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Abstract

An experimental study on air/water flow behaviours in a 101.6 mm i.d. vertical pipe with a

serpentine configuration is presented. The experiments are conducted for superficial gas and

liquid velocities ranging from 0.15 to 30 m/s and 0.07 to 1.5 m/s, respectively. The bend

effects on the flow behaviours are significantly reduced when the flow reaches an axial

distance of 30 pipe diameters or more from the upstream bend. The mean film thickness data

from this study has been used to compare with the predicted data using several falling film

correlations and theoretical models. It was observed that the large pipe data exhibits different

tendencies and this manifests in the difference in slope when the dimensionless film thickness

is plotted as a power law function of the liquid film Reynolds number.

Keywords: Downward gas/liquid flow; Flow development; Bend; Liquid film thickness; Void

fraction.

1 Introduction

Upward and downward pipes connected together by return bends are common in heat exchange

facilities which are widely used in space heating, refrigeration, power stations, chemical plants, and

petroleum refineries. Typically the flow in such pipes can be single phase (liquid or gas) flow or

liquid/gas two-phase flow depending on the fluid properties and operation conditions of the facilities.

Amongst these flows it is the gas/liquid two-phase flow that imposes the most challenging problems

related to the design and operation of the heat exchange facilities. For example maldistribution of

liquid film on the pipe wall could cause some part of the pipe locally overheated, furthermore may

1
Corresponding author. Tel.:+44 1234 754696; Fax: +44 1234 754685. E-mail address: l.lao@cranfield.ac.uk (L.Lao)



3

lead to undesirable results in the facility. Indeed as deformable interfacial structure is involved,

gas/liquid phase distribution is very complex in nature, thus the related heat transfer regime is also

extremely complex. The two phase flow regime occurring at different sections of a heated vertical

channel, as noted by Hewitt & Hall-Taylor (1970), could be varied from bubbly, slug, churn, annular

to mist flows. When two-phase fluid flows through the bend, the centrifugal force generated

could cause a flow maldistribution due to the significant density difference between the liquid and

gas phases creating local dry spots. Obviously the effect of the centrifugal force on the phase

distribution will happen not only in the bend, but also in the straight channel after the bend.

There are a number of published studies concerned the effects of return bends on the gas/liquid flow

behaviours in the bends and pipes. The majority of these studies were mainly on pipes of 1 inch or

similar pipe sizes. For example, Alves (1954), Hills (1973), and Anderson & Hills (1974)

presented studies on liquid film behaviours in return bends of 1 inch pipe diameter for

different orientations. Oshinowo & Charles (1974) also investigated the effect of return bend

on the void fraction in a 1 inch vertical serpentine pipe. They applied the balance between

centrifugal and gravitational forces acting on the phases in the bend to explain the phase

distributions. Usui et al. (1980, 1981 & 1983) used a modified Froude number as criteria to

decide the liquid phase distribution tendency in flows of three different return bends, i.e.

upward and downward flows in a C-shaped bend in vertical plane, and flows in an inverted

U-bend. Poulson (1991) also studied the mass transfer in a horizontal return bend with

upward flows and concluded that the mass transfer at the bends relative to straight sections

increases with superficial gas velocities and is constant at low superficial liquid velocities.

Studies on the bend effect on two-phase flows were also extended to much smaller or larger

sizes pipelines. Wang et al. (2003 & 2008), and Wang et al. (2004) investigated the two-

phase flow in small pipes. The pipe sizes of their work were down to 3 mm, where the

surface tension played a much more significant role than in larger size pipes. On the other
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hand, Hoang and Davis (1984) reported experimental results of void fraction in froth flow in

a 2 inch diameter U-bend using needle probes. Chong et al. (2005) calculated the liquid film

in 150 mm internal diameter (i.d.) of U-bend and inverted U-bend which was used to join

vertical straight pipes to form a serpentine pipeline. More recently, Abdulkadir et al. (2012)

reported an experimental study of churn–annular flow behaviour and film fraction of air–

water mixture through a 127 mm i.d. inverted U-bend. They measured the film fraction

before, within and after the bend and noted that the film break up occurs at 45º due to gravity

drainage.

Another issue related to the behaviours of the two-phase flow after a bend is their developing

nature, due to the residual bend effect. As a major concern for the heat exchange facility’s

operation is closely related to liquid film distribution on the pipe wall surface, thus the

knowledge of the development related to annular flow regime is particularly important.

The development of gas/liquid annular flows has long been noted by a number of researchers,

but so far most of them were on the upward flows. Gill et al. (1963) and Gill & Hewitt (1966)

measured a film thickness and entrained liquid flow rate at different axial positions which

ranged between 5-160 pipe diameters, downstream of gas/liquid injector, in a 31.8 mm

diameter pipe. They also compared the results from different liquid injectors, namely porous

sinter and axial jet injectors, and found that the liquid film thickness development in vertical

annular flow largely depends on the inlet geometry when a low liquid mass flux is applied.

Brown et al. (1975) extended the investigation above and conducted measurements of the

pressure gradient and the entrainment rate obtained at distances up to 560 tube diameters

from the inlet. Similarly they also used porous sinter and centre jet devices. They found that

the differences between the two inlet devices persisted even at 550 pipe diameters indicating

that the flow was not yet fully developed. Wolf et al. (2001) reported a comprehensive study

on the development of air-water upward annular flow, giving local values of the pressure
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gradient, film thickness, wall shear stress, film flow rate, disturbance wave velocity and

frequency. Hawkes et al. (2000) reported experiments to study the development of wispy

annular flow with air and water mass fluxes of 70-210 kg m-2 s-1 and 120-1030 kg m-2 s-1,

respectively. Lao et al. (2004) extended the flow conditions up to a liquid mass flux of 1200

kg m-2 s-1 using different liquid inlet devices. It was concluded that at a high liquid mass flux,

the effect of injecting on the film thickness of the wall was less significant than that at low

liquid mass flux. More recently, Hazuku et al. (2008) reported the measurements of the

interfacial wave structure development of upward annular two-phase flow in a vertical pipe

using a laser focus displacement meter (LFD). Experiments were conducted using a 3 m long,

11 mm pipe diameter, with Reynolds numbers ranging from 31,800 to 98,300 for the gas

phase and 1050 to 9430 for the liquid phase. They found that the flow development persisted

until the end of the pipe. Abdulkadir et al. (2012) measured film thicknesses in straight

sections before and after an inverted U-bend and noted that the liquid film thickness develops

within and after the bend.

