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ABSTRACT

The present investigation is concerned primarily with air-water flow in a horizontal 0.032 m 
ID tube, and the influence of a 90° horizontal bend on the flow characteristics. Visualisation 
studies using high speed still photography and cine film, and entrainment and drop size 
measurements were conducted before and after the bend. Entrained mass fluxes were 
determined from film flow measurements carried out using the film removal technique, while 
the drop size distributions were measured with a laser diffraction technique. During these 
measurements the pressure in the test section was held between 1.0-1.4 bar, and at ambient 
temperature.
Prior to the horizontal flow study, drop size and film flow rates were measured for vertical 
air-water flow in a 0.01026 m ID tube. This extended the work of Jepson (1992) who reported 
the effect of gas density and surface tension on film flow rate, drop size and deposition mass 
transfer coefficient. Modifications to the equipment described by Jepson (1992) allowed an 
extension of the measurements to higher flow conditions.
The visualisation study was taken across flow conditions that include stratified, annular and 
pseudo-slug flow regimes. Still photographs show the presence of air bubbles entrained in 
the liquid film, and the creation of liquid drops at the crest of roll waves. Drops were seen to 
be entrained from the liquid film by both bag break-up and ligament break-up mechanisms. 
At the bend, the phenomenon of film inversion was seen to occur. Also, a secondary flow 
existing in the gas phase at the bend can be responsible for a swirl movement observed in the 
liquid film, in which at the upper part of the tube the liquid was pulled from the outer wall 
of the bend to the top of the tube in an anti-clockwise, cork screwing fashion. In the lower 
half, the liquid film was drawn from the outer wall towards the bottom of the tube in a 
clockwise motion. From the cine films, information on drop velocity was also extracted. This 
showed the axial drop velocity to be constant over the time frame of analysis. No significant 
correlation was found between the drop size and the axial drop velocity.
The entrainment results in the horizontal tube showed that for stratified/annular conditions the 
entrained liquid mass flux increases with liquid flow rate (for a fixed gas flow rate), and 
in some instances plateau conditions were reached. However, for the pseudo-slug regime the 
level of entrainment falls considerably. For the whole range of flow conditions studied, the 
entrained liquid mass flux increases with superficial gas velocity, except for GL = 10 kg/m2s 
where the amount of entrainment is constant. The reduction in entrained liquid mass flux after 
the bend above certain flow conditions, is caused by drops depositing on the outside wall 
of the bend.
For the flow conditions under study, the Sauter mean diameter varies between 60-110 um. 
Gas velocity has a strong influence on drop size, ie, the higher the gas velocity the smaller 
the drop size. The effect of liquid flow rate is somewhat more complex. At the lower liquid 
flow rates, drop size seems to be controlled by the entrainment mechanisms, while at the 
higher liquid flows drop coalescence has a dominant effect. The influence of the 90° bend 
on the drop size distribution was to increase the diameter of the drops. Both the entrained 
liquid mass flux and drop size were found to be lower for horizontal annular flow than in 
vertical flow, for the same flow conditions and tube diameter.

The measurements carried out for air-water flow in the vertical 0.01026 m ID tube, showed 
the entrained mass flux to increase with both gas and liquid flow rates. For the flow 
conditions analysed, the Sauter mean diameter varies between 26-45 um. Drop size was seen 
to be influenced by gas and liquid flow rates, following similar trends to those observed during 
the horizontal study.
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1. INTRODUCTION

Two-phase, gas-liquid flow occurs widely in the power generation, process and offshore 

industries. To understand and control two-phase flow behaviour and its heat and mass transfer 
characteristics, it is necessary to understand the hydrodynamics of the system.

This chapter will provide the reader with a broad understanding of the fundamentals of 
two-phase, gas-liquid flow. In particular, those relating to vertical upflow and horizontal 

flows as these have direct relevance to this study.

1.1. Gas-Liquid Flow in Straight Pipes

Gas-liquid flow can adopt various geometric configurations known as flow patterns. These 
are governed by the physical properties of the system, the gas/liquid ratio, the flow conditions 

and the flow geometry.

1.1.1. Vertical Flow

In vertical upflow, five main flow patterns exist (Figure 1.1). These are:

• Bubbly flow : In bubbly flow the gas phase is distributed as discrete bubbles 

within a continuous liquid phase. As the gas flow rate is increased, the number of 

bubbles increases and collisions therefore occur more often. This accounts for a 
rise in bubble coalescence. Griffith and Snyder (1964) suggested that the 

bubbly/slug transition occurred at a void fraction of about 0.25-0.30.

• Slug flow : In slug flow the gas moves upwards in large bullet-shaped bubbles 
which occupy virtually the entire cross-section of the tube. These bubbles are 
surrounded by a thin falling film of liquid, and separated by regions of liquid 

where small gas bubbles are distributed. As the gas velocity is increased the 

slug/churn transition is approached.

• Churn flow : Increases in the gas velocity cause the liquid slug to become 

unstable, break and fall. This liquid merges with the approaching slug, while the 

gas from the collapsed bubbles merge. The reformed slug then resumes its 
upwards motion until it becomes unstable and falls once again. The oscillatory 
nature of the liquid flow is typical of churn flow.

• Annular flow : Annular flow is characterised by a central core of fast flowing gas 

and a slower moving liquid film that travels around the pipe wall. The shearing 

action of the gas at the interface generates small amplitude waves on the liquid 

surface, known as ripples. By increasing flow conditions beyond critical gas and
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liquid flow rates, large amplitude surges or disturbance waves appear. Liquid is 
torn from the surface of these waves giving rise to drop entrapment in the gas 
core. The deposition of these drops maintains the liquid film.

As the liquid flow is increased the drop concentration in the gas core rises. 
Eventually, these drops agglomerate to form large lumps (wisps) of liquid. The 
resulting flow pattern is known a wispy-annular flow.

1.1.2. Horizontal Flow

In horizontal conditions, gravity introduces an asymmetry into the flow: the density difference 
between the phases causes the liquid to travel preferentially along the bottom of the tube. 
Hewitt (1982) identified several flow patterns, shown in Figure 1.2.

• Bubbly flow : As with vertical bubbly flow, the high degree of turbulence in the 
liquid phase causes the gas to be distributed as discrete bubbles within a liquid 
continuum. Buoyant forces however, cause the bubbles to flow along the upper 
part of the tube.

At lower liquid flows, where the turbulent mixing is less pronounced, Taitel and 
Dukler (1976) suggested that the buoyant forces dominate. This causes the 
bubbles to rise and agglomerate to form gas plugs.

• Plug flow : Horizontal plug flow is similar to vertical slug flow, but gravity effects 
cause the gas plugs to move along the top of the tube.

• Stratified flow : In stratified flow the liquid travels along the bottom of the pipe 
whilst the gas passes over it. At low gas and liquid flows the interface is smooth 
(smooth stratified flow). At higher gas velocities the shearing action of the gas 
at the interface generates small 2-D waves (wavy stratified flow). At even 
higher gas velocities, large amplitude waves are seen on the liquid surface. Liquid 
is torn from the surface of these waves giving drop entrainment in the gas. The 
deposition of these drops may partially wet the top of the tube and eventually form 
rivulets. By increasing the liquid flow the slug flow regime is approached.

• Slug flow : Slug flow is characterised by the intermittent appearance of frothy 
slugs of liquid which bridge the entire pipe section and move at almost the gas 
velocity.

Pressure fluctuations typify this flow, here the gas pressure behind the slug is 
greater than that in front of the slug.

• Pseudo-slug flow : This flow pattern occurs near the annular/slug, stratified/slug 
and stratified/annular flow transitions.

Pseudo-slug flow is characterised by the presence of liquid disturbances which 
have the appearance of slugs, but which do not give the identifying pressure
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pattern a slug does and do not travel at the gas velocity. These disturbances can 
touch the top of the tube momentarily, but do not block the entire pipe section. In 
this way pressure build-up behind the pseudo-slug is prevented.

• Annular flow : At yet higher gas rates the liquid slug is pierced by a gas core and 
the flow becomes essentially annular. At extreme gas flow rates horizontal annular 
flow can be approximated to vertical annular flow, but at low gas flows the film 
is thicker at the bottom of the tube.

Taitel and Dukler (1976) suggest that the transition from stratified to either slug or 
annular flow depends uniquely on the liquid height, h, of the stratified layer. They 
suggest that when this height is above the pipe centre line slug flow will develop, 
on the other hand if hldt < 0.5, annular flow will result.

1.2. Flow Pattern Maps

In many practical situations the flow cannot be observed. In these cases the flow regime must 
be predicted. Visual observations have shown that different flow patterns occur at different 
flow conditions (e.g. flow rates, physical properties, flow geometry etc.). These observations 
are usually presented on flow pattern maps which mark the boundaries between flow regimes. 
Such maps are generally two-dimensional and tend to adopt simple coordinate systems. 
Examples of some common flow pattern maps for vertical and horizontal flows are discussed 
below.

