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ABSTRACT

An experimental study of flooding in countercurrent air-water annular flow in a large diameter vertical
tube using wall pressure measurements is described in this paper. Axial pressure profiles along the length
of the test section were measured up to and after flooding using fast response pressure transducers for
three representative liquid flow rates representing a wide range of liquid Reynolds numbers (Re, =4I"/u;
I" is the liquid mass flow rate per unit perimeter; p is the dynamic viscosity) from 3341 to 19,048. The
results show that flooding in large diameter tubes cannot be initiated near the air outlet and is only
initiated near the air inlet. Fourier analysis of the wall pressure measurements shows that up to the point
of flooding, there is no dominant wave frequency but rather a band of frequencies encompassing both
the low frequency and the broad band that are responsible for flooding. The data indicates that flooding
in large diameter vertical tubes may be caused by the constructive superposition of a plurality of waves
rather than the action of a single large-amplitude wave.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The condition of countercurrent flow limitation (CCFL) or flood-
ing represents the stable limit of a countercurrent gas-liquid
annular flow. The annular flow is comprised of a gas core flow
upward surrounded by a falling liquid film. At low gas flow rates,
the liquid film can simply fall under gravity creating a countercur-
rent flow. However, higher gas flow rates have enough momentum
to reverse the liquid flow direction and carry it upwards giving
rise to a cocurrent flow. The point of transition from a counter-
current flow to a partial or complete flow reversal is known as
flooding and has been the subject of investigation for a number
of decades. Annular flows are of great importance for the opera-
tion and efficiency of different process equipment such as nuclear
reactors, reflux condensers, desiccant cooling systems, wetted wall
columns, etc. For example, in a hypothetical accident scenario in a
nuclear reactor, the Emergency Core Cooling System injects water
into the reactor pressure vessel. Should upward steam flow prevent
sufficient cooling, safe operation of the reactor may be compro-
mised. It is therefore of utmost importance that this phenomenon
is thoroughly understood to enhance the thermal hydraulic safety
of future nuclear reactors, and hence promote better design of the
coolant piping and flow paths.
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The growth and propagation of interfacial waves have been
widely considered as determinants for the conditions of flooding
in countercurrent two-phase flows. One of the direct methods of
studying the effects of interfacial disturbances is by investigating
the wall pressure fluctuations. Interfacial disturbances generate
velocity fluctuations that give rise to hydrodynamic pressure fluc-
tuations. The pressure disturbances that arise as a result of these
fluctuations propagate through the liquid film in multiple direc-
tions depending on the shape of the interface and the presence
of liquid droplets. The magnitude and frequency of the pressure
disturbances can be captured using wall pressure measurements.
The wall pressure measurements would contain both the local and
global hydrodynamic nature of the two-phase flow. In addition,
they also contain the convected pressure due to any entrained lig-
uid droplets present in the flow (Samways et al.,, 1997). In this
paper, detailed measurements of wall pressure along with relevant
flow visualization will be presented to further the understanding
of flooding in countercurrent vertical air-water annular flows.

