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Countercurrent wetted wall flow limitation was studied in a 20.6 mm i.d. cylindrical
column, with water as the liquid. The gas was either air at up to 0.8 MPa, or argon at up
to 1.3 MPa, thus covering a range of gas densities (1.6-21.3 kg/m’) of great practical
interest for which very few data are available. The film Reynolds number varied in the
range 515-3090. The velocity of gas for which signs of flooding instability first became
apparent was typically 5 to 25% below the velocity at which liquid carryover started and
this may be a result of the particular design adopted for fluid inlet to and outlet from the
test section. Over the range of gas densities tested, the limiting gas velocity decreased with
pressure from between 2.5 and 5.0 m/s to between 0.4 and 0.8 m/s, very approximately
following the law: (gas density) X (limiting gas velocity)* = constant. The data collected
were used to test the correlation of Wallis, which gave remarkably good prediction of the
limiting gas velocities, and a correlation of Alekseev and coworkers modified by McQuil-
lan and Whalley in 1985, which gave poor predictions, particularly with regard to the
effect of changes in liquid flow rate. The results of the present work are shown to be useful
in interpreting recent data on the effect of gas density on the slug/churn flow transition in
cocurrent vertical gas—liquid flow. © 2006 American Institute of Chemical Engineers AIChE J,
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Introduction

Countercurrent wetted wall flow in vertical columns (or
tubes) is found in a wide variety of equipment in the power and
process industries, such as in falling film chemical reactors,
vertical tube condensers, and film separators.

For any given rate of film flow down the wall of a tube, there
is a limiting gas flow rate above which orderly film flow is
disrupted; the upflowing gas starts to interact strongly with the
descending liquid; large waves grow occasionally on the inter-
face and move up along the column, eventually bridging across
the gas core or/and tearing in small drops. This occurrence is
generally described as flooding! or countercurrent flow limita-
tion,? and it is important to study the parameters that govern it.
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Much effort has been devoted to improving the understanding
of flooding in tubes and narrow channels, in connection with
the performance of nuclear reactor safety systems, given that
flooding may limit the penetration of emergency coolant into a
hot reactor core during a loss of coolant accident.? Flooding is
also an important issue in other applications, however, where
countercurrent flow of gas and liquid take place through very
different geometries, such as in packed towers or plate col-
umns.*

In a typical experiment on flooding in a vertical tube, liquid
is supplied at a steady flow rate to the inner wall of the tube,
uniformly around the perimeter of some upper section, and
allowed to fall, initially with little or no gas counter flow. The
upflow of gas is then gradually increased, until the flooding
point is reached. Some authors>¢ take the flooding point to
correspond to the inception of strong disturbances in the flow-
ing liquid film, usually accompanied by a sudden increase in
the pressure gradient along the column; other authors”-$ take it
to coincide with the beginning of liquid carryover above the
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liquid feed point. With certain experimental arrangements, the
difference between the two criteria may be of no practical
consequence because according to Dukler and coworkers,® who
studied flooding in a 51 mm inner diameter (i.d.) column, the
gas velocity above which there is liquid carryover coincides
quite precisely with that for which there is a steep increase in
pressure gradient along the column. In the experiments de-
scribed in the present work the two criteria will be seen to lead
to somewhat different values of flooding velocity, possibly as
a result of the particular design adopted for removing gas from
the test section and admitting liquid to it.

Over the years, a considerable body of data has been col-
lected on flooding in vertical columns, the vast majority being
for air—water at near ambient conditions.” The data are fre-
quently reported in plots of Upgoging VS- Re, wWhere Upgoging
represents the superficial velocity of the gas at the flooding
point and Re is the Reynolds number (defined below) for the
film of liquid flowing down the column wall. Studies have been
performed on the dependency of flooding velocity on column
diameter, length of the test section, and detailed design of gas
and liquid entrance to and exit from the test column.'® A
significant number of studies have been reported on the effect
of liquid properties on flooding. Clift et al.!' were early to study
the dependency of flooding velocity on liquid viscosity and
various other groups>¢ considered also the effect of surface
tension.