1.2.1. Vertical Flow

For vertical upflow, several different flow pattern maps have been proposed. Of particular 
interest because of its simplicity is that due to Hewitt and Robert (1969) (Figure 1.3). They 
used high speed flash photography and simultaneous X-radiography to evaluate the structure 
of an air-water flow. Their data are plotted in terms of the superficial momentum flux of the 
gas (QG Use 2) and the superficial momentum flux of the liquid (QL Usi 2)- Whalley (1987) 
stated that this map performs reasonably well for air-water and steam-water systems over a 
range of pressures in small diameter tubes.

1.2.2. Horizontal Flow

For horizontal flow, Baker (1954) proposed a map in which (Go Ik) and (Gi tyA. IGc ) are used 
as coordinates. GG and GL are, respectively, the gas and the liquid mass fluxes and A and ip are 
fluid property correction factors, defined as:
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Figure 1.3 Flow pattern map for vertical upflow (Hewitt and Roberts (1969)).



and

aw PL. few (1.2)

where QA , Qc » QW and QL represent the densities of the air, gas, water and liquid, fiw and/*/, are 
the water and liquid viscosities, and o is the surface tension and aw is the surface tension for an 
air- water system. These correction factors were introduced to adjust for non air- water 
systems.

The Baker flow pattern map (Figure 1.4) is suitable for use with air- water and oil-gas 
mixtures in small diameter tubes (dt < 0.05 m), as mentioned by Whalley (1987).

Hoogendoorn (1959) investigated the flow patterns formed by air- water and air-oil mixtures 
in horizontal pipes with inner diameters ranging from 0.024 m to 0.14 m. The author found 
that the influence of liquid viscosity and pipe diameter on the transition between the different 
flow patterns was very small. Hoogendoorn presented his results in a flow pattern map in 
which the velocity of the mixture (£/A/) is plotted against the gas percentage by volume (Cc). 
UM is related to the liquid and gas superficial velocities by:

VM = USG + USL (1.3) 

while CQ is defined as

SG SL
100 (%) (1.4)

This coordinate system, however, restricts the wavy-stratified and annular region to a very 
small area on the map, therefore it is difficult to use it in the present study.

Scott (1963) using the data of Hoogendoorn (1959) and Govier and Omer (1962) suggested a 
modification in the Baker map. In the new diagram the transition boundaries are broad bands 
rather than well defined lines.

Mandhane et al (1974) tested existing flow pattern maps against a data bank of flow pattern 
observations, covering a wide range of flow conditions and physical properties in horizontal 
flow. They also proposed a new map using as coordinates the superficial liquid velocity (USL) 
and the superficial gas velocity (Use)- The basic map was developed with air- water data 
(Figure 1.5), but it is possible to extend its use to other fluid systems.

Mandhane et al did not include a diameter effect on their map. However, they did check their 
map against data obtained in tubes with different diameters. Their map was shown to work
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well for tubes up to 0.05 m in diameter, although, even for larger diameters, the accuracy of the 
map was good when compared with the overall accuracy of other maps.

All the maps presented so far have been constructed from visual observations. A different 
approach to represent flow pattern maps was developed by Taitel and Dukler (1976). They 
presented a semi-theoretical model which predicts the relationship between the variables that 
affect flow regime transitions: gas and liquid flow, physical properties and tube diameter.

The parameters considered emerge as dimensionless groups:

X =
A\dz>L (1.5)

T = ————r (1.6) 
fe

rFr = ——————2————- (i.7)
(QL - QG) dt

K =

The Taitel and Dukler method for flow pattern determination in a horizontal tube is presented 
in Figure 1.6. Hewitt (1982) recommended their method, but pointed out some deficiencies 
that later results reported by Weisman (1979) have highlighted:

i) Taitel and Dukler correlation for the separated/intermittent flow transitions 
predicts an effect of liquid viscosity, however data on high viscosity solutions 
showed no viscosity effect;

ii) the transition intermittent/bubbly showed dependence on surface tension, which is 
not accounted for in the parameters of Taitel and Dukler:

iii) the assumption that the intermittent/annular flow transition occurred at h/dt = 0.5 
was not consistent with experimental results.
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The term 'separated' flow refers to the combination of smooth stratified and wavy stratified 
flows, and 'intermittent flow' to the combination of plug and slug flows.

More recently, Lin and Hanratty (1987) presented a flow pattern map for horizontal air-water 
flow in pipes 0.0254 m and 0.0953 m ID at near atmospheric conditions. They examined the 
influence of pipe diameter on the transition between flow regimes and identified pseudo-slug 
flow as a discrete flow regime on their flow pattern map (Figure 1.7).

In this study, the flow pattern map by Lin and Hanratty has been adopted. Apart from being the 
most recent map developed for air-water, the visualisation experiments (Chapter 3) showed 
good agreement between the present flow observations and the map, and the flow conditions 
studied fall within the limits of the map.

The next sections describe in more detail the flow regimes covered in the present investigation 
and discusses the influence of bends on these flows.

1.3. Stratified Flow

One of the simplest flow patterns in horizontal gas-liquid flow is stratified flow. It is 
characterised by the liquid flowing in the lower part of the tube and the gas in the upper part. 
The smooth stratified flow exists at low gas and liquid flow rates, and the gas-liquid interface 
appears as a smooth surface.

When the gas flow rate is increased for a fixed liquid flow rate, the interface becomes covered 
with waves. This is the beginning of wavy-stratified flow.

Andritsos and Hanratty (1987) characterised the different types of waves found in stratified 
air-water flow through tubes of 0.0252 m and 0.0953 m ID. For constant liquid flow rate and 
increasing gas flow rate, they first observed small amplitude 2-D waves. As the gas velocity 
was increased, they saw the amplitude of these waves increase and their wavelength decrease. 
Andritsos and Hanratty called these large amplitude waves, roll waves. Further increase in the 
gas flow rate, caused drops to be torn from the liquid phase and deposited on the pipe walls. 
Figure 1.8 illustrates the regime changes and different wave patterns for their air-water 
experiments in the 0.0252 m ID tube.

For wavy-stratified flow, increases in the gas flow rate causes the liquid film to rise up the 
sides of the pipe. This is illustrated by the film thickness measurements of Lin6 et al (1991). 
Under conditions where entrainment was not observed, they showed a decrease in the film 
thickness at the bottom of the pipe with increasing gas velocity.

The flow field in the gas is affected not only by the gas Reynolds number, but also by the 
gas-liquid interfacial structure. Measurements of the gas axial velocity component have 
indicated that for a relatively smooth interface (up to a surface covered with 2-D waves) the 
velocity profile is symmetrical. Under these conditions, the interfacial friction factor is 
similar to the friction factor for a smooth wall.
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When roll waves exist the axial velocity profile in the gas phase becomes asymmetric with the 
maximum velocity displaced towards the upper wall. This is illustrated by the experiments of 
Lin6 et al (1991) with circular pipes, and by Hanratty and Engen (1957) and Akai et al (1977) 
with rectangular channels. These observations suggest that, frictionally, the roll waves behave 
as though they presented a rough solid surface at the gas-liquid interface.

The wavy interface also affects the flow structure in the liquid phase. The visualisation 
experiment of Akai et al (1977) in a rectangular channel illustrated this fact. By adjusting the 
liquid Reynolds number below the laminar flow limit and progressively increasing the gas 
velocity, they were able to show the influence of the waves on a filament of dye injected into 
the liquid phase.

At low gas flow rates, the dye filament retained its identity. With increasing gas velocity, 
interfacial waves appear and the dye filament was seen to mix rapidly with the liquid stream. 
This suggested that the formation of waves introduced turbulence into the liquid film.

Fogwell and Hope (1987) conducted visualisation experiments in horizontal stratified flow 
using a photochromic dye tracing technique. From this study, they concluded that for smooth 
stratified flow the velocity profile in the liquid film appeared to be laminar with the 
characteristic S-shaped profile. This S-shape profile occurred when the velocity of the gas 
was higher than the velocity of the liquid. With increasing gas and liquid flow rates, waves 
appeared which enhanced the turbulence in the central section of the S-shaped velocity 
profile, and induced secondary flows in the liquid film.

The presence of air bubbles entrained in the liquid film was noticed in this study above certain 
gas and liquid flow rates. This is discussed in the more detail in Chapter 3.

1.4. Stratified to Annular Flow TVansition

The transition from stratified to horizontal annular flow is linked to the formation of an 
annular film covering the whole pipe circumference. Butterworth and Pulling (1972) 
discussed the mechanisms that sustain the liquid film at the top of the tube. These include:

• Secondary flow. Darling and McManus (1968) have shown that circumferential 
variations in the surface roughness can produce secondary flows in a single-phase 
turbulent gas flow. In annular flow the gas phase is effectively flowing over a 
rough surface where the roughness is highest at the bottom of the tube. Because 
of this, secondary flow patterns would be expected in annular flows. Here the 
upward flow of the gas near the interface carries part of the liquid film upwards 
whilst the gravity drives liquid near the wall downwards, as illustrated in 
Figure 1.9.