The air-water countercurrent flow is highly turbulent and
stochastic in nature. Even in the absence of countercurrent air
flow, a falling annular liquid film is characterized by surface waves
and is inherently unstable. Any small perturbation can lead to a
possible surface wave amplification. The introduction of counter-
current air flow can be thought of as introducing a large-scale
perturbation resulting in pressure-velocity fluctuations. The mag-
nitude of pressure-velocity fluctuations will determine the extent
of momentum exchange between air and water and consequently
lead to flooding. Despite a number of years of research, many
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aspects of flooding still remain unclear. One of the fundamental
questions this study seeks to answer is the role of wave frequencies
generated due to pressure fluctuations and wall pressure varia-
tion in initiating flooding. A study of wall pressure fluctuations at
different locations and flow conditions will help answer these fun-
damental questions related to flooding in countercurrent air-water
flow in large diameter vertical tubes.Wall pressure measurements
have been used in the study of two-phase flows for a wide range
of applications and in different flow geometries. Semenov (1959)
was one of the first to carry out unsteady wall pressure fluctua-
tions in air-water slug flows. The unsteady wall pressure generated
due to the motion of the slugs was studied and it was found
that the observed dominant frequencies were relatively low. Max-
imum amplitude of the pressure fluctuations was observed when
the void fraction was about 0.90. Hubbard and Dukler (1966) car-
ried out measurements of wall pressure fluctuations in horizontal
gas-liquid flow and presented the results using Fourier analysis.
Nishikawa et al. (1969) carried out wall pressure measurements in
a 26 mm tube using static strain gauge transducers. The main goal
behind their study was to identify different flow regimes based
on the probability density function. They identified annular and
bubbly flow regimes by comparing the probability density func-
tion to a Gaussian distribution. Davis (1973) studied the unsteady
pressure fluctuations in a low velocity (5 m/s) turbulent flow of a
gas-liquid mixture of freon flowing vertically upwards in a circular
pipe. The flow was mainly bubbly and the propagation of the pres-
sure disturbances due to the presence of the bubbles was presented.
Tutu (1982) carried out wall pressure measurements on a two-
phase flow loop with an internal tube diameter of 52.2 mm. The
piezoresistive transducers were flush mounted with the tube inner
surface for accurate measurements. He also recorded static wall
pressure measurements both upstream and downstream of these
transducers to obtain the differential pressure. Based on the prob-
ability density function, skewness and flatness of the differential
pressure measurements, Tutu (1982) claimed that different flow
regimes could be identified. Matsui (1984) also used flush mounted
piezoresistive transducers to study the differential pressure varia-
tion in the flow of nitrogen and water in a tube of internal diameter
22 mm. He used cross-correlation techniques to obtain the phase
lag and the position of the peak was assumed to correspond to
the dispersed phase velocity and also calculated the corresponding
velocity of the rising gas bubble.

Sami and Lakis (1986) studied the spectral characteristics of wall
pressure in a closed two-phase flow loop system. From their study,
the frequency spectra of the wall pressure fluctuations showed very
low amplitudes and the convection of pressure disturbances was
found to increase with the two-phase flow mixing ratio. Drahos
et al. (1996) and Cai et al. (1996) used pressure measurements to
study the turbulent nature of horizontal air-water flow. Langford
et al. (1998) carried out wall pressure measurements in verti-
cal two-phase flows and used the probability density function to
identify different flow regimes as well as relate turbulence mea-
surements to superficial liquid and gas velocities. Samways et al.
(1997) used wall pressure fluctuation measurements in bubbly
flows and found that the bubble phase created low fluctuating pres-
sures. McClusky et al. (2002) used wall pressure measurements of
vertical gas-liquid flows and performed a wavelet analysis to deter-
mine the time variation of the frequency content in the pressure
signals.

The study of unsteady wall pressure fluctuations in relation to
flooding in large diameter vertical tubes has, however, not been
investigated. It is therefore the aim of the present investigation to
study flooding in light of unsteady wall pressure measurements.
The experimental work presented in this paper will use wall pres-
sure measurements of vertical countercurrent annular air-water
flow to demonstrate that the frequency content in the pressure

signals up to the point of flooding is a continuous spectrum and
not a single dominant frequency. A description of these findings is
presented in this manuscript.

2. Experimental apparatus and measurement techniques
2.1. Experimental setup

Fig. 1 shows the schematic of the experimental setup. It con-
sists of a test section 1800 mm long, 76.2 mm inner diameter
and constructed from optically transparent acrylic (Solmos, 2008).
Two cylindrical plenum chambers, also constructed from optically
transparent acrylic are attached to the test section, one at the top
and another at the bottom. The upper plenum chamber assembly
is designed to serve a twofold purpose of ensuring annular lig-
uid flow into the test section as well as serve as an outlet for air
and any entrained liquid leaving the test section. It is a cast acrylic
tube of 127.0 mm inner diameter and 152.4 mm long. Into this tube,
four 25.4 mm holes in diametrically opposite directions have been
drilled to allow water to enter the plenum. The plenum is attached
to the test section by means of flanges located in such a way that
the upper 152.4 mm length of the test section passes through the
plenum chamber concetrically. This arrangement creates a uniform
circumferential gap of 19.05 mm between the inner surface of the
plenum and the outer surface of the test section contained inside
the plenum chamber.