The literature study above shows that the behaviours of gas/liquid two-phase flow after a

180° bend can be significantly influenced by the bend. While such behaviours have in the

past been extensively studied in smaller channels, literature is bereft of studies for gas/liquid

two-phase flows in large pipes (with internal diameter>100 mm), even more so for

downwards flows, coupled with bend effects. Smith et al. (2012) and Schlegel et al. (2012)

have noted that in boiling water reactors where the pipes are large diameter pipes,

fundamental changes to the flow configuration, and as such small channel descriptions may

not apply. For example classic bullet-shaped Taylor bubbles cannot be sustained in large

diameter pipes and flow regime transition is affected right through to annular, and annular-

mist flows. Pickering et al. (2001) have stated the tenuous nature of extrapolating small to

large scale multiphase models in oil and gas pipeline flow. This work therefore presents new
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gas/liquid two-phase flow experimental data in a large diameter (101.6 mm) tube and shows

the flow behaviours in a large pipe after a bend.

An experimental investigation has been carried out on upward and downward vertical pipes

with 180° bends to study gas/liquid two-phase flow behaviours in pipes with serpentine

configuration. Instrumentation, including film thickness probes and capacitance wire mesh

sensors (WMS) are used for this study. The former are employed to obtain circumferential

profiles of the liquid film thickness at different axial positions along the downward and

upward sections of the Serpent rig. The latter is also installed at top, middle and bottom

locations of both sections of the test facility in order to identify the void fraction distributions.

Further features such as flow patterns and liquid film wave structures are identified by

examining the time traces and probability density function (PDF) from the WMS and liquid

film sensors. All measurements are conducted for superficial air and water velocities ranging

from 0.15 to 30 m/s and 0.07 to 1.5 m/s, respectively.

This paper mainly summarises and reports the results with respect to the downward flows

downstream of a 180° bend. The results with respect to the upward flows after a 180° bend

are reported in a separate paper.

2 Experimental Setup

2.1 Test rig

A purpose-built rig, the Serpent test facility, is designed and set up in the Flow Laboratory

at Cranfield University. The rig is schematically shown in Figure 1, which comprises of the

fluid supply and metering section, the test section and the fluid separation section.

Air is supplied from a bank of two compressors, GA75 and GA55, connected in parallel. A

maximum air flow rate of 1200 Sm3/h can be supplied. The air from the compressors is

accumulated in an air receiver with a capacity of 8 m3 to reduce the pressure fluctuation from

the compressor. Although not shown in the figure, the air from the receiver passes through a
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bank of three filters and then through a cooler where debris and moisture are stripped from

the air before it is metered. The flow rate of the air is regulated by two automated valves (i.e.

VC301 and VC302) and measured by one of a bank of two Rosemount Mass Probar flow

meters (i.e. FA1 and FA2). FA1 is used to measure an air flow rate from 0 to150 Sm3/h, and

FA2 for an air flow rate of above 150 Sm3/h. Water is supplied from a 1.2 m3 capacity water

tank. The water is pumped to the flow loop by a Grundfos CRE3-26 speed variable pump

which has a maximum duty of 10 l/s at 6 barg. The flow rate of the water can be regulated by

adjusting the pump speed, and/or a manual bypass valve VW2 between the pump outlet and

the water tank. The water flow rate is metered by a 100 mm ABB electro-magnetic flow

meter MMSG-Special.

The air and water are mixed using a Tee joint before entering the test section. The test section

consists of a flow loop of 101.6 mm i.d. and about 20.0 m long in total. It includes four

vertical sections connected by three 180 bends (bend 1, 2 and 3). Each bend, with a radius of

203 mm, is made of cast Perspex. It is first machined using CNC milling technique in two

halves, inner surface polished and then glued together. The wall roughness of the bends is

estimated around 5×10-6 m. The middle two vertical sections, one downward and one

upward, each having a 6.0 m of straight pipe, are the test sections. In each section, three

measurement and visual observation (MV) stations are installed. Each of these stations

comprises of a liquid film sensor spool which is used to measure water film thickness at four

different circumferential locations, and a clear section for the visual observation of the flow.

A WMS spool can be added into the station if the void fraction cross-sectional distribution at

the location is to be measured. This spool is placed at the downstream of the liquid film

sensor spool, in order not to disturb the measurement of liquid film thickness. More details

about the liquid film sensor and WMS spools are described in section 2.2 below. Six GE

PMP4070 pressure transducers, P1-P6, are also installed to measure the pressure along the
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downward section. In addition two PT100 temperature sensors, PT1 and PT2, are used to

measure the water and air/water mixture temperatures, respectively. The locations of the

measurement and visual observation stations, pressure sensors and temperature sensors along

the test section are presented in Table 1 below. Some of the key specifications of the

instrumentation in the Serpent rig are shown in the appendix of this paper.

The air and water mixture are separated in a vented tank which is covered with a lid with

outlets. Air is vented into the atmosphere via the outlets while, the water driven by gravity

flows back to the water tank via a 150 mm i.d. pipe. The outlets have filters installed in order

to reduce the amount of mist discharging into the atmosphere.

2.2 Film thickness sensor spools

2.2.1 Sensor design

The film thickness probe spool is shown in Figure 2 (a) and schematically in Figure 2 (b).

The spool consists of four film conductivity sensors which are evenly distributed

circumferentially to measure the circumferencial distribution of the liquid film thickness at

the location where the spool is installed. As shown in Figure 2 (c) the sensing part of the

conductivity film thickness probe comprises a 10 mm diameter stainless steel rod and a

stainless steel sleeve (18 mm outer diameter by 2 mm wall) arranged concentrically. Between

them is a 2 mm thick insulation layer. The end of the sensor is flush with the inner surface of

the spool. Each conductor is electrically in contact with the liquid film when the liquid film

flows over them, so a conductive bridge is formed. The conductivity between the two

conductors is expected to change with the thickness of the water film.

2.2.2 Film thickness probe calibration and repeatability check

For conductivity film thickness probes, it is well accepted that the normalised output, i.e.

ratio of output voltage to full scale voltage, should be used calibration and measurements, as

this is helpful to eliminate or mitigate the measurement errors caused by the draft of liquid
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conductivity or the electronics due to environmental factors such as temperature. The

calibration was carried out by using acrylic blocks of different diameters (Figure 3 (a))

inserted into the probe spool coaxially to form a liquid layer with known thickness. Figure 3

(b) shows a typical calibration curve – a plot of the measured film thickness against

normalised voltage output corresponding to that used at the top position of the downward

flowing section of the flow loop. Twenty four normalised calibration curves were obtained

during the static experiments.