• Entrainment-deposition . Here, the film at the top of the tube is replenished by 
the deposition of entrained drops.



• Wave mixing. In annular horizontal flow, large roll waves are present. These 
waves are coherent around the perimeter of the tube, despite the fact that the 
average velocities in the film are highest at the bottom of the tube. In another 
paper Butterworth (1972) suggested that this coherence is maintained by strong 
circumferential mixing in the film. This mixing action can be due to the high 
levels of turbulence in the roll wave which oppose the film drainage. On the other 
hand, the mixing can be caused by variations in the pressure under the roll wave 
due to different curvatures at different points, which promote flow from positions 
of high pressure to positions of low pressure (Figure 1.10).

• Wave spreading. The ripples (i.e. 2-D waves) on the liquid film surface tend to 
travel faster at the bottom of the tube because the film velocity here is higher. The 
action of the gas over the film produces a net force with a component in the 
circumferential direction, as shown in Figure 1.11. This force is expected to 
transport liquid from the bottom of the tube (region of high film velocity) towards 
the top of the tube (region of lower film velocity).

Hoogendoorn (1959) described the flow regime transition from stratified to annular flow, 
based on experiments with air-oil and air-water flow in pipes up to 0.14 m in diameter. The 
author suggested that the entrainment-deposition mechanism is responsible for the transition.

Butterworth and Pulling (1972) conducted visualisation experiments in a 0.0318 m ID 
horizontal tube, using a dye injection technique. From these experiments, they concluded that 
the wave mixing mechanism sustained the liquid film at the top of the tube.

In a recent work, Lin and Hanratty (1987) argued that both the entrainment-deposition and the 
wave mixing mechanisms played an important role in the stratified/annular transition. Based 
on experimental observations, the authors reported that for the flow in a 0.0953 m pipe, the 
transition occurs mainly through deposition of drops. For a pipe 0.0254 m in diameter, this 
mechanism was dominant for superficial liquid velocities up to 0.015 m/s. At higher liquid 
flows, the wave mixing mechanism was most important.

1.5. Annular Two-Phase Flow

In annular flow the gas travels in the centre of the tube. The liquid flows as a slower film 
covering the whole pipe circumference, and also as entrained drops in the gas core. Due to the 
shearing action of the gas phase, the gas-liquid interface is covered with waves.

In vertical annular flow the film is uniformly distributed around the pipe circumference. In 
horizontal flow, however, gravity causes the liquid to be drained to the bottom of the pipe. 
Consequently, the film at the bottom of the tube is thickest. With increasing gas velocity, this 
asymmetry in the film thickness becomes less pronounced. This is illustrated by the film

8



SURFACE Of LIQUID FILM

Figure 1.10 Illustration of wave transport configuration for circumferencial transport 
(Butterworth and Pulling (1972)).

WAVE 
DISTORTED

VELOCITY PROFILE

NET FORCE DUE 
TO INTERACTION 
OF GAS FLOW 
WITH WAVE

Figure 1.11 Illustration of wave spreading mechanism for circumferencial transport 
(Butterworth and Pulling (1972)).



thickness measurements of Dallman (1978), Sekoguchi et al (1982), Laurinat (1982), Paras 
and Karabelas (1990-a) and Jayanti (1990).

Paras and Karabelas (1990-a) studied the annular flow of an air-water mixture in a horizontal 
tube 0.0508 m ID. They found that at relatively low gas flow rates the wave structure was 
dominated by large amplitude waves which appeared in the lower part of the tube. As the gas 
flow rate was increased, these waves progressively covered a greater portion of the tube 
circumference, and became more symmetrical and more frequent.

Andritsos and Hanratty (1987) observed the wave pattern in horizontal annular flow for tubes 
of 0.0252 m and 0.0953 m ID. In the small tube at high gas velocities they observed large 
amplitude waves which took the form of aerated rings that covered the whole pipe 
circumference. However, for the 0.0953 m tube the waves did not cover the entire pipe 
circumference, until very high gas velocities of 70 m/s were reached.

Another interesting feature of the liquid film in horizontal annular flow was documented by 
Jayanti (1990). The author reported the presence of air bubbles in the liquid film, with sizes 
varying from a fraction of a millimetre to a few millimetres.

1.6. Drop Behaviour

1.6.1. Entrainment

Entrainment is a complex phenomena linked to the appearance of large amplitude waves 
called roll waves. Beyond critical gas and liquid flow conditions, liquid is torn from the 
surface of these waves giving rise to drop entrainment in the gas core.

In vertical flow, the onset of entrainment occurs under annular flow conditions, however in 
horizontal flow entrainment begins during wavy-stratified flow.

For vertical annular flow, Azzopardi (1983) has identified two mechanisms of entrainment 
from axial view photography. One of the mechanisms termed bag break-up occurs when a roll 
wave is undercut by the gas to form an open-ended bubble with a thick filament rim 
(Figure 1.12(a)). The gas pressure inside the bubble builds up until eventually the bubble 
bursts to form large drops from the rim and smaller drops from the bubble skin. This 
entrainment mechanism can impart high ejection velocities to the drops.

At higher flows the second mechanism termed ligament break-up predominates. Here, the top 
of the wave is pulled forward in the form of a ligament. This ligament is torn from the surface 
and broken-up in the gas stream (Figure 1.12(b)).

Azzopardi (1987) conducted a similar visualisation study for horizontal annular flow. For the 
flow rates considered, Azzopardi observed the presence of bag break-up and no evidence of
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ligament break-up was seen. Visualisation studies performed in this work, however, reveal 
the presence of ligament break-up (see Chapter 3).

In addition, Newitt et al (1954) and Garner et al (1954) suggested that secondary entrainment 
may occur from the collapse of air bubbles at the gas-liquid interface. For horizontal annular 
flow, the presence of air bubbles in the liquid film has been reported by Jayanti (1990), and the 
present work showed air bubbles entrained in the liquid film under wavy-stratified flows. 
Correspondingly, the release of these bubbles may contribute to liquid entrainment. 
Secondary entrainment of the liquid can also be caused through drop impaction, as observed 
byNigmatulin(1984).

1.6.2. Drop Transport and Deposition

In vertical annular flow drops entrained in the gas will interact with the gas phase turbulence 
before depositing. Hewitt (1978-a) reviewed these interactions and suggested that the mode 
of drop transport and deposition is influenced by the drop size. These mechanisms are 
discussed below:

• Diffusion. Drops with diameters less than 0.1 [mi interact with the gas phase 
eddies in the turbulent core. The subsequent deposition of these drops through the 
laminar boundary region is then limited by Brownian diffusion.

• Inertia. Drops with diameters in the range 0.1-10 um also follow the turbulent 
motion in the gas stream. However, the inertia these drops gain as a result of the 
velocity fluctuations in the gas core is sufficient to carry them through the laminar 
boundary region.

• Impaction. Drops with diameters greater than 10 fim fail to respond to the gas 
phase turbulence and possess sufficient momentum to penetrate the boundary 
layer region.

In horizontal flow, gravitational settling can have an important influence on the deposition 
rate. Consequently, the deposition mechanisms can be very different from those seen in 
vertical flows. In cases where gravitational settling dominates, drop deposition at the bottom 
of the tube is much larger than at the top.

Azzopardi (1987) illustrated the influence of gravity on drop transport in horizontal tubes by 
tracing the parabolic trajectories taken by drops.
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1.6.3. Deposition and Entrainment Rate

In vertical annular flow, there is a continuous interchange of liquid between the film and the
gas core. The deposition rate (D) defined as the mass flow rate of liquid deposited per unit area 
of tube wall, is commonly expressed as a mass transfer process in terms of the relationship:

D = kD C (1.9)

where kD is the overall deposition mass transfer coefficient, and C is the drop concentration in 
the gas core.

Under equilibrium conditions the rate of deposition (D) is equal to the rate of entrainment (E), 
and thus:

E = D = kD Ce (1.10)

where Ce is the equilibrium drop concentration. Assuming no slip between the drops and the 
gas, Ce is given by:

Oa , G«\ (1-11){GO , Gj\ec "•" QL

If GG/(>G > GLE/QL, then:

GL£: 0G
(1-12)

and the rates of entrainment (E) and of deposition (D) become:

E = D = kD

where GLE and GG are the entrained liquid and gas mass fluxes, and QI and QQ are the liquid 
and gas densities. Provided the deposition constant fo is known and the entrained liquid mass 
flux can be determined (GLE), the entrainment and deposition rates can be calculated.

1.7. Flow in Bends

Fluid flowing in pipe systems often encounters fittings such as bends. The presence of a bend 
can modify drastically the conditions of the flow in its upstream and downstream regions.
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Most of the investigations in this field have been restricted to single-phase flow, and only a 
few authors have published results for gas-liquid flows. These works are discussed below.