The upper part of the test section contained inside the plenum
chamber has twelve 6.35 mm circular holes spaced uniformly along
the circumference and on the same axial plane (section A-A of
Fig. 1). This axial plane is located at the longitudinal midsection of
the upper plenum. The water entering the upper plenum penetrates
through these holes present around the test section circumference
and impinges on an inner tube (shown in section A-A). This arrange-
ment forces the water to flow down into the test section as an
annular flow. The inner tube extends 25.4 mm below the upper
plenum chamber and 100.0 mm above the plenum. It also acts as
an outlet for the air and entrained water leaving the test section.

Air is supplied to the test section from a blower (Republican
blower model 11RB-210). The air from the blower is routed through
a long straight tube of 38.1 mm inner diameter (length/diameter
ratio of 30) to ensure a fully developed flow. A flexible hose of the
same inner diameter connects this straight tube to the air inlet
of the test section. The air inlet of the test section consists of a
straight tube 762 mm long and 38.1 mm inner diameter passing
concentrically through the center of the lower plenum chamber
and extending 50.8 mm into the test section as shown in Fig. 1. The
lower plenum chamber is also designed to drain the water from
the test section into the water collection chamber as shown in the
figure.

2.2. Instrumentation

The water flow rate into the test section is measured using a
magnetic flow meter (Yamatake, MagneW3000 Plus) located suffi-
ciently upstream of the test section water inlet as shown in Fig. 1.
The air velocity is measured with a pitot-static tube located at the
downstream end of the straight tube connected to the blower. The
total and static pressure ports of the pitot tube are connected to a
Honeywell differential pressure transducer (ST3000 SMART pres-
sure transmitter) calibrated for the range of pressures encountered
during the operation of the blower. Two Kulite pressure transducers
(model # XT-190-5D) are used to acquire high-frequency pressure
data. The transducers are flush mounted on the inner surface of the
test section. Five pressure ports are located on the test section wall
at a distance of 0.20, 0.58, 0.96, 1.34 and 1.54 m from the exit plane
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Fig. 1. Schematic of the experimental setup.

of the air inlet (Fig. 1). The pressure data was collected at these
pressure ports along the length of the test section by relocating the
transducers for a given flow condition. The data is sampled at a rate
of 5000 Hz. The mean pressure drop across two other ports located
diametrically opposite to the Kulite pressure ports and separated
by a distance of 1.33 m (Fig. 1) is also measured separately using
a Honeywell differential pressure transducer. The uncertainty in
all the wall pressure measurements is +0.05 kN/m?. All the data is
acquired through a NI PCI-MIO-16E data acquisition card through
a LabView program with an SCXI-1000 module serving as a chasis.

Flow visualization was conducted with a high speed camera
positioned at the center of the test section and approximately
150 mm above the water inlet. The images are recorded by a CMOS
camera (IDT XS-4) with a resolution 512 (H) x 512 (V) pixels of
a size of 16 wm x 16 wm using the IDT MotionPro software. The
camera was fitted with a 55 mm (f/2.8) Nikon lens. The resulting
image area covered by the camera for these set of experiments is
1.5D (H) x 1.5D (V) or approximately 80 mm x 80 mm. Here, D is
the inner diameter of the test section.

3. Results and discussion
3.1. Mean wall pressure gradient

The pressure gradient in annular air-water flow arises from the
contribution of (i) hydrostatic head, (ii) flow acceleration and (iii)
friction. The overall pressure gradient from the three contributions
can be expressed as

(). (82
dz = \dz / staric dz ] aeel dz friction

The pressure gradient due to the hydrostatic head is defined as

dp
il — poH 2
( dz )static re 2)

where p is the fluid density and H is the axial distance between
two points in the flow. If the air-water annular flow is not fully
developed, the pressure gradient due to flow acceleration has to be
taken into account and is given by