The repeatability of the liquid film thickness probes were also checked. Three repeated runs

were carried out for gas superficial velocities of 1.44, 3.02, 4.60, 6.20, 9.38, 12.47, 18.39,

23.66 and 28.87 m/s, with a constant liquid superficial velocity of 0.1 m/s. Figure 3 (c)

illustrates the results achieved from one of the film probes and the discrepancy was around

0.1 mm for the downward annular flows over all gas velocities.

In order to further correct the temperature drift errors in film thickness measurement, in

addition to the use the normalised outputs of the film thickness sensors, a temperature

correction coefficient for the sensors is also identified and used. The correction is applied to a

temperature range of 10–35C, which covers the two-phase mixture temperature range 15-22

C in which the tests are performed. During a test both the water and water/air mixture

temperatures were logged so temperature compensation was able to be implemented in order

to obtain film thickness values during the off-line data processing.

2.3 Wire mesh sensor (WMS)

A 32×32 WMS, as shown in Figure 4 (a), is used for air-water void sectional distribution

measurement at different locations along the pipeline. The sensor, associated electronics and

data processing software are supplied by Helmholtz–Zentrum Dresden–Rossendorf,

Germany. The method of phase fraction distribution measurement in air/water flows using

similar WMS systems has been validated by a number of studies, for example Prasser et al.
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(2007), and Da Silva et al. (2010). In the sensor spool, wire electrodes are stretched across the

flow cross-sectional area with the two sets of wire electrodes being perpendicular to each

other. One set acts as a sender while the other acts as a receiver. The wire mesh sensor

electronics measures the local permittivity of the fluid in the gaps of each crossing point by

successively applying an excitation voltage to each one of the sender electrodes while

keeping all other sender electrodes at ground potential and measuring, respectively, the AC

electrical current flow to all receiver electrodes synchronously. Based on these measurements

the cross-sectional fluid distribution across the pipe the sensor is able to be estimated. More

details about WMS can be found in Da Silva et al. (2007). For the sensor used in this study,

the separation between the sender and receiver planes of wires is 2.5 mm. The spacing

between two wires in parallel is 3.2 mm. A sampling rate of 1000 frames cross-sectional

images per second is used for the measurement.

On the straight upwards section of the Serpent rig, void fraction measurements by other

methods were compared with the time and cross-sectionally averaged void fraction values

obtained from the WMS. The upwards section was chosen as the flow regimes in this section

cover different vertical flow regimes as the gas flow rate is increased. In the validation tests, a

low liquid superficial velocity of 0.1 m/s was used, while the air velocity varied in the range

of 0.15-30.0 m/s. At an air velocity up to 6.0 m/s, the flow regimes are bubbly, slug and

churn flows. In these flows, the void fraction obtained from the differential pressure ∆ � using

the pressure transducers P4 and P5 were compared with the WMS values obtained at the

measurement and visual observation station MV22, which is the middle point between the

locations of pressure transducers P4 and P5 on the pipe. The distance � 	between the two

transducers is 4.1 m. On the assumption that the frictional pressure drop is negligible the ε, 

i.e. the average void fraction at the WMS position can be calculated from the equation:

� = 1 −
∆ � /�

� � � � − � � �
(1)
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where � 	is the gravitational acceleration, � � and � � are the densities of water and air

respectively.

For the superficial air velocity larger than 10.0 m/s, which results in an annular flow regime,

film thickness (FT) measurements were used to obtain the void fraction by the equation:

� =
4( � � − � � )

� � (2)

where t is film thickness, D the internal diameter of the pipe. Apparently here liquid

entrainment in the gas core was ignored in the calculation of the void fraction.

Figure 4 (b) shows the comparison of the WMS void fractions with those obtained using

Equations 1 and 2. As can be seen, in the low void fractions range (<20%), the WMS is likely

underestimate the void fraction as much as about 12% in a relative error. While in the range

of the void fraction between 20% to 50%, the WMS void fractions can be up to 20% higher

in comparing with the referenced void fractions by a relative term. In the upper half range of

the void fraction(>50%), the differences between the referenced and WMS void fractions are

much smaller. However it is worth to note the referenced void fraction itself is only an

approximation of void fraction as the frictional pressure drop for DP method, or the liquid

entrainment for film thickness method, was ignored. Nonetheless the relative uncertainty of

WMS measurement for large void fraction (which is the main concern of this study) is

estimated within ±10%.

2.4 Positioning of liquid film probe and WMS in the test section

The positioning of the film sensors around a circumference are shown in Figure 5 (a). The

90° position corresponds to the outside curvature of the upstream bend, and 270° to the inside

of the upstream bend. The film sensors C1-C4 are used for downward flows and the sensors

C5-C8 are used for upward flows.
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Figure 5 (b) shows that the sender wires are in the 0°-180° direction and the receiver wires

are in the 90°-270° direction. By this arrangement the chordal distribution of the void fraction

along both 0°-180° and 90°-270° directions can be conveniently obtained from the cross-

sectional distribution of the void fraction, which is used to assess the extent of the phase

distribution asymmetry over a cross-section at the measuring position of the pipe, thus to

judge the influence of the upstream bend on the phase distribution at each axial position

along the pipe.

2.4 Test procedures

Prior to starting the tests, the test section is first emptied and blown dry. The air flow is then

stopped to record the zero points of the instrumentation. The rig is then filled with water to

record full scale output of liquid film sensors and WMS, which will be used for the

normalisation of the outputs from the sensors and the WMS, respectively. During the

experiments, for each test run the water flow rate is adjusted to a predetermined value before

air is introduced to the test section. The water flow rate is monitored and adjusted to keep it at

the predetermined value while the air flow is slowly increased to the desired value. The data

will not be logged until both the water and air flow rates become stable. The record period for

each test run is three minutes for the liquid film and pressure sensors, and one minute for the

WMS. In order to ensure the quality of the data, zero points of the instrumentation are

checked regularly, at least twice a day during testing.

A LabView program is developed for recording the pressures, film thickness and fluid

temperature. The sampling rate is 100 Hz, which is fast enough to capture the fluctuation of

these parameters in the test. The LabView system also provides an on-line view of the time

traces of these parameters.

The test matrix and its flow conditions are presented in the appendix of the paper.
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3 Experimental Results

3.1 Flow regime development in downward flow

The data of cross-sectional phase fraction distributions collected using WMS at the top,

middle and bottom positions of the downward section show the flow regime and its

development along the pipe.