1.7.1. Single-Phase Flow

Eustice (1911) was one of the first authors to report dye injection experiments to visualize the 
laminar flow of water in a curved pipe. The tests were conducted in glass tubes, in which the 
stream motion was traced by the introduction of coloured water through capillary nozzles. For 
a 90° bend, it was noticed that a dye filament at the axis of the tube moved away towards the 
outside of the bend, while the fluid near the wall flowed to the centre. These experiments 
demonstrated the existence of a transverse motion (secondary flow) superimposed on the 
primary flow, represented in the form of a pair of counter rotating longitudinal vortices (Figure 
1.13).

Dean (1927 and 1928) wrote the first theoretical approach on the subject, and since then 
several works have been reported. A recent study by Dewhurst et al (1990) includes flow 
measurements using a 3-D LDA system in a square sectioned (0.1 x 0.1 m) 90° vertical bend. 
Stream wise and secondary velocities obtained by these authors for water flow upstream of the 
bend and at 80° on the bend, are illustrated in Figure 1.14. The stream wise and secondary 
velocities are represented as contour plots and vector plots, respectively. At 80°, the peak 
velocity is seen to be displaced towards the outside of the bend.

Most of the studies with bends have been carried out for single phase flow. Jayanti (1990) 
presented a review of these works, both under laminar and turbulent conditions. Two-phase 
flow in bends is discussed in the following sections.

1.7.2. Two-Phase Flow

Two-phase flow patterns observed in a bend are qualitatively the same as those seen in a 
straight pipe. However bends introduce a developing situation in the flow pattern, whereby the 
relative positions and local velocities of the two phases are redistributed.

Stuiver (1955) used a high speed photographic technique to study the flow characteristics of an 
air-water mixture passing through a horizontal 90° and 180° bend. The observations of 
Stuiver (1955) suggested that many of the entrained drops entering the bend, continued to 
travel on a straight line and deposited on the outside of the bend.

Banerjee et al (1967) have studied stratified air-water flows in helical coils. They observed a 
displacement in the maximum film thickness from the bottom of the tube; at low air and water 
flow rates, the maximum film thickness was located mainly on the outside of the bend, whilst, 
for high gas velocities and low liquid loadings the maximum film thickness was seen on the 
inside of the bend. The authors called this phenomenon film inversion, and correlated the 
position of maximum film thickness by the expression:
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Figure 1.13 Secondary flow pattern.
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QL
(1.14)

where 0 is the angle of displacement (Figure 1.15), R is the radius of curvature of the coil, U$G 
is the superficial air velocity, and £///• the mean velocity of the film. The same behaviour was 
observed by Balfour and Pearce (1978) but for annular flow in a 180° horizontal bend, and by 
Whalley (1980) in a helical coil.

For air-water flow round a vertical bends, Gardner and Neller (1969) suggested that the phase 
distribution is governed by the competing centrifugal force, which tends to take the liquid to 
the outside of the bend, and gravity, which causes the water to fall to the inside of the bend.

George (1971) used high speed cine films to observe the flow structure of an air-water 
mixture passing from a horizontal line into a 180° vertical return bend. These visualisation 
studies covered several flow patterns and highlighted the influence of the bend on the flow 
structure.

The influence of a bend on annular flow has been studied by Anderson and Hills (1974) and 
Maddock et al (1974) for vertical flow, and by Chakrabarti (1976) and Balfour and Pearce 
(1978) for horizontal flow.

Figure 1.16 shows the film thickness measurements of Anderson and Hills (1976) at several 
positions around a 180° vertical bend. The increase in film thickness on the inside of the bend 
was attributed to the action of gravity and to the secondary flow existing in the gas phase. At 
low liquid flow rates, the authors observed a change from annular to stratified flow in the bend. 
For the high liquid flow rates, local maxima in the film thickness were seen on the inside and 
the outside of the bend.

For horizontal annular flow, Chakrabarti (1976) and Balfour and Pearce (1978) also noticed a 
thickening in the liquid film towards the inside of horizontal bends. Also, for some flow 
conditions another local maximum in the film thickness profile was found towards the outside 
of the bend. They attribute the appearance of a thick film on the outside of the bend to the 
deposition of entrained drops. The deposition of these drops contributes to a reduction in 
entrainment after the bend, both in vertical and horizontal annular flow.

Anderson and Hills (1974) used a pitot tube to measure the axial gas velocity profile before and 
after a 180° vertical bend for single and two-phase flows. The results in Figure 1.17 were 
obtained before the bend. In comparison to the velocity profile for single-phase turbulent 
flow, the velocity profile for two-phase flow became progressively more peaked in the centre 
of the tube as the liquid flow was increased. Teixeira (1988) obtained similar results using 
Laser Doppler Anemometry (LDA) to study the turbulence in annular vertical flow.

Data obtained after the bend (Figure 1.18) show that the maximum gas velocity is displaced 
from the centre of the tube towards the outside of the bend. This displacement is more
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pronounced in single-phase flow and is caused by the secondary flow in the gas. Similar 
results were reported by Chakrabarti (1976) at the exit of the horizontal bend.

1.8. Outline of the Thesis

The present investigation is concerned primarily with air-water flow in a horizontal 0.032 m 
ID tube. The influence of a 90° horizontal bend on this flow was studied. As part of this 
project, a new horizontal rig was designed and constructed (described in section 2.1.). The 
experiments included flow visualisation using high speed photographic techniques, and 
measurements of the film flow rate, drop size and drop velocity at locations before and after 
the bend. Also pressure drop experiments were performed upstream of the bend, in order to 
access the position of the measuring section before the bend.

Prior to the horizontal flow study, drop size and film flow rates were measured for vertical 
air-water annular flow in a 0.01026 m ID tube. This extended the work of Jepson (1992) who 
reported the effect of gas density and surface tension on the film flow rate, drop size and 
deposition mass transfer coefficient. Modifications to the rig described by Jepson (1992) 
allowed an extension of the measurements to higher flow conditions. These experiments are 
reported in Chapter 7.

In the next chapter, Chapter 2, the flow rigs and measurement techniques are described. For 
the horizontal study, the location of the measurement point upstream of the bend is discussed. 
Finally, the flow conditions over which the measurements were conducted are tabulated and 
justified.

Chapter 3 includes the results of the flow visualisation using high speed still photography and 
cine film, for horizontal flow. Several photographs are included to illustrate the behaviour of 
the system and phenomena occurring under different flow conditions.

Chapter 4 is dedicated to the entrainment results obtained in horizontal flow. Published data 
on entrainment and the new data are tested against several existing correlations.

Chapter 5 presents new drop size data for horizontal two-phase flow and discusses the 
influence of the gas and liquid flow rates on the drop size. The results are compared against 
existing drop size correlations. The influence of a 90° horizontal bend on the drop size 
distribution is discussed.

Chapter 6 deals with drop velocity information. Data were obtained from an analysis of the 
cine films of the flow before the bend.

Chapter 7, as mentioned before, reports the film flow rate and drop size measurements for 
vertical annular flow in a 0.01026 m ID tube.

Chapter 8 presents the major conclusions that can be taken from the horizontal and vertical 
flow studies, and points out future areas of interest.
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2. EXPERIMENTAL DETAILS AND TECHNIQUES

This chapter describes the experimental equipment and measurement techniques used during 
the course of the investigations. Section 2.1 is devoted to the newly constructed Horizontal 
Two-Phase Flow Rig and measuring techniques applied in the horizontal two-phase flow 
experiments. Section 2.2 describes the Vertical Upflow Rig and experimental techniques 
associated with it.

2.1. Horizontal Two-Phase Flow Rig

2.1.1. Flow Apparatus

The experiments in horizontal two-phase flow were carried out with air-water in the 
Horizontal Two-Phase Flow Rig. This is shown schematically in Figure 2.1, and 
photographic views are displayed in Figures 2.2, 2.3, 2.4 and 2.5.

Filtered air from the main air supply flows through the feedback pressure regulator PRVl, and 
is fed to a 0.032 m ID horizontal Perspex tube (at a later stage, all the Perspex tube upstream 
of the bend was substituted by 0.032 m ID PVC ABS, apart from a section 1.5 m long just 
before the bend). The valve assembly PRVl and valve V9 enable the operator to control the 
air flow introduced into the system. The air flow rate was measured using an orifice plate 
fitted into a 0.0383 m ID tube, that connects the pressure regulator PRVl to the entrance of 
the test tube. The gas mass flow rate is related to the loss in pressure across the orifice, as 
given by a manometer connected to the pipe by dt and d//2 tappings, according to the 
recommendations in BS 1042: Part 1: 1964. For gas flow rates up to 50 kg/m2s the orifice 
meter used had a diameter of 0.0196 m. For higher gas flows (Gc= 60 kg/m2s and GG= 70 
kg/m2s) it was substituted by another orifice of 0.0254 m diameter.