Very few studies have been published on the effect of gas
density on flooding. In one extensive review® of experimental
data on flooding, published in 1985, one reference'? is to be
found to work at high pressure, that is, at up to 7.0 MPa, with
steam—water, in tubes with diameters of 74 and 95 mm. The
velocity of steam required for no water penetration in the tubes,
from the upper water tank, was found to decrease from near 2.6
to about 1.6 m/s, as the operating pressure increased from 3.0
to 7.0 MPa. In 1992 a study was published'? of flooding in
countercurrent flow of saturated liquid and vapor CCLF, in
rectangular channels, at 0.67, 1.0, and 1.3 MPa; these three
pressures resulted from operating the system at temperatures of
26, 41.5, and 52.5°C. It was found that flooding velocities
decrease dramatically with the increase in pressure, at each of
the liquid flow rates tested, and a flooding velocity of only 0.7
m/s was measured for the highest operating pressure. More
recently,'# in a study on the effect of gas density (and viscosity)
on flooding, air, argon, helium, and hydrogen were used, in
counter flow with water and other liquids, in a 30 mm i.d.
column, operated at atmospheric pressure. It was concluded
that flooding velocity did not depend on gas viscosity and was
inversely proportional to the square root of gas density.

In the present work we undertook to study the effect of gas
density on flooding in a systematic way, keeping all other
variables unchanged. The range of variables selected was
largely determined by the need to obtain data that might be
compared with the results of a recent study'> on the slug/churn
flow transition, in gas—liquid upflow in vertical tubes.

Experimental

Measurements of flooding velocity were made in a 20.6 mm
i.d. transparent acrylic tube with a 5 mm thick wall, rated to
withstand a pressure of 5.0 MPa (with a safety factor of 6). The
total length of the tube was 2.46 m, but the length of the test
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Figure 1. Experimental setup (not to scale).

section, between gas entrance and exit nozzles, was 1.77 m, as
indicated in the diagram of the experimental setup in Figure 1.
Details of the column inlet and outlet sections are given in
Figure 2. The inlet nozzle for the gas was 10.0 mm i.d. and 12.0
mm outer diameter (0.d.) and the exit nozzle was 8.0 mm i.d.
and 10.0 mm o.d.; the axes of both nozzles were carefully
aligned with that of the acrylic tube, so that the film of water
could flow unhindered, past the nozzles. The design adopted is
different from any of the 12 configurations reviewed by
Bankoff and Lee,'¢ in that it provides for gas injection and gas
extraction near the axis of the test column, through only a
reduced fraction of the cross section. The gas enters the column
as a jet that spreads out to reach the downflowing film of liquid
and it leaves the test section through the “mouth” of the upper
nozzle, which will also be the outlet port for any liquid that is
entrained by the gas. Part of the curiosity of the present work
was to see whether this results in significantly different values
of the limiting gas velocities.

The gas used in the experiments was either air from an
oil-free compressor (delivered at up to 0.85 MPa) or argon
from a pressurized cylinder (at 20 MPa, when full). A pressure
regulator (GPR) was used to set the gas pressure at the value
intended in the test column and the gas flow rate was adjusted
by means of a flow control valve (GV); the gas flow rate was
measured in a calibrated flow meter (GR) open to the atmo-
sphere, at the end of the line (the flow meter used was either a
rotameter or an orifice meter, depending on the range of flow
rates being measured). In the experiments with argon, the gas
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Figure 2. Details of top and bottom sections of test column.

was forced along a 10 m copper coil submerged in stirred water
at near ambient temperature, so as to warm it back up, after it
had cooled significantly as a result of the considerable expan-
sion at the pressure regulator.

The water fed to the test column was stored in a tank where
a submersible multistage centrifugal pump was installed. The
water delivered by the pump went through a pressure regulator
(LPR) to set its pressure some 0.4 to 0.5 MPa above the value
in the test column, whereas the flow rate was adjusted by
means of a valve (LV1) that led to a rotameter (LR).