Figure 6 shows axial slice images (X and Y) and cross-section images (Z) phase distribution

at different axial positions (i.e. top, middle and bottom positions, corresponding to 5, 30, and

46 pipe diameters respectively,) and different flow conditions in the downward section. The

data used for the figure are obtained for different superficial air velocities (Usg) while the

superficial water velocity (Usl) is kept at 1.0 m/s. The images are reconstructed from the

WMS data. Image X is obtained by stacking cross-section images and then being axially

sliced along 0°-180° direction. Likewise image Y along 90°-270° direction (refer to Figure 5

(b)). In order to give near reality geometries of phase structures in the pipe, the number of the

cross-section images N used to reconstruct the axial slice images is given by � = � � � � /� � ,

where � � is the WMS system frame rate, i.e. 1000 fps; � � is the pipe section length

represented by the axial sliced images, i.e. 1000 mm in this study; and � � is the mixture

velocity at the respective flow conditions. In the images, colour varies from blue to red

representing the void fraction changing from 0 (i.e. air) to 100% (i.e. water). As can be seen

from the figure, for a superficial air velocity of 0.15 m/s, the flow is aerated however with a

significant amount of water in the form of wisps entrained into the flow at the top position.

These wisps are like objects with long tails occupied some parts of the pipe. The cross-

section images clearly show that, the liquid phase has a tendency towards the circumferential

position of 90°, corresponding to the outside curvature of the upstream top bend (bend 1).

However, the flow at the middle position becomes liquid phase dominated and gas phase is

not continuous anymore; the cross-section image show that, the cross-sectional phase
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distribution at the middle position is less asymmetric with respect to the pipe axis in

comparing with its top position counterpart. At the bottom position the axial slice images

show that, the large bubbles break down into small bubbles, and are evenly distributed at

various places of the cross-section of the pipe, resulting in a bubbly flow formation;

meanwhile the cross-section image shows that the cross-sectional phase distribution is fairly

homogeneous.

At the top position as the Usg increases the wisps disappear and the flow regime becomes a

typical annular flow. For all air flow rates in the figure, the liquid phase fraction at the

circumferential position of 90°, corresponding to the outside curvature of the upstream top

bend (bend 1) is much larger than the other positions (i.e. 0°, 180° and 270°). This

phenomenon should be mainly due to the centrifugal force in the upstream bend.

At the middle position, the images show that, the flow regimes are significantly different

from that at the top position when superficial air velocities are low. For all superficial air

velocities, the cross-section images show that, the cross-sectional phase distributions are

much less asymmetric with respect to the pipe axis in comparison with their top position

counterparts. This is particularly obvious for Usg=18.50 m/s.

At the bottom position, when the Usg increases from 0.15 to 0.52 m/s, large bubbles are

formed as a consequence of coalescence of small bubbles in which they fill most of the pipe

cross-section. At higher superficial air velocities (Usg=1.02 and 2.70 m/s), it is observed that

an intermittent flow regime is created. The flow regime achieved at a higher superficial air

velocity (Usg=18.50 m/s) is an annular flow. The cross-sectional phase distribution is fairly

symmetric with respect to the pipe axis in comparing with their counterparts at the top and

middle positions.
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Flow regimes, its developments and asymmetries of cross-sectional phase distribution in the

downward section are also confirmed by examining the void fraction time traces, their

probability density functions (PDFs) and chordal void fraction distribution, respectively,

obtained from the WMS data. The void fraction PDF method is a widely recognised method,

which was used by many researchers for decades, for example, Kelessidis and Dukler (1989),

and, more recently Omebere-Iyari et al. (2008). Figure 7 shows the time traces of the void

fraction and the respective PDFs obtained locally at the top, middle and bottom positions of

the downward section, at a fixed superficial water velocity (Usl=1.0 m/s) and a superficial air

velocity (Usg) ranged from 0.15 to 9.80 m/s. The time traces are obtained by the cross

sectionally averaged WMS void fraction data acquired at a rate of 1000 Hz. As can be seen,

at Usg of 0.15 m/s, the time trace at the top position presents oscillations in a period of ~10 s.

It is different from those obtained at the middle and bottom positions. The PDF of the time

trace related to the top position has a feature of double peaks, which suggests the flow regime

is an intermittent one. The PDFs related to middle and bottom positions are single peak with

a much lower mean value of the void fraction (about 0.1), suggesting the flow regime is

similar to dispersed bubbly flow. However, it is also noted that the bubbly flow pattern is

mixed with periodic large air pockets hence the flow is still an oscillatory one. A visual

observation of the flow behaviour inside bend 2 which is at the bottom, downstream of the

downward straight section, suggests that liquid can periodically blocks the bottom section

when the air flow rate is low. Except those entrained air bubbles, the blockage will stop air

pass through until the air is accumulated and the sufficient energy being built up to overcome

this liquid blockage. Each of the cycles is also about 10 seconds long. The coincidence of

periods may suggest that, the above mentioned flow pattern is related to both the flow

conditions and the pipeline’s vertical serpentine geometry. The flow regime is similar to that

which occurred in an inverted U-type pipeline reported by Golan & Stenning (1969). Figure 7
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also shows that, the oscillatory flow regime also occurs when the Usg is 1.02 m/s, however

the amplitude and period of the oscillation decreases as the Usg increased. When the Usg

increased to 9.80 m/s or higher, the oscillatory flow regime disappears and the PDFs of the

void fraction time traces at the top, middle and bottom positions have only one peak.

However, the peak width of the PDF is decreased from the top towards the bottom, which

indicates the cross-sectional void fraction less fluctuated.

The flow regime maps for the top, middle and bottom positions are presented in Figure 8 (a),

(b) and (c) for various superficial air and water velocities. It can be noted from Figure 8 that

the bubbly, intermittent and annular flows are present for all three axial positions. The

dominant flow regime in the downward section is annular flow. The boundary between the

bubbly flow region and intermittent flow region in the flow regime map for the top position

corresponds to a higher liquid and lower gas velocity than that at the middle and bottom

positions. However, the boundary between the intermittent flow region and the annular flow

region in the flow regime maps related to all positions are similar. Overall the flow maps for

both middle and bottom positions are very similar. This suggests that the 180º top bend has a

major influence on the flow characteristics at the top position. The influence is much reduced

when the flow reaches the middle and bottom positions.

Barnea et al. (1982) attempted to predict the gas/liquid flow regimes in downward pipes.

They argued that the transition from bubbly flow to intermittent flow will occur when the

bubble size is sufficiently large so that bubble coalescence occurs. They proposed an equation

to determine the flow condition of the transition by using pipe diameter and fluid properties.

They also suggested that the transition between intermittent flow and annular flow will

happen when the liquid void fraction is larger than 0.65. The flow regime maps obtained

from this study are compared with that predicted by Barnea et al. (1982) and Usui (1989).
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Figure 9 shows the comparison between the flow regime map at the middle position of the

downward section, with the predictions of Barnea et al. and Usui. It is noted that, in both

cases, the boundary between the bubbly flow region and intermittent flow region in the map

of the middle position matches the predicted boundaries fairly well, though Barnea et al.

slightly over-estimated the liquid velocity and Usui slightly under-predicts the gas velocity.