Demineralised water from the stock tank was metered using one bank of three rotameters. 
This was fed into the test tube through a porous sintered metal section 0.076 m long, placed 
1 m after the entry point of the air. This type of inlet allows a smooth entrance for liquid, 
minimising the effect of a sudden contact between the phases. The three rotameters were 
previously calibrated (calibration curves are given in Appendix A) and each one covers a set 
range of flow conditions: 0-0.038 kg/s, 0-0.091 kg/s and 0-0.18 kg/s, respectively.

A 90° horizontal bend is placed 5.3 m after the water inlet (at ~ 166 4) to allow development 
of the flow regime. Butterworth and Pulling (1973) using a horizontal tube 0.0318 m in 
diameter, reported that at approximately 120 diameters from the air-water mixing point, 
measurements indicated fully developed flow.

A photograph of the bend is shown in Figure 2.6. The bend was made by cementing together 
two blocks of Perspex. The diameter and radius of curvature of the bend were 0.032 m and
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0.116m, respectively. Special attention was paid to levelling both the tube and the bend in 
a horizontal plane, since Taitel and Dukler (1976) reported that the flow regime transition 
depends on tube inclination.
After the bend, the air-water mixture was returned to the stock tank, where the air was vented 
to the atmosphere and the water is recirculated.

A set of three thermocouples was used to monitor the temperature of the fluids through the 
system. The inlet air temperature was measured by a thermocouple inserted downstream of 
the orifice plate, while another one monitors the temperature of the water just before entering 
the porous section. Finally, a third was installed at approximately 0.9 m after the bend. The 
thermocouples were linked to the channels of a digital multimeter and the temperatures were 
continuously displayed on a monitor. A pressure tapping located 0.27 m upstream of the bend 
was used to regulate the pressure of the system.

2.1.2. Pressure Drop Measurements Upstream of the Bend

Sekoguchi et al (1968) studied the developing flow phenomena of a two-phase flow mixture 
near a horizontal bend. The authors found that the pressure distribution around the bend 
presented an erratic behaviour not only in its downstream position, but also in the region 
just upstream of the bend.

Taking into account the results of Sekoguchi et al (1968), it was decided to investigate the 
possible back influence of the bend in the present rig. Also, it was intended to identify the 
position in the horizontal tube before the bend, where future measurements could be made 
away from any influence of the bend. For this purpose, a series of pressure drop measurements 
for single phase (air) and two-phase (air-water) was planned, and a new test section was 
constructed.

It was made of a 0.032 m Perspex tube and was 1.003 m long, and pressure tappings were 
drilled every 0.05 m. Due to the large number of tappings it was decided to make 
measurements only between tappings spaced by at least 0.1 m. The test tube was connected 
by flanges, and put immediately before the bend with the pressure tappings located at 45 ° 
from the top of the tube to the outside of the bend. Due to the mismatch of the bolt holes on 
the flanges it was not possible to put the tappings at the top of the tube.

The pressure drop between consecutive tappings was measured by means of an inclined 
manometer model MK4 manufactured by Airflow Developments. In two-phase flow 
measurements for a gas mass flux of GG = 40 kg/m2s, pieces of capillary tube approximately 
0.12 m long had to be inserted in the pressure leads, to help eliminate the undesirable 
fluctuations of the liquid levels in the manometer. The presence of capillaries introduced 
damping into the system, but on the other hand the stabilisation time was greatly increased.

For a gas mass flux of GG = 10 kg/m2s and a liquid flow of GL = 70 kg/m2s, the flow regime 
was stratified with large waves appearing at a certain frequency. Their passage introduced
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large fluctuations in the manometer level, that even with the arrangement described above, 
could not be eliminated. The length of capillary tube in the pressure leads was doubled, but 
there were still fluctuations that could introduce errors of approximately 30% in the 
manometer readings. Given the circumstances, it was decided to make no measurements for 
this set of flow rates.

To investigate a possible circumferential variation of the pressure, another set of 
measurements was taken with the tappings located at 45° from the top of the tube to the inside 
of the bend, using the same flow conditions. Finally, the test tube was moved 0.3 m upstream 
of the bend, by inserting a piece of flanged tube between the bend and the test tube, and again 
another set of pressure drop measurements was taken.

Pressure drop measurements along the test tube for gas flowing alone in the pipe are tabulated 
in Tables Bl to B3 (Appendix B), and shown in Figures 2.7(a), (b) and (c), for different 
circumferential positions of the tappings and location of the test tube in relation to the bend. 
A close analysis of the graphs indicates that the pressure drop profiles along the tube display 
similar trends. This means that there is no circumferential variation of the pressure before the 
bend. Also, as the profile is maintained when the test tube is moved away from the bend, there 
is no significant influence of the bend upstream of its position for gas flowing alone in the tube.

Analysis of Figures 2.7(a), (b) and (c) confirmed as expected, that pressure drop increases with 
gas velocity. For air mass fluxes of 10 kg/m2s and 20 kg/m2s the pressure drop is almost 
constant along the tube, but for GG = 30 kg/m2s a slight increase in the pressure gradient is 
noticed between tappings 11-13, and at tappings 3-5 there is a decrease, followed by another 
increase in pressure drop between tappings 1-3. These abnormal differences in pressure drop 
were even more pronounced at higher gas mass fluxes (Go = 40 kg/m2s and GG = 50 kg/m2s). 
They can only be attributed to local defects at the tapping points, i.e., the presence of burrs 
upstream or downstream of the tapping point.

If a burr occurs upstream of the tapping, a stagnation zone is formed and so the fluid has to 
accelerate locally, in order to compensate the streamline change in direction. Consequently, 
the static pressure decreases at this point, and causes the pressure drop between the tappings 
to decrease abnormally. On the other hand, if the burr is downstream of the tapping, the fluid 
is affected by impaction against the burr, the velocity decreases locally and the static pressure 
increases.

Pressure drop measurements in two-phase flow along the test tube are given in Tables B4 to 
B6, and illustrated in Figures 2.8(a), (b) and (c) for GG = 40 kg/m2s. As in single phase flow, 
the pressure drop profiles obtained show a similar shape when the test tube was located near 
the bend for two different circumferential positions of the tappings, and when the test tube was 
0.3 m away from the bend. Also, the abnormal pressure drop occurring between certain 
tappings can be attributed to local defects at these tappings as explained before. For a constant
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gas flow of GG= 40 kg/m2s, pressure drop increases with increasing liquid flow rate. This is 
expected because the liquid film acts as a roughened wall to the gas flow.

In spite of the studies of Sekoguchi et al (1968), the pressure drop experiments carried out for 
single and two-phase flow suggest no influence of the bend in its upstream position for the 
present studies.

2.1.3. Flow Visualisation Experiments

The observation of the various phenomena occurring in two-phase flow can be made by 
visual inspection through a transparent window. However, when the processes are occurring 
at high speed the observer does not have a clear picture of what is happening. The use of 
high speed photography and high speed cine film techniques allows this problem to be 
overcome.

2.1.3.1. Observation Using a Stroboscope

A stroboscopic light was placed on one side facing the Perspex test tube, and observations of 
the flow were made looking into the tube from the opposite side. The timing of the 
stroboscopic light was adjusted for optimum visual clarity of the flow.

2.1.3.2. High Speed Still Photography

High speed still photography was used to observe the flow characteristics of an air-water flow 
travelling in the horizontal straight pipe, and around the horizontal 90° bend. This technique 
involves the use of a light pulse of sufficient intensity and short duration to produce a sharp 
image of the flowing system. Mercury vapour lamps, flash lights, electrical sparks and laser 
pulses are commonly used.

In the present work, a still camera was used to photograph the two-phase flow before and after 
the bend, and at four different locations around the bend. For illumination, a flash source was 
placed opposite the camera. The flash operated at 5 kV which gave a spark duration of about 
1 microsecond, with an energy of 5 joule. The shutter of the camera was synchronised with 
the flash. Photographs were recorded on FP4 film, with an aperture of f. 16 and 100 mm Macro 
lens.

Further photographic work was carried out to photograph the drop flow downstream of the 
horizontal bend, after removal of the liquid film through a porous wall. The still camera was 
positioned perpendicular to the flow direction, opposite the flash source. The flash unit used 
had an input energy of 5 joules with a flash duration of 5 microseconds. The photographs were 
recorded on Ilford F32 film with an aperture of f/22. The camera was equipped with a 
1000 mm Macro lens with extension tubes.
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2.1.3.3. High Speed Cine Film

Cine films of the two-phase flow were taken in the horizontal straight pipe upstream of the 
horizontal bend. Apart from further qualitative information on the flow characteristics, the 
objective of these experiments was to extract quantitative information on drop size and drop 
motion. These experiments were restricted to flow conditions where the concentration of 
entrained drops was low.