In continuous operation, during an experimental run, the
liquid accumulated by gravity at the bottom of the test column,
from where it was directed to the drains, through flow control
valve LV2. This valve had to be ‘“continually” adjusted, to
always keep the level of the free surface of the liquid (collected
at the bottom of the column), some 0.15-0.25 m below the
“mouth” of the gas injection nozzle; in this way, a “liquid seal”
was created that prevented the gas from exiting the column at
the bottom.

Each run started with valves LV1 and LV?2 fully closed and
valve GV only slightly open, to allow a little gas flow through
the column, while the operating pressure was being set, through
manipulation of GPR. Valve LV1 was then gradually opened,
until the required flow rate of water (measured in LR) was
reached; shortly afterward, the water that flowed along the
column wall started to accumulate at the bottom of the test
column and valve LV2 was opened, to set the level of the free
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surface at the required distance below the mouth of the gas inlet
nozzle. Valve GV was then opened gradually, to increase the
gas flow rate, until the first signs of flooding instability started
to show. The most obvious sign was the formation of “coher-
ent” horizontal ripples, each one spanning all around the pe-
rimeter of the column, as if it were a horizontal “ring of water”
that moved down fairly quickly for some distance, before
disappearing again. These “rings” seemed to form at random, at
a considerable distance above the gas injection nozzle (up to
some 0.5 to 0.8 m) and they appear to correspond to waves of
comparatively large amplitude. These same waves disappeared
spontaneously in the lower 0.10—0.30 m of the test section,
above the gas injection nozzle, probably because the force
exerted by the gas on the liquid decreases significantly below
that level. Fears that the jet of gas entering the test section
might originate some localized disruption of film flow were
soon dissipated by visual observation.

We denote by Uy the superficial velocity of gas for which
this “flooding instability” was first detected, for each flow rate
of liquid. As the flow rate of gas was gradually increased, these
“ring-like” waves of liquid started to form at a gradually
greater distance from the injection nozzle and to move down
slower; and it did not take a very significant increase in gas
flow rate before many of them slowed to a near (dynamic) rest,
to subsequently move up the test column, swiftly, for some
distance, before either vanishing or reaching the gas exit noz-
zle.
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Figure 3. Values of U, (and one set of values of U_,) for
air-water.

A reasonable explanation is that this happened when the
waves in the film grew and bridge across the gas core, to form
some kind of “water membranes,” which “locked” the gas
beneath them; this would lead to their being propelled up the
column, by the gas, before either rupturing or being pushed into
the mouth of the outlet nozzle. When this happened, liquid
carryover into the transparent gas—liquid separator (GLS)
started and we denote by U, the corresponding superficial gas
velocity. With the two or three lower flow rates of liquid used
in the experiments (see below) it was easy to maintain the test
column in a condition of flooding instability, with no carryover,
for a long time. For any gas density, the values of Uy and U,
became closer as the flow rate of water was increased. A
“blind” repetition of several runs showed that the values of U,
are reproducible, typically within =5%, whereas repeated val-
ues of Uy may vary within £ 15%; this lower reproducibility is
not surprising considering that the detection of the first signs of
flooding instability is somewhat dependent on the observer and
on lighting (partly, natural).

Experiments were performed with air at 0.15, 0.2, 0.3, 0.4,
0.5, 0.6, and 0.8 MPa and with argon at 0.3, 0.4, 0.6, 0.7, 0.9,
1.1, and 1.3 MPa, thus covering a significant range of gas
densities (1.6-21.3 kg/m3). Six values of water flow rate (Q)
were used, corresponding to values of the Reynolds number
(Re = 4Q/mDv) of 515, 1030, 1545, 2060, 2575, and 3090,
where D is the inside diameter of the test column and v is the
kinematic viscosity of water at the operating temperature
(taken to be 20°C in all runs). For reasons of economy, not all
the values of Re indicated above were covered in the experi-
ments with argon; each gas cylinder lasted only a few runs and
the data reported below were considered to be sufficient.