However, for the boundary between the intermittent flow region and annular flow region,

both Barnea et al.’s and Usui’s criteria slightly over-estimate the liquid velocity and

significantly under-estimate the gas velocity at which the transition occurs. This perhaps

suggests that the criteria for flow regime transition need modifying when being applied to

downward flows in large diameter pipes.

3.2 Void fraction development in downward flow

The effects of 180o on the cross-sectional void fraction distributions at three positions of the

downward vertical pipe are also examined. As shown in Figure 10 (a), at superficial water

velocities of 1.0 and 1.5 m/s the mean void fraction values related to the top position increase

very steeply when the superficial air velocities increased from 0.15 to 2.0 m/s. A similar

tendency is also observed at the middle and bottom positions, as presented in Figure 10 (b)

and (c), however the curves of mean void fraction against the air velocity are notably less

steep than that at the top position.

In order to address the void fraction development along the pipe, the data above is also

presented as the void fraction ratio against axial distance (i.e. 5D, 30D or 46D after the bend

1), as shown in Figure 11. Here the void fraction ratio at an axial position is defined as the

ratio of the void fraction at that position to that of the bottom position, i.e. 46D after bend 1.

By this at any flow condition the void fraction ratio at the position of 46D is unity. It is

observed that, in Figure 11 (a), with a superficial water velocity of 0.07 m/s, at any air
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velocity tested, the void fraction ratios of the three positions are close to unity. A similar

feature can also be found in Figure 11 (b) and (c) for superficial liquid velocities of 0.2 and

0.48 m/s, and some of the flow conditions presented in Figure 11 (d), (e) and (f) for

superficial water velocities of 0.7, 1.0 and 1.5 m/s, respectively. In these cases the void

fraction shows an insignificant variation against the axial position at lower water flow rates.

Indeed at these flow conditions an annular flow regime is well formed in the whole

downward pipe section, in which the flow development is manifested via liquid film and

liquid entrainment rather than void fraction.

However, when flow regimes other than annular flow are involved, a significant void fraction

decrease occurs when the fluids are flowing down, implying the local air velocity is getting

significantly higher. In some flow conditions the void fraction development leads to a flow

regime transition, e.g. in the case of Usl=1.0 m/s and Usg=0.15 m/s (Figure 11 (e)) where the

flow regime is intermittent at the top position however it becomes bubbly flow occasionally

with large bubbles at the middle position. In other cases, e.g. Usl=1.5 m/s and Usg=1.05 m/s

(Figure 11 (f)), the flow regime remains the same, however due to the reduced void fraction

the gas phase is significantly accelerated as it flows towards the bottom.

The cross-sectional void fraction distributions at different positions also demonstrate the

effect of the upstream top bend on the flow development in the downward section. Figure 12

shows the phase distributions, respectively at the top, middle and bottom positions of the

downward section for three different superficial air velocities and a fixed superficial water

velocity of 1.0 m/s. In the figure, the distributions of the void fraction along two

perpendicular chords are given in (a), and a contour plot of the void fraction distribution is

given in (b). It can be seen from these plots that, for all superficial air velocities, the void

fraction on the 90° side quarter of the pipe cross-section is much less than that of its opposite

quarter, i.e. the 270° side quarter. Meanwhile the void fraction is distributed fairly evenly
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along 0°-180° direction. As mentioned above the 90° position corresponds to the outside

curvature of the upstream bend, and 270° to the inside of the upstream bend, thus the

asymmetry of the void fraction distribution over the cross-section area of the pipe should be

due to the centrifugal effect of the upstream bend. From the plots of the middle and bottom

positions, it also can be seen that, the void fraction distribution becomes quite symmetric over

the cross-section areas.

3.3 Liquid film development and its circumferential distribution

As the liquid film only exists in annular flow, this part of the results are mainly based on the

data from the flow conditions in which annular regime can be established.

3.3.1 Average liquid film thickness development

Figure 13 (a), (b) and (c) show the average liquid film thickness against the superficial air

velocity at three different fixed superficial water velocities in downward flows. The average

film thickness at each axial position is obtained from the 4 film thicknesses at different

circumferential positions at that axial position.

From the plots it can be seen that the average liquid film thickness development in the

downward flows is dependent on not only the superficial air velocity, but also the superficial

water velocity. For Usl= 0.1 m/s (Figure 13 (a)), the average liquid film thicknesses at the

middle and bottom positions are similar to each other over the whole range of the air flow

rates tested. The liquid film at the top position is significantly thinner than those at the lower

positions when the air velocity is low. However, once the Usg is higher than 15 m/s the film

thickness at the top position approaches those at the lower positions.

In the case of Usl= 0.3 m/s (Figure 13 (b)), the average liquid film thicknesses at the middle

and bottom positions are also close to each other over the whole range of the air flow rates
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tested. The film at the top position is notably thinner than those in the lower positions for

whole range of superficial air velocity.

In the case of Usl=1.0 m/s (Figure 13 (c)) it can be noted that the film thickness at the top

position against the superficial gas velocity decreases more steeply than those at the lower

positions, which indicates that, the film thickness varied faster in the upper part than in the

lower part of the section. When the Usg is higher than 14 m/s, the film thicknesses at the

middle and bottom positions converged together, while the film thickness at the top position

becomes thinner and diverged towards lower values than those at lower positions.

The liquid film thickness ratios versus the axial distances (i.e. 5D, 30D and 46D after the top

bend) at different flow conditions are also presented to demonstrate the downward liquid film

development (Figure 14). Similar to the method used for void fraction ratio, the film

thickness ratio at any particular axial position is defined as the ratio of the film thickness at

this position to that at the position of 46D from the bend. Hence, the film thickness ratio for

any velocity at the position of 46D is unity. In all plots of the Figure 14, it can be noted that

the film thickness ratio at the position of 5D shows significant variations under different flow

conditions. More specifically, at low liquid flow rates, e.g. Usl =0.1 m/s (Figure 14 (a)), the

liquid film thickness ratio at the top position is much less than that at lower positions when

the air flow rate is relatively low, while it is fairly close to 1.0 when the air flow rate is over

12 m/s; at high liquid flow rates, e.g. Usl =1.0 m/s (Figure 14 (f)), the liquid film thickness

ratio at the top position is close to that at the middle position when the air flow rate is about

5.3 m/s, while it becomes much less than that at the middle position when the air flow rate is

increased over 10.0 m/s. However, the film thickness ratio at the position of 30D is close to

or slightly larger than unity, regardless of the flow conditions. It can be inferred that the

liquid film ratio at the position of 5D from the upstream bend is more sensitive to flow

conditions, this could be because of the bend effect. In contrast the bend effect on film
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thickness becomes considerably lower as the flow reached the 30D or is further away from

the upstream bend.