The schematic arrangement of the optical equipment is shown in Figure 2.9. The high speed 
cine camera was positioned facing the Perspex tube. The strobe light head of a Hadland high 
speed stroboscope was placed opposite the camera. The cine camera was equipped with a 
75 mm focal length lens with an aperture of f/5.6. The action of opening the shutter on the 
camera sent a pulse to the strobe unit, so that the strobe light head was activated.

The pictures were recorded on Hford HP5 16 mm cine film, at a framing rate of 2000 full 
frames per second. The films were analysed on a frame by frame basis using a Vanguard cine 
film analyser.

2.1.4. Liquid Film Flow Measurements

The film flow rate was measured using the film removal technique. This involves extracting 
the film completely together with a small amount of gas, separating the phases, and measuring 
the rate of liquid collection.

The test section for liquid film extraction consisted initially of a porous sintered brass section 
0.076 m long, having the same internal diameter as the test tube (0.032 m). However, visual 
observations indicated that for high liquid loadings the thick film at the bottom of the tube was 
difficult to remove. In order to improve the efficiency of the film removal, another unit was 
added immediately upstream of the porous metal section. This unit consisted of a perforated 
plastic tube 0.032 m ID and 0.076 m long. The perforations were drilled in the 160° lower 
of the tube, symmetrically about the centreline. For high liquid loadings, a visual study and 
the measurements have shown that the liquid film extraction was improved by adding the extra 
perforated plastic tube. This unit was only used when the liquid film could not be extracted 
fully by the metal sintered section alone.

The pressure drop across the porous wall was used to withdraw the liquid film together with 
a small amount of gas. By adjusting the throttling valves (valves V12 and V14) the amount 
of gas removed could be varied. The experiment was started with a small aperture in the valve. 
At this stage, the pressure gradient across the porous wall was not enough to completely 
decelerate the roll waves over its length, and not all the liquid was removed. As the gas 
extraction rate was increased, the amount of liquid film removed increased rapidly at first 
and then reached a plateau. Further opening of the valve resulted in an increase in the gas 
take-off for a constant liquid withdrawal.
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The liquid film was estimated from the plateau level. Figures 2.10(a), (b) and (c) show 
typical performance curves obtained using the procedure described above. In all runs, the 
amount of gas withdrawn with the liquid was kept below 6% of the total gas flow.

Several authors have discussed various methods of film collection. Moeck (1969) concluded 
that a permeable wall section (notably a porous sintered section) could be used to extract the 
entire layer travelling on the pipe wall and characterize the average liquid film. Hewitt and 
Lovegrove (1976) reported that the best method to measure liquid film flow rate would be a 
porous wall suction rather than a slot technique, although they mentioned that some 
limitations could occur, particularly at high liquid flow rates.

Experimentally this porous wall technique has been widely used: Brown (1978), Azzopardi 
et al (1980), Willets (1987) and Jepson (1992) in vertical flow, and Dallman (1978) and 
Laurinat (1982) in horizontal flow.

2.1.5. Drop Size Measurements

Drop size measurements were performed using a laser diffraction technique developed by 
Swithenbank et al (1976), and produced commercially by Malvern Instruments Limited. This 
method was first applied to drop sizing in annular vertical upflow by Azzopardi et al (1978).

2.1.5.1. Light Diffraction

Laser light scattering is a very flexible sizing technique which enables measurements of the 
size distribution of one material dispersed in another, provided that the refractive indices of 
the dispersed and continuous phases are different, and the continuous phase is transparent to 
the light wavelength.

When a laser beam strikes a particle, part of the light is diffracted into small forward angles. 
If the diffracted light is collected by a detector formed by a series of concentric annular rings, 
the energy falling at one ring bounded by radii sj and $2 is given by (Swithenbank et al (1976)):

f/2jt rp 5 '\ » / nfa rp 5A _ J2* rp S 2TT J\~~TT (2.1)

where E' is the energy falling on the particle, /; and JQ are Bessel functions of the first kind 
of order 1 and 0 respectively, rp is the particle radius, A'is the wavelength of the incident beam, 
and/is the focal length of the collecting lens.

If several particles of different size are present simultaneously the diffracted energies are 
summed up for each of the detector rings, and these can be represented in matrix form by:
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L(7) = n/,7) . W%7) (2.2)

where 7"(7,.7) is the matrix of coefficients which define the light energy distribution curves for 
each particle, and W(J) is the size distribution. To solve equation (2.2) in relation to the size 
distribution W(f) it is necessary to invert the matrix T'(IJ). However, in the case of the light 
scattering matrix this is very difficult to do, and another approach is taken.

To start the analysis, a size distribution is estimated based on the measured light energy data 
(L(I)mea ), and a new light energy distribution is calculated (L(I)cai) using equation (2.2). The 
residual difference is calculated as:

Iog 10 ( LC/W - L(/)M/ ) (2.3)

The difference between L(I)mea and L(l)ca\ is used to correct the initial solution and a new set 
of light energy data is calculated. The iterative process is continued until the residual 
difference is minimised. This method is known as model independent analysis.

The Malvern Particle Sizer is also able to perform a two parameter model analysis, in which 
a distribution function is assumed for W(J). The parameters are then iteratively adjusted until 
the residual difference (2.3) is minimised. Three types of distribution functions can be used: 
Rosin-Rammler, Normal and Log-Normal. These are discussed in the next section.

2.5.1.2. Drop Size Distribution Functions

In gas-liquid two-phase flow when drops are entrained into the gas, the size of these drops 
varies from a minimum (Dmin ) to a maximum diameter (Dmax ) depending on the flow 
conditions. The drop size distribution is usually characterised by a histogram, where the 
number or volume of drops whose diameters range between D-ADI2 andD+zlD/2 are plotted 
against drop diameter.

If the AD is made sufficiently small, the histogram takes the form of a frequency distribution 
curve, provided that the sampled drops are characteristic of the population. In addition to 
representing the drop size by a probability distribution function, a cumulative distribution may 
be used. This type of curve shows the fraction of the total number/volume of drops present 
in the system below a given diameter. A number of mathematical functions have been 
proposed for representing size distributions based either on probability or empirical 
considerations. The Malvern software allows the user to fit the drop size results using three 
distribution functions. These are listed below.

• Rosin-Rammler distribution. This distribution was developed by Rosin and 
Rammler (1933). It is described by:
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N
Fv = exp- ( = (2.4)

where Fv is the fraction of the total volume contained in drops of diameter less 
than D (volume undersize distribution) and X and N are constants. X is a 
representative diameter and N provides a measure of the spread of drop sizes.

Normal distribution. It is based on the random occurrence of a given drop size. 
The volume frequency distribution is described by the equation:

2N2 (2.5)

where X is the sample mean and N the standard deviation of the sampled drops.

Log-Normal distribution. Some particle distributions follow a Log-Normal 
distribution. In this type of function the logarithm of the drop diameters is used 
as a variable. The volume frequency (fv ) is given by a modification of equation 
(2.5) as:

/v =
D

exp
-Ln(X)] 2

_ 
2(ln(AO) (2.6)

The X parameter measures the geometric mean of the distribution and N the 
geometric standard deviation.

In many instances it is more convenient to use average diameters rather than the complete drop 
size distribution. In general, the mean drop diameter (Dmn ) is defined as:

Lrrun ~~'mn

[Dmax

Dm n(D) dD
JD .
rma*

Dn n(D) dD

(2.7)

where the diameter of the sampled drops is supposed to vary from a minimum value (£>m/m) to 
a maximum (Dmax ). An example is the Sauter mean diameter which occurs when m = 3 and 
n = 2 in equation (2.7). £32 is a measure of the ratio of the total volume of drops in the system 
to the total surface area of the drops. The most important mean diameters and their fields of
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application are listed in Table 2.1 taken from Mugele and Evans (1951)).

TABLE 2.1-MEAN DIAMETERS AND THEIR APPLICATIONS

m

1

2

3

2
3

3

4

n

0

0

0

1
1

2

3

Symbol

DW

D20

D30

D21
D31

D32

D43

Name of mean 
diameter
Linear

Surface area

Volume

Surface diameter
Volume diameter

Sauter

De Brouckere

Field of application

Comparisons, 
evaporations
Surface area controlling, e.g., 
absorption

Volume controlling, e.g., 
hydrology
Adsorption
Evaporation, molecular 
diffusion
Efficiency studies, mass 
transfer, reaction
Combustion equilibrium

By constructing cumulative volume distributions it is possible to calculate volume median 
diameters. Various possibilities include, for example:

• Dvo.i is the drop diameter such that 10% of total liquid volume is in drops of 
smaller diameter.

• Dvo.5 is the drop diameter such that 50% of total liquid volume is in drops of 
smaller diameter.

2.1.5.3. The Malvern 2600 Particle Sizer

The Malvern 2600 Particle Sizer used in the present work is shown schematically in 
Figure 2.11. It comprises a 2 mw He/Ne laser beam which is used to illuminate the drop 
sample. The drops scatter some of the incident light at angles which are characteristic of their 
size, forming a series of diffraction patterns, each consisting of concentric bright and dark 
fringes.