Results and Discussion

Altogether, nearly 100 new data points were obtained, not
counting those obtained in runs repeated at random, to test for
reproducibility. Series of measurements were made for each
pressure, covering the intended range of liquid flow rates. The
values of Uy and U, shown in Figures 3 and 4 correspond to
actual values in individual series with air—water, and not to
average values from separate (repeated) series. In this way the
reader gets a feel for the magnitude of the (random) inaccuracy
of individual measurements—the trend lines for different pres-
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Figure 4. Values of U_, (and one set of values of U;)) for
air-water.

sures would not cross (and they would be even smoother) if
average values had been taken.

It will be seen that, overall, at any given pressure, both Uy
and U,, decrease with an increase in Re and at any given Re,
both U, and U, decrease with an increase in pressure, in
agreement with earlier findings.'>'# The higher reproducibility
of the U,, values results in correspondingly smoother trend
lines in the plot of Figure 4, as might be expected (the series of
points at 0.20 MPa is the exception and it could have been
easily “smoothed out” by representing average point values
from repeated measurements). The points for P = 0.8 MPa in
Figure 3 were also plotted in Figure 4 and those for 0.15 MPa
in Figure 4 were also plotted in Figure 3, to help compare the
relative magnitudes of Uy and U,; the former are typically
between 35 and 0% below the latter (going from low to high
Re) and this is not much considering the particular design of
the gas outlet.

In the case of argon, only the values of U, are shown in
Figure 5 because few measurements were made of Uy, only
those needed to confirm that the overall trend was the same as
for air. The values of U, obtained with air at 0.40 and 0.80
MPa are also plotted in Figure 5 because the corresponding
densities (of air) are virtually the same as those of argon at 0.30
and 0.60 MPa, respectively. It may be seen that, within exper-
imental scatter, the trend lines for argon and air are nearly
coincident when the densities of both gases are the same; the
particular nature of the gas is of no relevance, as expected.
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Figure 5. Values of U_, for argon-water and comparison
with air-water.
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Figure 6. Comparison of data on flooding from different
authors.

In the past, several authors studied flooding in countercur-
rent flow of air and water in columns with a diameter close to
that used in the present work. It may be interesting to compare
our data with theirs, especially considering that in the present
work, the design of the gas inlet to and outlet from the test
section is somewhat unconventional. In the comparison it is
important to keep in mind that the data previously available are
for atmospheric pressure, whereas the rig used in the present
work could be operated down to only 0.15 MPa, the lowest
pressure that would still drive the liquid out of the column, at
the required flow rate; we therefore had to extrapolate the data
obtained in the present work down to 0.10 MPa, to plot it in
Figure 6. It is encouraging to see that our data are in excellent
agreement with those reported by two other authors'®2° and
that they do not deviate significantly from what would be the
line representing the average flooding velocities, for all data in
Figure 6.

The data obtained in the present work are useful in testing
available correlations for the prediction of flooding velocities,
particularly with regard to the effect of gas density. Indeed, a
large number of data points on flooding are now available, all
for the same liquid in the same tube (with unchanged inlet and
outlet arrangements) and spanning a wide range of gas densi-
ties.

The most popular correlation for the prediction of flooding
velocities is that of Wallis,! but from a statistical analysis of a
very large data bank it was concluded® that the most accurate
predictions of flooding velocity are given by a modified version
of the correlation of Alekseev et al.!” According to Wallis,' the
relation

o+ @wnt=c (1

is expected to be observed at the inception of flooding, where
C is a constant with a value close to 1.0, when the fluids enter
the test section smoothly; if fluid admission to the test section
is not smooth, the value of C is expected to be lower (down to
about 0.8). The dimensionless variables U7 and U’ are defined
by

U= Up"{gD(p — p)} ™" 2)
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U= Uyp/*gD(p — p)} "* 3)

where U, is the superficial velocity of the liquid, p is its density,
and g is the acceleration arising from gravity.