3.3.2 Circumferential distribution of the liquid film

Figure 15 illustrates the circumferential distributions of liquid film for downward flows at

Usl= 0.1 m/s, with Usg= 3.0 and 28.8 m/s (Figure 15 (a) and (b), respectively). It is noted that

in the former case, with low air flow rate the film profile at the middle position is almost

identical to that at the bottom position, but is quite different from that at the top position,

where the thickest film appears at the 90° position (corresponding to the outside of the

upstream top bend) and the thinnest film at 270° position (corresponding to the inside of the

upstream top bend), in comparing with those at other circumferential positions.

This is due to the effect of centrifugal force of the upstream top bend on the liquid

distribution. In the latter case, with a high air flow rate, an asymmetric film profile is

observed at the top, middle and bottom positions, suggesting that the centrifugal force effect

on the liquid film distribution persisting through the whole downward section. It is worth

noting that the circumferential film thickness profiles are fairly symmetric about the 90°-270°

axis. This feature is observed for almost all the flow conditions tested in this study.

Figure 16 illustrates the circumferential distributions of liquid film at the downward flows for

Usl=0.3 m/s, with three different superficial air velocities. In all cases the effect of centrifugal

force of the upstream top bend on the film circumferential profile is observed at the top

position. Also for all three cases the profile related to the middle position is almost identical

to that at the bottom position. The centrifugal force effect of the upstream bend on these

lower positions is insignificant. It is also observed that the average liquid film thickness at

the top position is significantly less than those at lower axial positions.

Figure 17 illustrates the circumferential distributions of liquid film for Usl=1.0 m/s and for

Usg=9.80 and 18.50 m/s. The circumferential profile of the film thickness at the top position
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shows an extremely high liquid film appearing on the 90° side, while at 180°, 270° and 0°

sides the film thickness is fairly even. Again the film profiles at the middle and bottom

positions are similar to each other.

3.4 The effect of pipe diameter on liquid film thickness

In order to examine the pipe diameter’s effect on liquid film thickness in downward annular

flows, the film thickness data from the publicised studies on downwards annular flows in

pipes of different diameters have been gathered. Film thickness data from this study and

those publicised studies are compared with the predicted film thickness using the correlation

developed by Henstock and Hanratty (1976). The correlation is based on both liquid film and

gas Reynolds Numbers as follows:

�

�
= 6.59� /(1 + 1400� )� / � (3)

Where t is film thickness, D the internal diameter of the pipe, and parameter F is defined as

� = � ( � � /� � )( � � /� � )� / � � � �
� � . � (4)

and further the parameter � is defined as:

� = [ � 0.707 � � �
� . � �

� .�
+ (0.0379 � � �

� . � ) � . � ]� . � (5)

where L and G are the kinematic viscosity of the liquid and gas, respectively. The

Reynolds numbers Re� and Re � are based on the gas flow and liquid flow rates, respectively.

Assuming in downward annular flow the entrained liquid rate is insignificant Re � can also be

replaced by the liquid film Reynolds number Re � � 	.

The experimental data sets used for the comparisons are from downward annular flows in

different diameter pipes, i.e., 31.8mm, 38.2mm (Webb and Hewitt, 1975), 50.8mm (Chien
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&Ibele 1964) and 101.6 mm (this study). The experimental conditions for these data sets are

listed in Table 2.

Figure 18 shows a plot with the predicted film thickness using Equations (3-5), against the

measured film thickness in terms of thickness to pipe diameter ratio t/D. It appears that in

general the correlation overestimates the film thickness for all data sets used. However, it

agrees reasonably well with small diameter pipe results. The degree of overestimation

increases as the diameter increases. This might be interpreted using the Eotvos number

Eo=∆ � � � � /� , where ∆ � is the density difference between water and air, � is the surface

tension of water. When the pipe diameter is increased, the surface tension’s effect on the gas,

liquid flow is getting weaker in comparison with that of the gravitational force, which can

lead to fundamental changes to the flow. Kataoka and Ishii (1987) suggested the criteria for

such changes is that Eo>100. For example in vertical annular flows in a 31.8 mm i.d. pipe it

was found that disturbance waves can achieve their circumferential coherence (Zhao et al

2013); while in much large pipes only incoherent disturbance waves were found on the liquid

film. This change could lead to further two changes which may affect the applicability of

Eqation (3-5) for large diameter pipes. First is that the velocity profile of liquid film, hence

the film average velocity become different from that in small diameter pipes; Second is the

liquid entrainment rate changes due to the change of interfacial wave structure.

In comparing the measured mean film thicknesses (obtained at 46D axial position

downstream of bend 1 with existing models, reference is also made to earlier theoretical

studies on falling films based on Nusselt's (1916) falling film theory:

� = �
3 � �

� � � � �

4�
�

� / � (6)

where � � � � the liquid film Reynolds number based on the liquid film mass flux � ̇ � . Nusselt

arrived at the equation by taking a force balance on an elemental liquid film assuming
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viscous flow and that no shear or waves occur on the liquid surface. Kapitza's (1965)

modification to account for these waves and surface tension resulted in the following relation:

� = �
2.4� �

� � � � �

4�
�

� / � (7)

A large number of empirical and semi-empirical correlations have been proposed with the

form of Nusselt’s theory such that:

� = � ( � �
� /� )� / � � � � �

� (8)

Where A and n are regression constants. The models of Ganchev (1972), Kosky (1971),

Mudawar & El-Masri (1995) have very similar slopes and predictions due to the close values

of their respective A, n; they are in agreement with our data up to � � � � = 8000 but

dramatically lose accuracy beyond that even though their range of application are between

� � � � ranges of 1000 and 10000. Fiend (1960) model agrees with the large pipe data up to

� � � � = 10000 while Brauner (1987) predicts well within the range � � � � = 10000–14500. In

fact, only the model of Karapantsios & Karabelas (1995) caters for � � � � > 10000 up to 11080

only, while our measured film thicknesses were obtained at Reynolds number ranges of

4000–20200. At high film Reynolds numbers the large deviations produced may be as a

result of higher interfacial friction. As Figure 19 (b) shows values of A = 1.4459 and n =