Py d (1 )
(E>accl B E (A/Apu dA) (3)

where u is the effective fluid velocity. This term includes interfacial
shear. In the present experimental setup, the L/D (length to diam-
eter ratio) of the test section is 23.6. An L/D ratio of at least 50 is
required to ensure a fully developed annular flow in circular tubes.
Therefore, in these experiments, flow acceleration may have a sig-
nificant contribution to the overall pressure gradient. The last term
in Eq. (1), i.e. the frictional pressure drop, arises as a result of the
wall shear stress exerted by the tube wall on the fluid. If 7,y is the
wall shear stress, the frictional pressure gradient can be expressed
as

dpP 4Ty
& — 2w 4
( dz ) friction D “)

The mean wall pressure measurements described in the subse-
quent sections contain the contributions from all the three terms
mentioned in Eq. (1) and also from any convected pressure distur-
bance due to the presence of liquid droplets in the flow.

In order to measure the mean wall pressure gradient, the mean
wall pressure differential, AP across two points was measured. It
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Fig. 2. Variation of AP with time; liquid flow rate=0.63 kg/s.

can be expressed as
AP =Py — Pg (5)

where P4 and Pg are the top and bottom mean absolute pressures
respectively (Fig. 1). AP is directly measured using the Honeywell
differential pressure transducer. The AP for a liquid flow rate of
0.63 kg/s is shown in Fig. 2. The data is also used to quantitatively
identify the time at which flooding is initiated. The superficial air
velocity jg (jg=mass flow rate of air/test-section cross-sectional
area), is increased incrementally until a large change in the magni-
tude of the pressure drop, AP, is observed as shown in Fig. 2. The
time at which this large change in AP occurs is taken to be the
onset of flooding. For the water flow rate under consideration, the
initial change in AP at the onset of flooding is about 0.4 kN/m2. The
definition of flooding has varied widely in the literature. But it is
generally agreed upon that flooding in a countercurrent flow can
be determined in several ways (Bankoff and Lee, 1986). Flooding
can be manifested as a large change in AP as observed in Fig. 2 or
by the appearance of large-amplitude waves on the falling water
film or droplets of liquid entrained out of the test section due to
the countercurrent flow of gas. However, in the present study,
the appearance of waves or droplet entrainment did not result in
any significant change in the magnitude of AP. Therefore, in these
experiments, a large decrease in the magnitude of AP is taken as
an indicator for flooding.

The air flow rate is increased till flooding is observed. It is seen
from the figure that there is an increase in the magnitude of AP as
the air flow rate is increased to the point of flooding. This increase
is found to be equal to pj§/2 which is the dynamic pressure of the
upward flowing air. For the case of j;=0.63 kg/s shown in Fig. 2, jg
was found to be around 3.8 m/s giving a value of 0.02 kN/m? which
is very close to what was observed experimentally as shown in the
figure. This indicates that the dynamic air pressure acts to increase
the overall magnitude of the pressure gradient before and ‘just
before flooding’. During this period of time, droplet entrainment
is observed as shown in the ‘top view’ flow visualization image in
Fig. 3(a). The ‘side view’ image shows the beginning of wave forma-
tion. As the air flow rate is further increased, the flow transitions
into the ‘just before flooding’ regime where there are intermit-
tent peaks in the pressure signal. The flow visualization images
in Fig. 3(b) also show a more disturbed liquid film and increased
droplet entrainment. This is the regime where the flow starts to
become chaotic yet without achieving flooding. The intermittent
peaks in the pressure signal are generated in response to the flow
reversals that occur intermittently at this air flow rate.