The correlation of Alekseev et al., modified by McQuillan
and Whalley,® reads

n —0.18
K, = 0.286 Bo"* Fr""zz(l + ;) 4
with
K, = (Up)ga(p — p)]" (5)
Bo = D’g(p — p,)o (6)
Fr = (Q/mD)[g(p — p,)/o’]" ©)
and w/pw,, = 1, if the liquid is water at 20°C. It may be seen that
for (p — p,) = p (as in our experiments), both correlations

predict a dependency between gas velocity and gas density of
the form ng§ = constant, at the flooding point, if all other
variables are unchanged. To test this prediction, the data ob-
tained in the present work were organized in plots of p, U, 2 vs.
pg. for each value of Re, as shown in Figure 7. It may be seen
that, contrary to the prediction of the correlations mentioned
above, the criterion ngf(, = constant is not exactly observed
over the entire range of Values of p,, for each value of Re;
instead, the value of p, U, is seen to increase gradually with
pg. for values of this parameter of up to about 8 kg/m>, and then
level off, or even decrease a little. It may nevertheless be said
that the overall relative variation in ngio (for each value of
Re) is not very pronounced, especially if attention is restricted
to the range p, > 4 kg/m’.

The next step was to test the correlations with regard to
variations in the velocity of the liquid. In Figure 8, the corre-
lation of Wallis! is tested in a plot of [VU% + VU7I? vs. p,.
The square of the expression on the left-hand side of Eq. 1 was
used, so that the parameter being plotted is of the order of
magnitude of U,, rather than \/7 this will be important in
comparing with the plot for the other correlation. The plot in
Figure 8 shows that the correlation of Wallis is approximately
observed, with the possible exception of the points for the two
higher values of Re. (As pointed out by one reviewer of the
present article, this is in line with the finding of O’Brien et al.?!
that the correlation of Wallis becomes increasingly inaccurate
as Re is increased, above about 2000.) The value C = 0.99
(=V0.98) may be seen to fit the data reasonably well, for p,
greater than about 6 kg/m?, but for the lower densities tested,

~ (0.9 (=V0.81) would give a better fit. These values of C
are higher than the expected minimum (C = 0.8) for disturbed
entrance of the fluids, possibly because the values of U, used
to mark the flooding point in the calculations above, are sig-
nificantly higher than the corresponding values of Uy.

The modified® correlation of Alekseev et al. is tested in the
plot of Figure 9 and from Eq. 4, the parameter KgFrO'22 would
be predicted to have the same value for all the experiments
reported in the present work. This is seen not to be the case and
the conclusion is that the correlation accounts poorly for the
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effect of liquid flow rate on flooding, in the range of variables
studied.

The data obtained in the present work are also useful in the
interpretation of some recent results'> on the slug/churn flow
transition in gas—liquid up flow in a vertical tube. Nicklin and
Davidson?> were early to suggest that orderly cocurrent gas—
liquid slug flow is bound to break down when the velocity of
the gas slugs exceeds that corresponding to flooding of the film
of liquid flowing down around them. In recent experiments,'s
the movement of very long slugs of argon, flowing cocurrently
with water along a 19.8 mm i.d. vertical tube, was followed at
pressures up to 1.3 MPa. At each operating pressure, the
superficial velocity of the liquid was increased until slug in-
stability was detected. The results were reported in terms of the
superficial velocity of the liquid, U, (observed below and
above the individual slugs), for which slug instability first
became apparent. To each value of U, there corresponds a
value of slug velocity and therefore of U, and Re (calculated by
well-known formulae's) and they are reproduced in Table 1.

It will be seen that the values of Re for film flow around the
slugs, in those experiments, were always between 3073 and
3735, which is near enough the value Re = 3090 observed for
one of the liquid flow rates studied in the present work. It
would therefore be expected that the values of U,, obtained
from the work with slugs, fall close to the velocities of flooding
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Figure 8. Test of correlation of Wallis.?
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(taken as U,,) for the corresponding pressures in the present
work. Figure 10 represents the values of U, and U, from Table
1 and it will be seen that, with the exception of the points at
0.40 MPa, they are not far apart, at each pressure level and that
they become very close as the operating pressure is increased.
The slight discrepancy is not surprising in view of the fact that
the formation of a falling film alongside a slug is likely to
correspond to conditions of smooth admission of the liquid to
the section where flooding will be taking place (that is, along
the main portion of the long slug). It may therefore be con-
cluded that the values of flooding velocity measured in the
present work give support, in quantitative terms, to the idea that
the slug/churn flow transition is associated with the occurrence
of flooding in the rising slugs.