0.3051 fit the large pipe data best. This indicates an increase in intercept and a decrease in

slope when compared to the existing relations derived from smaller pipes and is clearly

visible in Figure 19 (a). shows the value of A and n previously obtained experimentally by

several investigators. It should be noted that differing values of A and n by the various

studies over the years only serve to slightly change the slope or magnitude of the respective

dimensionless film thickness curves within the same � � � � range.
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This fact is shown in Figure 19 (a) where the current data is plotted together with the models

in Table 3. It can be seen that only a handful of the predictions (Nusselt, Kapiza, and

Brauner) are within the vicinity of our large pipe experimental film thicknesses. The models

of Ganchev (1972), Kosky (1971), Mudawar & El-Masri (1995) have very similar slopes and

predictions due to the close values of their respective A, n; they are in agreement with our

data up to � � � � = 8000 but dramatically lose accuracy beyond that even though their range of

application are between � � � � ranges of 1000 and 10000. Fiend (1960) model agrees with the

large pipe data up to � � � � = 10000 while Brauner (1987) predicts well within the range � � � �

= 10000–14500. In fact, only the model of Karapantsios & Karabelas (1995) caters for � � � � >

10000 up to 11080 only, while our measured film thicknesses were obtained at Reynolds

number ranges of 4000–20200. At high film Reynolds numbers the large deviations produced

may be as a result of higher interfacial friction. As Figure 19 (b) shows values of A = 1.4459

and n = 0.3051 fit the large pipe data best. This indicates an increase in intercept and a

decrease in slope when compared to the existing relations derived from smaller pipes and is

clearly visible in Figure 19 (a).

4 Conclusions

In this study, WMS and film thickness probes are used to investigate the effects of 180° bends

on behaviours of gas/liquid flows in a downward section of a vertical serpentine large

diameter pipeline, covering the superficial air and water velocities ranged from 0.15 to 30.0

m/s and from 0.07 to 1.5 m/s, respectively. The following conclusions can be drawn from the

experimental investigation that was carried out in this study:

1. The cross-sectional phase distributions measured at the top position show a significantly

higher void fraction on the half corresponding to the inside of upstream top bend than that on
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the half outside of the bend. This asymmetry is reduced as the flow moves towards the lower

axial positions. However, it is also noted that in contrast, the cross-sectional phase

distributions are remarkably symmetrical with respect to the 90°-270° axis. For most flow

conditions tested, the cross-section void fraction distribution at the middle and bottom

positions are close to each other, which may suggest that the flow has been fairly well

developed in the downward section after 30D from the upstream top bend.

2. In most downward annular flows tested, the average liquid film at the top axial position is

significantly different from those at the lower axial positions. However, the liquid film

thicknesses at middle and bottom positions are remarkably close to each other, which may

again suggest that, the flow is reasonably developed in the downward section at and after 30D

from the upstream top bend. However, when in a combination of low liquid loading and high

air velocity the liquid film circumferential profile is still uneven at an axial position of 46

pipe diameters from the top bend, suggesting that the bend effect persists through the whole

downward section hence fully developed flow cannot strictly be said to have been achieved.

3. The mean film thickness data from this study was compared to existing correlations and

theoretical models. It was observed that clearly the current data presented a distinctly

different slope to those of the correlations suggesting a change in the film structure for large

diameter pipes.
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Figure 1: Schematic of the Serpent rig
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Perspex mount Flush mounted probe (× 4)

(a) (b)

(c)

Figure 2: Conductivity liquid film thickness sensor (a) Photograph showing sensor spool

with four flush mounted probes (b) Schematic of sensor spool (c) Details of individual probe

design (All dimensions in mm)
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(a)

(b)

(c)

Figure 3: (a) Blocks of different diameters used for probe calibration (b) A sample film
thickness calibration curve (used for top position downward section) (c) Repeatablity of
liquid film measurements
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(a)

(b)

Figure 4: (a) 32×32 WMS spool used in this study and (b) Comparison of measured void

fractions using WMS and other methods
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(a)

(b)

Figure 5: Circumferential positions of the film sensors (a) and cross-section of WMS (b)
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Figure 6: Axial slice images (X and Y) and cross-section images (Z) phase distribution at different axial positions and different flow conditions
in the downward section. In each panel image X is obtained by axially slicing along 0°-180° direction and image Y along 90°-270° direction,

both representing a 1000 mm long pipe section. The superficial air velocities (Usg) are shown in the figure. The superficial water velocity (Usl) is
kept at 1.0 m/s. In the images, the colour varies from blue to red representing the void fraction changing from 0 (i.e. water) to 100% (i.e. air).
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(a)

Usg=0.15 m/s Usg=1.02 m/s Usg=9.80 m/s
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Usg=0.15 m/s Usg=1.02 m/s Usg=9.80 m/s

(b)
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Usg=0.15 m/s Usg=1.02 m/s Usg=9.80 m/s

(c)

Figure 7: Time traces of the void fraction and their PDFs, at the (a) top, (b) middle and (c) bottom positions of downward section at different
superficial air velocities (Usg) and a fixed superficial water velocity (Usl) of 1.0 m/s.
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(a) Top position (b) Middle position

(c) Bottom position

Figure 8: Flow regime maps at the top, middle and bottom positions of the downward
section, respectively.
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Figure 9: The comparison between the flow regime map at the middle position of the
downward section obtained from this study and the flow regime map by Barnea et al. (1982)

and Usui (1989).
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(a) Top position (b) Middle position

(c) Bottom position

Figure 10: The effect of the superficial air and water velocities on the void fraction values at
the top, middle and bottom positions of the downward section, respectively.
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(a) Usl=0.07 m/s (b) Usl=0.2 m/s

(c) Usl=0.48 m/s (d) Usl=0.7 m/s

(e) Usl=1.0 m/s (f) Usl=1.5 m/s

Figure 11: The void fraction development along the downward section, for superficial
water velocities of 0.07, 0.2, 0.48, 1.0 and 1.5 m/s, respectively.
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Usg=0.15 m/s Usg=1.02 m/s Usg=9.80 m/s
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Bottom position

(a)

(b)

(a)

(b)

(a)

(b)

Figure 12: Chordal distributions (a) and contour plots (b) of the void fraction, at the top,
middle and bottom positions of the downward section at different superficial air velocities

(Usg) and a fixed superficial water velocity (Usl) of 1.0 m/s.
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(a) Usl=0.1 m/s (b) Usl=0.3 m/s

(c) Usl=1.0 m/s

Figure 13: Development of average film thickness in downward section
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(a) Usl=0.1 m/s (b) Usl=0.2 m/s

(c) Usl=0.3 m/s (d) Usl=0.48 m/s

(e) Usl=0.7 m/s (f) Usl=1.0 m/s

Figure 14: The liquid film development along the downward section, for superficial
water velocities (Usl) of 0.1, 0.2, 0.48, 0.7 and 1.0 m/s.
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(a) Usg=3.0 m/s (b) Usg=28.8 m/s