In the ‘after flooding’ regime, it can be seen that the AP time
signal is unsteady. The signal can be considered to be composed of
random fluctuations superimposed upon a mean value. The turbu-

lent motion of the air-water mixture translating the length of the
test section as a packet of fluid in the ‘after flooding’ regime gives
rise to these random fluctuations. In this flow regime, the flow of
liquid is partially reversed at regular intervals. When the liquid flow
isreversed, the ‘top view’ flow visualization image in Fig. 3(c) shows
that the cross section of the tube where the flow reversal takes place
is completely bridged. Since void fraction measurements were not
carried out in the present study, it was difficult to infer whether the
bridge was composed entirely of liquid or a two-phase mixture. But
what it does indicate is that even in large diameter vertical tubes
like the one considered in the present study, there is a possibility of
either the liquid or a two-phase mixture bridging the tube. In the
region below this bridge, there is a temporary increase of pressure
inside the test section as the flow of air is restricted temporarily.
This causes an increase in the magnitude of pressure Pg located near
the air inlet. It is because of this increase in Pg, the resulting mag-
nitude of P4 — Pg, i.e. AP, decreases as observed in Fig. 2. However,
the lifespan of the bridge is short-lived as the higher momentum
upward flowing jet of air penetrates this fluid and breaks it apart.
Part of this fluid falls back into the test section and part of it is car-
ried out. When the bridge breaks apart, the magnitude of pressure
Pg decreases resulting in an increase in AP. This process of bridging
and break up results in the oscillation of the pressure signal as seen
in Fig. 2. The oscillation of the pressure signal continues as long as
the air flow rate is greater than or equal to that required for flood-
ing. Furthermore, Fig. 2 shows that AP returns to its initial value as
the one before flooding when the air flow rate is decreased.

The constancy of the incoming liquid flow rate in Fig. 2 is note-
worthy. It is to be noted here that with the geometric design of the
test section used in these experiments, the point of liquid injec-
tion does not come into contact with the upward flowing gas. This
ensures that there is a constant liquid flow into the test section
regardless of the occurrence of flooding.

Fig. 4 shows the variation of the rms value of pressure gradient
at flooding as a function of the liquid superficial velocity. The rms
value of the pressure gradient is given by

APrms (6)

Here AP; is the instantaneous value of the differential pressure
during post flooding, AP is the time averaged value of differen-
tial pressure for the duration of post flooding, N is the total number
of samples and H is the distance between the pressure ports. It can
be seen from the figure that the APyus/H increases linearly with
the liquid flow rate. This implies that the magnitude of the low
frequency oscillations that the fluid packet undergoes increases
with the liquid flow rate. The increase in the magnitude of oscil-
lations at higher liquid flow rates can be explained by comparing
the fluid packet momentum to that of the jet of air forcing this
packet upwards. As seen in the flow visualization images in Fig. 3,
either the liquid or a two-phase mixture bridges the test section
at flooding and this rising bridge of fluid eventually loses momen-
tum. When this momentum falls below the momentum of the jet
of air underneath, the fluid bridge breaks apart and part of the lig-
uid falls back into the test section and part of it is entrained out of
the test section. At higher liquid flow rates, the momentum of the
liquid falling back into the test section and eventually being driven
upwards is large enough to cause a large increase in the magnitude
of the pressure signal oscillations as compared to lower liquid flow
rates. Also superimposed in Fig. 4 is the inter-dependance of lig-
uid flow rate and the superficial air velocity at flooding. The data is
in conformity with previous research (Wallis, 1961; Dukler et al.,
1984; Hewitt, 1989; Vijayan et al., 2001) indicating that the amount
of air flow rate required to induce flooding is inversely proportional
to the liquid flow rate.
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Fig. 3. Flow visualization images showing air-water flow for the following cases. (a) Droplet entrainment, (b) just before flooding and (c) after flooding.

3.2. Mean wall pressure profiles

The mean wall pressure profiles along the length of the test
section are an indication of the propagation of the pressure distur-
bances in the air-water annular flow. Fig. 5 shows the mean axial
wall pressure profiles measured at five different locations along
the length of the test section, the first location being 0.20 mm from
the air inlet. The profiles are measured for three flow conditions,
namely ‘no air flow’, ‘just before flooding’ and ‘after flooding’. ‘No
air flow’ corresponds to the condition where there is only annular
liquid flow through the test section. The ‘just before flooding’ con-
dition corresponds to that where there is large scale liquid droplet
entrainment but no flow reversal of any scale. ‘After flooding’ cor-
responds to that condition where there is partial or complete flow
reversal at regular intervals. It can be seen from the figure that for
all the three flow rates considered in the study, there is a general

decrease in the wall pressure as one moves away from the water
inlet and towards the air inlet. The decrease in the wall pressure is
due to flow acceleration of the falling liquid film. As mentioned in
the previous section, flow acceleration results as the falling annular
film is not fully developed. However, the decrease in wall pressure
is nearly the same for the conditions of ‘no air flow’ and ‘just before
flooding’ for all the three cases. A maximum wall pressure of about
1.0 kN/m? was found to be at the location closest to the water inlet.