A Fourier optical system is placed after the sample, and is used to focus the diffracted and 
undiffracted light onto a detector. The detector is formed by a set of 31 semicircular 
photosensitive elements, each of which is associated with a characteristic drop size range. The 
detector is scanned for a pre-selected number of times, and the signals are processed by a 
microcomputer.
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The Malvern apparatus measures drop sizes in a limited range, and as it is based on Fraunhofer 
diffraction, only applies to drops whose diameter is larger than the wavelength of the incident 
beam (V = 633 nM). The instrument is provided with different lenses: 63,100,300,600,800 
and 1000 mm focal length which are associated with particle ranges of 1.2-118 Jim, 1.9-188 
Jim, 5.8-564 |im, 11.6-1128 ^m, 15.5-1503 urn and 19.4-1880 fim, respectively. For the 
lenses of focal length 63, 100 and 300 mm the manufacturers of the Malvern Instrument 
recommend the laser beam to be expanded to 9 mm. For focal lenses of 600,800 and 1000 mm 
the recommendation is to use the long bed option and the 18 mm beam expander.

2.1.5.4. Test Section

One of the problems encountered when using the Malvern apparatus for drop sizing in annular 
flow, is that the laser beam should pass undisturbed in and out of the gas core. Several methods 
to gain access to the gas core were discussed by Jepson (1992). In the present study the 
technique employed by Teixeira (1988) and Jepson (1992) in vertical flow was applied to 
horizontal flow.

The method involves completely removing the liquid film through a porous wall (see liquid 
film flow measurements) just before the two-phase mixture flows through the optical section. 
The distance between the film removal and the drop size measurement point should be kept 
to a minimum to prevent new film formation.

Previous studies by Butterworth (1972) and Paras and Karabelas (1990-b) in horizontal 
annular flow, in which vertical drop fluxes were measured, have shown that there is an increase 
in the concentration of drops at the bottom of the pipe. As the Particle Sizer does a spatial 
sampling of the flow (i.e., gives the size distribution of drops contained within a volume for 
a set period of time) and in order to obtain a more realistic size distribution, the sizing unit was 
mounted on a vertical stand to take account of drop stratification. This will be discussed 
further in section 2.1.5.5.

As there are no data on drop sizes in horizontal annular flow, it was decided to start the 
experiments with the 300 mm lens in combination with the 9 mm beam expander. The drop 
size test section previously used by Teixeira (1988) was installed in the horizontal rig upstream 
of the bend. This test section built in Perspex is shown in Figure 2.12.

Two flat glass windows are positioned at opposite sides of the unit, and are clamped to the 
Perspex block by retaining plates. Air jets are fed across the windows to prevent splattering 
of drops. A lip had to be inserted in the lower access port for the laser, to prevent accumulated 
drops at the edge of the hole falling onto the bottom window. The height of this wall was 
approximately 0.003 m, and is thought not to interfere with the flow.

This arrangement worked well for gas mass fluxes of 55 kg/m2s to 70 kg/m2s. However, for 
a gas mass flux of 50 kg/m2s and below larger drops were seen in the gas core. The size of
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Figure 2.12 Test section used with the laser beam expanded to 9 mm.



these drops fell outside the range of the 300 mm lens. Consequently a higher focal length lens 
had to be used. The 1000 mm lens was chosen and used in conjunction with the 18 mm beam 
expander. A new test section had to be constructed to accommodate the 18 mm laser beam 
(Figure 2. 13).

In order to prevent liquid falling on the bottom glass window of this new test section, the 
following arrangement was made to the lower access port for the laser:

• A thin wall with a height of 0.007 m was placed at the top of the hole. This 
prevented accumulated liquid falling on the window.

• A hollow cone made of very thin sponge was inserted inside the hole, tight against 
the wall. This sponge was pre-wetted to collect liquid that might impact on the 
wall or accumulate around the edges of the lip.

• This liquid drained down the sponge to a small reservoir placed just above the 
bottom glass window. The collected water was removed continuously.

Measurements taken for the same set of flow conditions using the 300 mm lens and the 1000 
mm lens with the respective test sections, showed that the Sauter mean diameter obtained was 
very similar in both cases. This demonstrates that when using the test section built to 
accommodate the 18 mm laser beam there was no interference in the flow characteristics.

Figure 2.14 shows the Malvern Particle Sizer with the 1000 mm lens set up in the vertical 
support. The support was constructed to give flexibili ty of movement in the xyz directions of 
both the transmitter and receiver support plates. This is particularly important in the alignment 
of the instrument, because the detector has to be perfectly in line with the laser source.

Initial experiments were carried out to identify the influence on drop size of window air purge 
flow rates and gas take-off through the porous wall. The results are displayed in Figures 
2. 15 (a) and (b), where the Sauter mean diameters were calculated assuming the model 
independent analysis. Based on these tests, it was decided that drop size measurements should 
be carried out at the lowest possible gas take-off rate, bearing in mind that the liquid film has 
to be completely extracted. The graphs indicate a decrease in the Sauter mean with increasing 
gas take-off rate. It is thought that increasing gas take-off rate can lead to the early deposition 
of drops, especially the larger drops that travel closer to the bottom of the porous wall.

The window air purge was maintained at around 3% of the total gas flow. The experiments 
have shown that for this value the drop size distribution was unaffected and the drops were 
not wetting the test section windows.

2.1.5.5. Measurement Procedure

The laser diffraction technique involves two stages, namely a background measurement and 
a sample measurement. The background light energy distribution is measured without the
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Figure 2.13 Test section used with the laser beam expanded to 18 mm.



Figure 2.14 Malvern 2600 Particle Sizer set up in the vertical support,

using the 1000 mm focal length lens.
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sample present. It should be taken under similar conditions to those used in the sample 
measurement. In this work, the background light energy distribution was measured under 
flowing and static conditions, but identical results were obtained. Despite this, the background 
measurements were always taken under flowing conditions.

Once the gas and liquid flow rates were established in the rig, the sample measurement was 
carried out. The sample data were obtained by subtracting out the background contribution, 
and then the resulting drop size distribution was calculated.

The sampling time used during the background and the sample measurement was set at 1000 
sweeps, as advised by the manufacturers, Malvern Instruments. A previous study on the 
influence of sampling time on drop size for fixed flow conditions, showed no variation of drop 
size when increasing the number of sweeps from 200 to 5000.

During the course of the experimental work, various aspects of the set up were continuously 
checked:

• Ensuring that the laser beam had a correct shape after passing through the test 
section and had not been clipped by the walls.

• The laser was correctly aligned with the detector.

• Lenses and glass windows were periodically cleaned. The orientation of the 
windows relative to the laser beam was adjusted, so that the reflected light did not 
interfere with the source beam.

• The distance between the sample and the collecting lens was kept within the lens 
cut off distance. If the system to be measured is positioned too far away from the 
lens, it is possible that some of the diffracted light will not be collected. This 
problem is known as vignetting, and will be discussed in the following section.

2.1.5.5. Limitations of The Malvern

The Malvern Particle Sizer can cover a vast range of particle sizes, as discussed previously 
(section 2.1.5.2.). Being a non-intrusive technique, it does not interfere with the flow and no 
calibration is necessary. The repeatability of the measurements is within 3%. However, the 
apparatus presents some limitations in its use.

The theory behind the technique assumes that the particles are spherical and that the diffraction 
pattern is described by the Fraunhofer diffraction theory. This theory is valid for particles 
whose diameter is greater than the wavelength of the incident beam. For particles smaller than 
approximately 1 \im, the diffraction pattern is not only dependent on particle size but also on 
its optical properties. So, the Fraunhofer diffraction theory is no longer valid, and the Mie 
scattering theory has to be applied to describe the diffraction pattern. This should not 
constitute a problem in the present experiments as only a small quantity of the drops present 
have such small diameters.
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Multiple scattering can affect the performance of the Malvern. If the concentration of drops 
is too high, the light scattered by one drop may be scattered by a second drop before reaching 
the detector. This will introduce errors in the calculated drop size distribution, i.e. a shift to 
lower mean drop sizes and broader size distributions. This effect becomes significant when 
the obscuration (OB) is above 0.5. Obscuration is the percentage of light collected by the 
sample.

Felton et al (1985) studied the effect of concentration on the particle size distribution of glass 
beads from 5 um to 105 \im. The authors developed equations to correct for the effects of 
multiple scattering. For a Rosin-Rammler distribution, they proposed the following 
corrections to the distribution parameters X and "N (see section 2.1.5.2):

Cy = 1.0 + (0.036 + 0.4947 (OB) 8 "7) ^9 ~ 3437(OB)) (2.8)

and

CN = l.o + (0.035 + 0.1099 (Ofl) 865)

At low drop concentrations the light energy falling on the detector rings is virtually 
indistinguishable from the ambient noise level, and large random errors occur. The 
manufacturers suggest that below an obscuration of 0.05 measurements should not be carried 
out.