Figure 15: Circumferential profile developments of liquid film in downward section (Usl=
0.1 m/s; axis unit in all plots: mm).
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(a) Usg=2.90 m/s (b) Usg=8.87 m/s

(c) Usg=25 m/s

Figure 16: Circumferential profile developments of liquid film in downward section
(Usl= 0.3 m/s; axis unit in all plots: mm)
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(a) Usg=9.80 m/s (b) Usg=18.50 m/s

Figure 17: Circumferential profile developments of liquid film in downward section
(Usl = 1.0 m/s; axis unit in all plots: mm)
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Figure 18 Comparison between the data sets of film thickness in downward annular flows in

different size of pipes with the Henstock and Hanratty (1976) correlation

+30%

0.003

0.03

0.003 0.03

Webb& Hewitt 1975, D=31.8mm

Webb& Hewitt 1975, D=38.2mm

Chien &Ibele 1964, D=50.8mm

This study, D=101.6mm

Predicted t/D

Ex
p

e
ri

m
e

n
ta

l
t/

D



54

(a)

(b)

Figure 19: (a) Mean film thickness in falling film flow: comparing current experiments to
existing models. Where � ∗ = � ( � � �

�⁄ )� /� is the dimensionless film thickness and � � � � =

4� ̇ � � �⁄ the liquid film Reynolds number (b) Fitted correlation of large pipe dimensioness
film thickness
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Table 1: Locations of the sensors and observation stations along the test section

Items Locations (in tube inner diameter D) Note
MV11 5D from the end of bend 1

Downward section,
downstream of bend 1

MV12 30D from the end of bend 1
MV13 46D from the end of bend 1
MV21 5D from the end of bend 2

Upward section,
downstream of bend 2

MV22 28D from the end of bend 2

MV23 47D from the end of bend 2

P1 10D upstream of the beginning of bend 1

P2 10D downstream of the end of bend 1 Downward section,
downstream of bend1P3 50D downstream of the end of bend 1

P4 10D downstream of the end of bend 2 Upward section,
downstream of bend 2P5 50D downstream of the end of bend 2

P6 10D downstream of the end of bend 3

T1 In the water line before the mixer
For water temperature
measurement

T2 At the exit of the test section
For water/air mixture
temperature measurement

Table 2: Sources of film thickness data from downward air/water annular flows

No Source Pipe diameter D

(mm)

Distance from the

inject/bend

(times D)

Water

Reynolds

Number

Air

Reynolds

Number

1 Webb & Hewitt

(1975)

31.8 Not available 500-4000 50500

2 Webb & Hewitt

(1975)

38.2 >140 840-4200 42100

3 Chien & Ibele

1964

50.8 88 1150-

15100

28000-

260000

4 This study 101.6 46 10100-

101000

12000-

205000

Table 3: Some falling film relations and flow conditions

Researchers A n Basis of model Geometry/flow conditions
Brotz (1954) 0.161 2/3 Empirical Pipe/� � � � = 100–4300

Brauer (1956) 0.245 8/15 Empirical Not available
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Fiend (1960) 0.532 1/2 Empirical Not available
Kapitza (1965) 0.843 1/3 Theoretical Not available
Kosky (1971) 0.136 7/12 Semi-empirical Pipe/� � � � > 1000

Ganchev et al. (1972) 0.137 7/12 Theoretical Not available
Takahama and Kato
(1980)

0.473 0.526 Empirical Pipe/� � � � < 8000

Brauner (1987) 0.104 7/12 Theoretical Flat plate/� � � � > 300

Mudawar and El-Masri
(1988)

0.145 0.58 Theoretical Pipe, � � � � < 10000

Karapantsios and
Karabelas (1995)

0.451 0.538 Empirical Pipe, � � � � = 370–11080

Table A-1 Flow conditions used throughout this study

(Qg, Usg and Usl are air flow rates, superficial air velocities and superficial water velocities

respectively)

Usl, m/s 0.07 0.1 0.2 0.3 0.48 0.7 1.0 1.2 1.5

Qg,

Sm3/h

Usg,

m/s

Usg,

m/s

Usg,

m/s

Usg,

m/s

Usg,

m/s

Usg,

m/s

Usg,

m/s

Usg,

m/s

Usg,

m/s

6 0.15 0.16 0.15 0.14 0.14 0.14 0.15 0.15 0.15

10 0.27 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25

20 0.55 0.54 0.54 0.52 0.51 0.51 0.52 0.52 0.54

30 0.84 0.83 0.82 0.80 0.78 0.77 0.77 0.79 0.79

40 1.14 1.12 1.12 1.09 1.06 1.03 1.02 1.05 1.05

50 1.44 1.43 1.42 1.39 1.36 1.33 1.32 1.31 1.31

80 2.41 2.38 2.34 2.30 2.25 2.19 2.13 2.11 2.06

100 3.06 3.01 2.96 2.91 2.86 2.76 2.70 2.62 2.54

150 4.63 4.59 4.51 4.43 4.36 4.18 3.99 3.93 3.75

200 6.25 6.23 6.12 5.96 5.81 5.57 5.27 5.12 4.90

300 9.52 9.35 9.10 8.87 8.50 8.10 7.62 7.35 6.90

400 12.84 12.47 12.03 11.62 11.15 10.47 9.80 9.33 8.62
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600 18.74 18.36 17.43 16.72 15.58 14.38 13.44 12.94 11.56

800 24.71 23.64 22.30 21.26 19.59 17.80 16.04 15.67 13.92

1000 30.14 28.81 26.57 25.02 22.55 20.78 18.53 17.58 16.25

Table A-2 Summary of instruments installed on the Serpent rig

Instruments Name Manufacture & Model Uncertainty Range

Air flow

meter 1
FA1

Rosemount Mass

Probar ½’’
0.5% 0-150 Sm3 /h

Air flow

meter 2
FA2

Rosemount Mass

Probar 1’’
0.5% 150-4250 Sm3 /h

Water flow

meter
FW ABB MMSG-Special 0.1% 0.06-16 l/s

Pressure

sensors
P1-6 GE Sensing PMP4070 0.08% 0-100 psig

Temperature

sensors
T1/2 Pt100 0.5% 0-100 C

Wire mesh

sensor

Helmholtz-Zentrum

Dresden-Rossendorf

(HZDR), CAP200

Wire spacing

3.2 mm

Void fraction:

0-100%

Liquid film

thickness

probes

FT1/2

Design and

manufactured by PSE

group, Cranfield

0.1 mm 0-3 mm
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