It can also be seen from Fig. 5 that the pressure curve for the
‘just before flooding’ case shifts upwards indicating that there is a
marginal increase in the magnitude of wall pressures at all loca-
tions as compared to the ‘no air flow’ case. This implies that the
amount of air flow that causes droplet entrainment in the test sec-
tion is not large enough to cause any drastic changes in the wall
pressures. At this flow condition, the upward flowing air causes the
formation of waves in the liquid film. Liquid droplets are sheared
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Fig. 4. Variation of axial pressure gradient and superficial gas velocity with liquid
mass flow rate for the ‘after flooding’ case.

Fig. 5. Mean axial wall pressure profiles at different liquid flow rates.

off from the interface and are deposited downstream on the liquid
film. Because of this deposition, there is a marginal increase in the
momentum of the air-water mixture. It is this marginal increase in
momentum that causes the marginal increase in wall pressure for
the ‘just before flooding’ case. However, it can be seen for the ‘after
flooding’ case the pressure curve shifts further upwards indicating
that there is large increase in the wall pressures at all locations.
This implies that the wall pressures are only affected when there
is maximum interfacial distortion. Under these conditions, a highly
turbulent two-phase mixture is observed along with repeated for-
mation and break up of slugs of fluid that traverse the length of the
test section. The formation and convection of these slugs of fluid
greatly increases the momentum that eventually results in a large
increase in the wall pressures. This can be explained by consider-
ing the Poisson equation for turbulent flow which can be written
as follows:

19%p  dudv 7
Tpox2 T dy ox (7)
Here, the pressure P and the axial and radial velocities u and v are
comprised of both the mean and fluctuating components. The right
hand side of Eq. (7) is the forcing function that primarily arises
due to the momentum of the flow. In a highly turbulent flow like
the ‘after flooding’ case, the increase in momentum comes from
eddy collisions that greatly increases the rate of strain as well as
eddy rotation that generates vorticity (Bradshaw and Koh, 1981).
An increase in momentum due to the generation of vorticity and
increased rate of strain increases both the mean and fluctuating
components of pressure as observed for the ‘after flooding’ case in
Fig. 5.

Fig. 6 shows the comparison of the mean wall pressure profiles
at different liquid flow rates for the three conditions of ‘no air flow’,
‘just before flooding’ and ‘after flooding’. It can be seen that for the
‘no air flow’ and ‘just before flooding’ cases, the mean wall pres-
sure at the location closest to the water inlet, i.e. at 1.54 m from
the air inlet, is the same for all the three liquid flow rates. Even
though there is a little variation in the wall pressure magnitudes
at other locations, the wall pressures seem to be independent of
the air flow rate at location 1.54 m for any given liquid flow rate
for the cases of ‘no air flow’ and ‘just before flooding’. This shows
that the pressure disturbances are damped out by the time they
reach this location. Hence, the effect of air flow rate for any given
liquid flow rate is least seen at this location for the cases of ‘no air
flow’ and ‘just before flooding’. For the ‘after flooding’ case, it can
be seen from Fig. 6 that there is considerable change in the wall
pressure magnitude at all the axial locations for the three different
liquid flow rates. This suggests that a large change in the test section
pressure for countercurrent annular flow in large diameter vertical
tubes only occurs after flooding is initiated and only when there is
low frequency oscillation of the fluid packet as observed in Fig. 2.
The interfacial pressure disturbances produced ‘just before flood-
ing’ are observed not to be strong enough in magnitude to produce
any kind of mean wall pressure change upstream of the air inlet.

