of only one wave and this unique event would not be picked
up by the instrumentation used, for instance, by Zabaras & Dukler (1988). Once flooding has
occurred, the large upward flowing waves can be repeatedly formed at the liquid injector since,
instantaneously, the liquid flowrate is sufficient there as a result of drainage from the preceeding
waves. The mechanisms of wave formation and transport in churn flow are discussed by Hewitt
et al. (1985) and will be returned to below in the discussion of churn flow.
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Figure 9. Effect of liquid outlet geometry on the flooding curve.

In the other extreme, we have the case of the sharp-edged liquid outlet/gas inlet where waves
are formed associated with the gas phase vena contracta occurring at that point. The flooding rate
for such a geometry is (as shown in figure 9) very much lower than that for a smooth liquid exit/gas
inlet condition.

A number of authors (e.g. Zabaras & Dukler 1988) have used tapered liquid outlet conditions
and this case falls between the two extreme cases, as illustrated in figure 9. In this case the downflow
and flooding curves are coincident, which probably means that the wave formation mechanism is
dominated by the liquid outlet configuration. However, the mechanisms seem similar to that for
the smooth outlet, namely a single wave being suddenly formed near the liquid outlet and being
swept upwards by the gas flow. However, the tapered outlet can exhibit the same kind of behaviour
as the sharp-edged outlet at high gas flowrates, presumably due to separation occurring in the gas
phase boundary layer and the formation of a vena contracta.

Undoubtedly, the most fundamental curve arising from the present measurement is that of
downflow for the smooth liquid exit/gas inlet conditions. This is independent of the channel length
and independent of the liquid inlet flow. The flooding curves can vary with channel length and,
comparing the results of the present experiments with earlier ones with a similar geometry, are
obviously quite sensitive to the precise experimental conditions. An analogy here would be the onset
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of turbulence in pipe flow. If great care is exercised, then very high Reynolds numbers can be
achieved before turbulence is initiated. However, very small disturbances are quickly amplified once
the Reynolds number is in the turbulent region. A similar situation might occur with the wave
formation mechanism clearly demonstrated in the case of smooth liquid outlet conditions.

3. CHURN FLOW EXPERIMENTS

As we have seen from section 2, co-current churn flow is initiated above the liquid injector
following flooding, provided the liquid flow rate is >12 g/s. There is very little data on churn
flow, particularly in circumstances where it co-exists with falling-film flow. Here, we report new
data on the holdup and pressure drop for this region.

3.1. Apparatus and Measurement Methods

The apparatus had the same form as shown in figure 3 but used two slightly different
configurations as follows:

Case 1 (with falling film). Here, the measurements were carried out in the post-flooded
state and below the injector there was a falling film which was removed at the lower
sinter. In this case the liquid flowrate in the churn flow regime was determined as
the difference between the inlet flow and the measured downflow rate.

Case 2 (no falling film). In this case the outlet from the lower sinter is closed and the
flow reaches a steady state in which the test section above the 10 mm restriction is
filled with a churn-type flow. To investigate the effect of development length, a few
measurements were also made in which the water was introduced at the lower sinter
and the valve to the upper sinter was closed.

If the gas flow is above that for flow reversal (zero liquid penetration), cases 1 and 2 are identical.
The region immediately above flow reversal is often described as churn-annular flow.

The holdup was measured using two valves which are mechanically linked and can therefore be
closed simultaneously, the water contained in the section between the valves subsequently draining
into a measuring cylinder. The valve bodies are machined from acrylic resin and are designed to
be flush with the pipe inside wall when fully open. The valves were positioned with their centres
0.92m apart and the total volume of the pipe section trapped between them when closed was
measured as 0.725 + 0.005 1. Further details of the design and testing of these valves are given by
George (1975).

The pressure gradient was measured using two pressure tappings 846 mm apart connected across
a differential pressure (DF) cell giving a voltage output. The trappings were kept free of air by
“purging’’ them with water between readings. Due to the oscillatory nature of churn flow the DP
cell output had large fluctuations; to obtain a mean value it was necessary to pass the output
through an amplifier with a long time-constant (several seconds), which partially smoothed the
fluctuations, then to a pen-recorder which enabled an estimate to be made of the mean pressure
drop over times of around 3 min. The maximum uncertainty in the calculated pressure gradient
is estimated to be around 60 N/m?, dropping to around 15 N/m? in the churn-annular regime where
the fluctuations are much smaller.