Conclusions

Measurements of flooding velocities in a 20.6 mm i.d. col-
umn are reported, for the previously (nearly) unexploited range
of pressures of 0.14—1.3 MPa, covering a range of gas densities
of 1.6-21.3 kg/m?. The inception of flooding instability was
detected to occur at gas velocities some 0-35% (depending on
the film Reynolds number) below those for which there was
carryover of liquid in the exiting gas stream; this may be partly
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Figure 9. Test of modified® correlation of Alekseev et al.
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Table 1. Comparison between Data for Slug/Churn Flow Transition and Data for Flooding*

This Work Work on Slug/Churn Flow Transition®*
P (MPa) U, (m/s)
(argon 293 K) Pe (kg/m®) (Re = 3090) U, (m/s) u, (m/s) 8 (mm) U, (m/s) Re (Film)
0.4 6.6 0.76 1.23 1.62 0.71 1.52 3735
0.6 9.9 0.69 0.80-0.72 1.10-1.0 0.69-0.68 1.04-0.95 3473-3420
0.9 14.9 0.55 0.56-0.50 0.80-0.70 0.68 0.77-0.70 3306-3260
1.1 18.2 0.46 0.39-0.35 0.62-0.57 0.66 0.58-0.54 3170-3136
1.3 21.5 0.39 0.28 0.48 0.65 0.46 3073
*Both sets of data are for argon—water at ambient temperature.
**From Carvalho.'>
associated with the design adopted for gas removal from the Notation

test section.

The velocity of flooding (taken as the velocity at which
carryover first occurs) was found to be strongly dependent on
gas density, but not on the particular nature of the gas used
(argon and air were used in the present work). The velocity of
flooding was found to be a decreasing function of the gas
density, described with good approximation by the relation
(gas density) X (flooding velocity)® = constant, other variables
remaining unchanged; this is in close agreement with previous
findings.!3.14

The fact that so many new data were obtained over a hitherto
(nearly) unexploited range of gas densities afforded an impor-
tant test of available correlations on flooding. The dependency
of flooding velocity both on gas density and liquid flow rate
was found to be very much that predicted by the correlation of
Wallis,! whereas the modified® correlation of Alekseev et al.
was shown to predict very poorly the effect of changes of liquid
flow rate on flooding.

The values of flooding velocity measured in the present work
were also compared with the values of gas velocity for which
slug instability was found to be initiated, in a recent study's on
the slug/churn flow transition; the comparison lends support to
the idea that, in vertical gas-liquid flow, the slug/churn flow
transition is closely associated with the occurrence of flooding
in the rising slugs.
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Bo = dimensionless group defined by Eq. 6

C = constant in Eq. 1

D = internal diameter of tube

Fr = dimensionless group defined by Eq. 7

g = acceleration arising from gravity

K, = dimensionless group defined by Eq. 5

L = length of test section

P = pressure of operation

Q = volumetric flow rate of liquid

Re = Reynolds number for film flow

u, = velocity of slug

U., = superficial gas velocity at the inception of carryover

U, = superficial gas velocity at the inception of flooding instability
U, = superficial velocity of gas

U* = dimensionless superficial velocity of gas, defined by Eq. 3
U, = superficial velocity of liquid

U% = dimensionless superficial velocity of liquid, defined by Eq. 2
U, = average velocity of liquid between slugs

Greek letters

& = thickness of liquid film
w = viscosity of liquid
M, = viscosity of water at 20°C
v = kinematic viscosity of liquid
p = density of liquid
p, = density of gas
o = surface tension of liquid
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