The constancy of wall pressures at location 1.54m, i.e. at the
location farthest from the air inlet (Fig. 6a and b) further suggests
that incipient flooding starts at a location that is closer to the air
inlet for countercurrent annular flows in large diameter vertical
tubes. To confirm this, preliminary flow visualization test were car-
ried out using the setup described in Section 2.2. Incipient flooding
location is the axial location along the test section where the initial
flow reversal is observed. The location of incipient flooding is the
starting point for the growth and propagation of waves that lead to
flooding. In an effort to qualitatively determine this location in the
present experiments and confirm the observations made through
mean wall pressure measurements, the flow visualization images
were analyzed. Fig. 7 shows the flow visualization of the bottom
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Fig. 6. Mean axial wall pressure profiles for the three different flow conditions.

partof the test section and a schematic showing the spreading of the
air jet inside the test section. From the flow visualization images,
the location L, where waves began to first appear after introducing
the air flow was determined to be 375 mm downstream of the air
inlet tube. It can be said that the flooding instability is initiated at
this location and the waves first begin to appear at this location and
consequently propagate upstream. The waves are carried upstream
due to the action of the upward flowing jet of air and may or may
not grow in amplitude as will be explained in the following section.
The location where the jet boundary comes into contact with the
falling liquid film is dependent on the air inlet tube diameter and
the spreading of the jet. As explained in the following paragraph,
for a larger diameter inlet tube, this location would be closer to the
air inlet and for a smaller diameter tube, it would be farther away
from the air inlet.

The diameter of the air inlet tube changes the location at which
the outer boundary of the jet of air comes into contact with the
falling liquid film. As shown in Fig. 8, a jet of air from a smaller
diameter tube travels a larger distance as compared to a jet of air
from a larger diameter tube before the outer jet boundary comes
into contact with the falling liquid film. As seen from Fig. 8, this is
due to the fact that the rate at which jet spreading occurs is constant
regardless of the diameter. The rate of air jet spreading for a jet
of diameter d is given in terms of its half-width. The half-width
Y12 of a jet corresponds to the width of a jet at an axial location
x where the axial velocity is half of the jet centerline velocity at
that location. The half-width of a jet is given by y,,, = Kx. Here K
is a constant whose value is about 0.1 for a round jet (Wygnanski
and Fiedler, 1969). From this equation, it can be seen that the slope
of the above equation given by dy; /,/dx is constant regardless of
the diameter, i.e. the spreading rate is constant regardless of the
diameter of the air inlet tube. However, the point of contact of the
air jet with the falling liquid film changes as the inlet tube diameter
is changed. This point of contact can be considered as the location
where the initial flow reversal takes place. As seen from Fig. 8, this
point of contact with the falling liquid film is largely determined
by the spreading rate of the air jet which in turn influences the
flooding behavior. It also indicates that the initial instability and
hence the initial flow reversal due to the interaction of the air jet
and the liquid film primarily occurs near the water outlet and in
fact moves closer to the water outlet as the diameter of the air inlet
tube is increased.

Furthermore, it should also be noted that since the distance trav-
eled by the jet of air before coming into contact with the falling
liquid film is greater for a smaller diameter air inlet tube as com-
pared to a larger diameter tube, the decay in the velocity or the
loss in momentum of the air jet from the smaller diameter tube
is greater. This implies that greater air velocities are required to
induce flooding with smaller diameter air inlet tubes as compared
to larger diameter air inlet tubes for a given mass flow rate.

Fig. 7. Flow visualization image and a corresponding schematic illustrating the location of incipient flooding.
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Fig. 8. Schematic showing the effect of increasing the air inlet tube diameter on the spreading of the air jet and on the point of contact of the air jet boundary with the falling

liquid film; D1>D2>D3.
3.3. Wall pressure frequency spectra

Fig. 9(a) shows the time variation of the Kulite transducer signal
for the three cases of ‘no air flow’, ‘just before flooding’ and ‘after
flooding’ for a liquid flow rate of 0.44 kg/s. It can be seen from the
figure that the pressure signal for the ‘just before flooding’ case has
a higher magnitude and is comparatively more unsteady than the
‘no air flow’ case. The unsteadiness in the signal is due to pres-
sure disturbances that propagate through the film and reach the