3.2. Experimental Data

Figures 10 and 11 show the measured pressure gradients and liquid holdup as a function of air
mass flux in the region above the liquid injector after flooding has occurred. The criterion for flow
reversal, U¥ = 1, suggested by Wallis (1961), was found to be in good agreement with the present
measurements and is represented by the vertical line in figures 10 and 11. For the points to the
left of this line some of the input liquid flowed downwards as a falling film; the upflow rate is
indicated by the figures adjacent to each point. For upward mass fluxes »1 of 47.7 and 31.8,
respectively, curves were interpolated as shown representing the pressure gradients and holdup over
the whole region. The error in this interpolation is estimated to be around 50 N/m? in the case of
the pressure gradient (this is comparable to the experimental error) or around 0.005 in the case
of the liquid holdup.
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Figure 10. Measured pressure gradients in churn flow.

These interpolated curves for the pressure gradient and liquid holdup in the “post-flooding” state
are reproduced in figure 12 and compared with similar data taken at the same flowrates when there
was no falling film present. Figure 12 shows data taken with the upper sinter used as the liquid
inlet and with the lower sinter used as the liquid inlet, as described in section 3.1. However, within
the scatter of the data there is negligible difference between the measurements in the ‘‘post-
flooding” state (i.e. with a falling film in the region below the injector) and those in churn flow
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Figure 11. Measured liquid holdup in churn flow.



FLOODING AND CHURN FLOW IN VERTICAL PIPES 39

T T ; T T T 2000 | — T Y T T
x x
1600 ﬂ
x Xy
o 1500} *k ]
1200 3 -l.:; %
g * £ \M
= z
£1000F- -
Z o0 s
N =
v ) L a
Ba With falling film o
"l’ 400 * Nofalling film,upperintet _| 1 500 -
¢ No failing film, lower inlet
0:20) t v.a t } t—t 02 ——t— t +——rt
X
x
0415 |-
J’ 010}
005
(a) h =31-8 kg/mZs (b) h =47:7 kgim?s
0-00 1 1 L 1 —L 1 0 I | 1 1 | 1
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
thg (kg /m2s) fhg (kg /m2s)

Figure 12. Comparison of the pressure gradient and holdup with and without a falling film.

(i.e. with no falling film). This confirms that, for practical purposes, the falling-film and churn flow
regions existing beyond flooding are essentially decoupled.

3.3. Analysis of Churn Flow Data

The pressure gradient and holdup measurements may be used to calculate the mean wall shear
stress, assuming negligible acceleration, from

dp 41

dz  d
where ¢; and ¢g are the liquid and gas holdup, 1, is the wall shear stress and dp/dz is the total
pressure gradient. Typical results are shown in figure 13, where it may be seen that the condition
of zero mean wall shear occurs at lower gas flowrates than the condition of minimum pressure drop.
This is contrary to the calculations of Hewitt & Hall-Taylor (1970), using a laminar film model,
who found that the two conditions were coincident at low liquid flowrates. Their results are shown
in figure 14 in terms of the dimensionless parameters

+epL8 +€cPcEs (4]

dp 1
Ap¥=( L)\~ 5
i ( dz)pLg(l—p*)’ 2
02 (1 — p*
x*_% pLS(n% p*) [6]
and
M
W+ = 7
s’ [7]

where My is the film flowrate, #, is the liquid viscosity and p* = p5/p, . The values obtained from
the experimental data are also shown in figure 14, together with values obtained from the data of
Hewitt ez al. (1965), Willis (1965) and Hall-Taylor (1967). It is clear tht while the points representing
the minimum pressure drop are in reasonable agreement with the laminar film model, the pressure
gradients at the zero wall shear stress condition are significantly underpredicted. The reason for
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the large discrepancy with the equations given above probably lies in the highly disturbed and
turbulent nature of the flow which could hardly be expected to be described by a simple laminar
theory.

From the point of view of nuclear safety calculations, it is interesting to compare the interfacial
friction factor derived from these experiments with that used in reactor safety codes such as TRAC
and RELAP. In these codes, an interfacial shear coefficient C; is defined as follows:

Fg
(ug — uL)2 ’

where F, is the force (per unit volume) exerted on the liquid by the gas, and ug and u; are the
gas and liquid velocities. Assuming that u; > u;, and putting

T; Si
Fo =52, )

C= [8]

where 7, is the interfacial shear stress, S, is the interfacial perimeter and 4 is the pipe cross-sectional
area, gives
drie’ 41l
CUoduy dul
The interfacial shear is calculated from the pressure gradient and liquid holdup data using the
expression

(10]

d dp
=3 50(“&‘!’03), (1]

where r, is the interfacial radius calculated on the assumption that all the liquid flows as a smooth
film. Figure 15 shows the experimental data plotted as C; vs ¢;.

In the RELAPS/MOD?2 code there is no provision for churn flow in the flow pattern map; the
slug/annular transition takes place at a void fraction given by

log(pr — ps1*¥

U "’ ’
where ¢ is the surface tension. Using this criterion all but two of the points in figure 15 are in
annular flow. The TRAC-PF1/MODI code, on the other hand, has the slug/churn transition at

a voidage of 0.5 and the churn/annular transition at a voidage of 0.75, so with this criterion all
the points are in annular flow. In the RELAPS code C, is calculated from [10], with 1; given by

Gr = max{0.75, 1.4 [12]

Ti=%ﬁpauéa [13]
where f; is given by a form of the equation of Bharathan et al. (1978), which reduces to
£, =0.005 + 14.44¢3% [14]

for the experiments described here. In the TRAC code it is assumed that S; = nd, in which case
[10] becomes

47,
AL 15
Cl= g [15]
where 1, is calculated using {13] and the Wallis (1969) correlation for f;:
£, =10.005(1 + 75¢,). [16]

The values of C, calculated using [14] and [16] are shown in figure 15 (using {10] in both cases, for
consistency), where it can be seen that the Wallis correlation only gives good results for ¢ 2 0.95,
while the Bharathan equation gives reasonable results over most of the range. This is not surprising

UMF 17/i—D
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since the Wallis correlation was derived for fully developed annular flow and the Bharathan
correlation was derived for (effectively) churn flow conditions similar to the ones in the present
experiment.

(1) For test sections with smooth liquid outlet/gas inlet conditions, the onset of flooding (defined
as the transport of liquid beyond the injection point) is significantly affected by the channel
length, in agreement with previous data for similar geometries. However, the rate of liquid
penetration beyond flooding is independent of channel length, as the new data here show for
the first time for this geometry. The flooding and downflow (penetration) curves cross over one
another as the liquid flowrate is reduced and the gas flowrate increased. At high liquid
flowrates, the onset of flooding corresponds to the formation and transport of a single wave
near the liquid outlet. This initiates the churn flow regime above the injector. At low liquid
flowrates, liquid is transported above the injector but forms a hanging film there and there is
no net upwards flow in the region between the flooding and downflow curves. Once the liquid
flowrate is increased beyond the downflow curve, then net liquid transport upwards begins even
in this region.
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Figure 15. Comparison of the calculated and predicted interfacial shear coefficient.

From the experiment described in this paper, it is concluded that:
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(2) In the test section with a square-edged liquid outlet/gas inlet, the flooding rate was drastically
lower than that found for smooth entrance conditions. This reflects the fact that the flooding
process appears to be governed by a vena contracta at the gas entrance, explaining the fact
that flooding in such geometries is independent of the falling-film length.

(3) For a tapered or bell-mouth liquid outlet/gas inlet, the flooding and downflow curves are
coincident, as also found by Zabaras & Dukler (1988), but both lie below the values for the
smooth-end conditions. Normally, flooding is initiated in this situation by the formation of a
single wave near the liquid outlet but, clearly, the outlet conditions have influenced the
formation of the wave, giving rise to lower flooding rates. There is some evidence that gas
boundary layer separation will occur at high enough gas rates leading to similar results to those
for the sharp-edged liquid outlet/gas inlet.

(4) Measurements have been made of the co-current churn flow region occurring after flooding
above the liquid injection point. Measurements on churn flows with and without a co-existing
liquid film show that these are essentially identical in behaviour (as manifested by identical
pressure gradients and liquid holdup) and this shows that beyond flooding, the churn flow
region above the injector and the falling film region below the injector are essentially decoupled.

(5) Calculation of mean wall shear stress from the pressure gradient and holdup measurements
in churn flow showed that the condition of zero wall shear stress occurred at a somewhat lower
gas velocity than that for the minimum pressure gradient. The laminar flow analysis
summarized by Hewitt & Hall-Taylor (1970) indicated that the zero wall shear stress and
minimum pressure drop conditions were similar but, in reality, it is doubtful whether the film
behaviour could be described by such a simplified analysis. It may be possible to develop a
more complex, turbulent flow, analysis though the boundary conditions are particularly
challenging.

(6) An important application of data on two-phase flow is within the context of nuclear reactor
safety codes and the present data has been compared to the current models within the two
principal codes, namely TRAC and RELAP. For the present results for churn flow, the method
used in RELAP (Bharathan et al. 1978) would appear to be better than that used in TRAC
(Wallis 1969).
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