transducer location. The pressure disturbances can arise from a
number of sources such as interfacial disturbances and also con-
vected pressure disturbances due to the entrained liquid droplets
in the test section (Samways et al., 1997). The figure further shows
that maximum signal unsteadiness is only observed in the ‘after
flooding’ case. In order to derive the frequencies present in the flow,
a discrete fast fourier analysis was carried out on the Kulite pres-
sure signals in Fig. 9(a) and the corresponding frequency spectra
is shown in Fig. 9(b). As expected, the results show that for the

Fig. 9. (a) Time variation of the Kulite pressure transducer signal for the three cases mentioned in (b); (b) frequency spectra of pressure signals corresponding to (a).
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Fig. 10. Frequency spectra of the Kulite pressure signals at different axial locations (distance from air inlet) and liquid flow rates of (a) 0.25 kg/s; (b) 0.44 kg/s; (c) 0.63 kg/s.

‘no air flow’ case, there is no single dominant frequency present in
the flow. Surprisingly, for the ‘just before flooding’ case, it is seen
that there is no dominant frequency in the flow as well. The figure
shows that there is only a continuous band of frequencies present
for both the cases. For the ‘after flooding’ case, it is seen from the fig-
ure that there is a distinct dominant low frequency phenomenon
taking place at about 1.73 Hz. Furthermore, the amplitude of the
entire frequency spectrum for the ‘after flooding’ in terms of the
spectral power density is much higher than the other two cases as
shown in the figure.

In order to understand the results more thoroughly, the fre-
quency spectra for the conditions of ‘no air flow’, ‘just before
flooding’ and ‘after flooding’ were compared with each other for
different flow conditions as shown in Fig. 10. It can be seen from
the figure that for the ‘no air flow’ and ‘just before flooding’ cases,
the magnitude of the spectral power density increases as the axial
location moves closer to the water inlet of the test section. How-
ever, as observed before there is no single dominant frequency
present in the flow and there is continuous spectrum of frequencies
present. The absence of a single dominant frequency, especially for
the ‘just before flooding’ case shows that there is a combination of
waves with different wavelengths that are collectively responsible
for flooding as opposed to a single wave. The data further shows that
for the ‘after flooding’ case, there is a dominant low frequency tone
with a frequency of 1.73 Hz. A close inspection of flow visualiza-
tion results have shown that this frequency corresponds to the low
frequency oscillation of the fluid packet that forms after flooding.
It is interesting to note that there is no variation in this frequency
for the different flow rates considered in this study. It is further

seen that no given frequency is amplified but there is rather an
overall increase in the magnitude of the spectral power density for
all the frequencies. This further confirms that a single disturbance
wave may not be responsible for flooding in large diameter vertical
tubes. Furthermore, the spectra at all the axial locations for a given
flow rate collapse into one for the ‘after flooding’ case as seen in
the figure. This implies that the same frequencies simultaneously
occur at different axial locations within the test section indicating
the presence of a highly turbulent liquid film that is characteristic
of flooding.

4. Conclusions

The characteristics of countercurrent annular air-water flow in
a large diameter vertical tube have been examined up to and after
flooding using wall pressure measurements for three liquid flow
rates of 0.25, 0.44 and 0.63 kg/s. Mean pressure profiles along the
length of the test section were measured using fast response Kulite
pressure transducers. The results show that the magnitude of mean
wall pressure increased downstream of the air inlet toward the
water inlet for all the flow conditions considered in the study. The
results further showed that the magnitude of mean wall pressure
at the location closest to the water inlet is independent of the flow
conditions up to flooding suggesting that flooding is initiated in the
lower part of the test section near the air inlet. Fourier transform
of the pressure signals showed that there is a wide spectrum of fre-
quencies for waves at the air-water interface that exist up to flood-
ing. Since no single dominant frequency was observed in the Fourier
spectra at any of the axial locations, the data implies that flooding
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may be caused due to the constructive superposition of a plurality
of waves rather than the action of a single large-amplitude wave.
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