As each lens has a limited aperture for collecting scattered light, it is important that the sample 
is positioned below a given maximum distance from the lens. If this maximum distance is 
exceeded, light scattered at large angles may be lost at the outer rings (vignetting), biasing the 
drop size distribution towards the larger drop sizes. Figure 2.16 illustrates this situation for 
the maximum scattering («A/). Dodge (1984) derived the following expression for calculating 
the maximum distance between the sample and the lens, x :

(2.10)

where/is the lens focal length, £>/ is the lens diameter, D^ is the beam diameter and Dj is the 
detector diameter.

The Malvern sizer analyses a sample over a cylindrical region of the space defined by the laser 
beam diameter and the path of the beam in the sample. If there is a difference in drop 
concentration across the space then the line-of-sight measurements can differ from the overall 
distribution.
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In horizontal flow, because of gravity there is a definite stratification in drops normal to the 
flow direction, as shown by the vertical drop flux profiles obtained by Butterworth (1972) 
(Figure 2.17) and Paras and Karabelas (1990-b) (Figure 2.18(a) and (b)) using pitot tubes. 
To account for this effect, the laser apparatus was located in a vertical support in order to 
minimise bias in the measured size distribution.

On the other hand, horizontal drop flux profiles are quite flat. The sudden increase in drop 
flux near the tube walls in Figure 2.17 has been attributed to the proximity of the probe to the 
liquid film. Liquid from the tips of waves could have been collected, and counted as drop flux 
near the wall. So, in this study in spite of having used a 9 mm and 18 mm laser beam in a 0.032 
m tube, it is expected that the line-of-sight measurements are not much affected by spatial 
bias provided the apparatus is set up vertically.

To account for temporal variations in drop concentration due to the passage of disturbance 
waves, the measurement time was set at 1000 sweeps. As mentioned before, drop size 
distribution proved to be independent of the sweep number between 200 and 5000.

Finally, it is important to point out that the Malvern instrument samples the number of particles 
per unit volume of space. So, as slower drops remain longer in the laser beam, the distribution 
can be biased towards the size of slower drops.

2.1.5.6. Laser Safety

When operating a laser there are some safety precautions that the operator must undertake, 
depending on the class of laser to be used. The Malvern 2600 Particler Sizer uses a 2mW 
Helium/Neon laser, that according to BS 4803: 1972 is categorised as a Class HI A. 
Appendix C describes the safety procedures adopted during the operation of the Malvern on 
the Horizontal Two-Phase Flow Rig, and comply with BS 4803.

2.1.6. Operating Conditions

The air and water flow rates were chosen in order to cover the maximum possible range of 
flow conditions. Systematic variations of the mass flux of both phases were undertaken. The 
combination of flow rates used include the wavy-stratified, annular and pseudo-slug flow 
regimes.

The maximum values of gas and liquid flow rates were imposed by the present construction 
material of the apparatus. According to current safety regulations on pressurised experimental 
equipment at the Harwell Laboratories (AECP(R) 23 Part 1), the maximum pressure at which 
the horizontal tube can be operated is 1.5 bar.

Overall, the gas mass flux was varied between 10-70 kg/m2s and the liquid flow rates between 
10-170 kg/m2s. However, these ranges of flow conditions were not employed for all the 
experiments. Table 2.2 shows the flow conditions used for each experimental investigation.
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TABLE 2.2 - RANGE OF FLOW RATES USED IN THE DIFFERENT
MEASUREMENTS

Measurement

Pressure Drop Single Phase
Upstream of the Bend Two-Phase

Still Photography of Two-Phase Flow

Still Photography of the Drop Flow

Cine Film

Film Flow Measurements

Drop Size Measurements before the 
Bend

Drop Size Measurements after the Bend

GG 
(kg/m2s)

10-50
10
40
10
20
30
40
50
40
70
20
30
40
50
20
30
40
50
60
70
40
50
55
60
65
70
40
50
60

70

GL 
(kg/m2s)

—
10

10&70
10-110
10-170
10-90
10-70

10
50
30

10-150
10-70

10
10

10-130
10-130
10-130
10-130
10-70
10-70

30-110
30-110
20-70
20-70
20-70
20-70

50-90
50-90
30-70

30-70

Pressure 
(bar)

1.0-1.3
1.0

1.3 & 1.4
1.0-1.1
1.1-1.3
1.2-1.3
1.3-1.4

1.3
1.3
1.4

1.1-1.3
1.2-1.3

1.3
1.3
1.3
1.3
1.3
1.3
1.4
1.4
1.3
1.3
1.4
1.4
1.4
1.4
1.3
1.3
1.4

1.4
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During the pressure drop measurements and visualisation experiments (still photography and 
cine film) it was not possible to maintain the same operating pressure for the various flow 
conditions. At the time, valve V15 (Figure 2.1) was not yet incorporated in the rig. At a later 
stage, for liquid film flow and drop size measurements, it was decided to include valve V15 
to enable the operator to maintain a constant pressure in the test section.

Cine films were undertaken at conditions where the concentration of drops in the gas core was 
low, and drops could be easily followed. However, drop size measurements using the Malvern 
instrument were not possible at flow rates with low drop concentrations.

Throughout all the experimental work, the pressure in the test section was maintained between 
1.0-1.4 bar, and the temperature was approximately 15°C. Teixeira (1988) pointed out that, 
as both fluids flow together for a considerable distance to achieve a developed condition 
before they reach the test section, water can be evaporated into the gas core. The author tested 
the influence of humidity on the physical properties, and found that it has a small effect on 
air density and viscosity. Table 2.2 lists the physical properties of air and water for the 
conditions mentioned above, assuming that the air was saturated.

TABLE 2.3 PHYSICAL PROPERTIES OF FLUIDS AT 15°C

Fluids

Air

Water

Pressure 
(bar)

1.0
1.1
1.2
1.3
1.4

Density 
(kg/m3)

1.20
1.32
1.44

1.56
1.69

999.13

Viscosity 
(kg/m s)

0.0000179

0.00114

Surface Ten­ 
sion

(N/m)

0.07349

2.2. Vertical Upflow Rig

2.2.1. Flow Apparatus

The experiments in vertical annular flow were carried out with adiabatic air-water upflow in 
a rig similar to that described by Jepson (1992). A schematic represention of the equipment 
is shown in Figure 2.19.
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Filtered air from the main air supply was introduced at the bottom of a 0.01026 m ID vertical 
stainless steel tube, after being measured using an orifice plate.

Demineralised water, pumped from the liquid reservoir and metered using calibrated 
rotameters, was fed into the tube through a porous wall located 0.5 m above the base. The test 
section for film flow rate and drop size measurements was placed 3 m above the entrance, to 
allow the development of annular flow conditions.

Above the measuring point the two-phase mixture was separated, the liquid returned to the 
stock tank and the air released to the atmosphere.

A set of three thermocouples were used to monitor the temperature of the fluid through the 
system. The inlet air temperature was measured by a thermocouple inserted upstream of the 
orifice plate, while another monitored the water just before entering the porous wall. A third 
was installed at the end of the test tube.

2.2.2 Film Flow Measurements

The liquid film flow rate was determined by the film removal technique already discussed in 
section 2.1.4. The film was completely removed from the test tube through a porous wall 
0.076 m long, together with a small amount of gas. The phases were then separated in a 
cyclone, and the rate of liquid collection was measured.

In the present work the amount of gas taken off was kept below 5% of the total amount of gas. 
Jepson (1992) found that this had no effect on the measurements of film flow rate and drop 
size.

2.2.3. Drop Size Measurements

To measure drop sizes, the laser diffraction technique developed by Swithenbank et al (1976) 
and now commercially available from Malvern Instruments Limited was used. The features 
of this technique were presented in section 2.1.5.

The Malvern 2600 HSD instrument (a precursor of the Malvern 2600 already discussed in 
section 2.1.5.3) was used to measure the drop size distribution. This comprised a 3 mW laser 
beam 7 mm in diameter, which shone through a special test section onto the drop sample. A 
300 mm focal length lens (size range between 5.8-564 urn) was used to focus the scattered 
light onto the Malvern detector unit.

The test section for drop sizing is constructed in brass and is formed by two windows 
diametrically opposed, that appear at the end of side arms. The windows were purged with 
compressed air (kept below 5% of the main air flow) to prevent splattering of the drops. 
Immediately upstream of the optical section the liquid film was completely extracted through 
a porous wall to provide optical access to the gas core. Figure 2.20 shows the test section and 
the laser set up used. More details about this test section can be found in Jepson (1992).
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Figure 2.20 Test section and the Malvern 2600 HSD



When processing the data, the computer assumes that the drop sample could be fitted by a 
Rosin-Rammler distribution. The parameters of this distribution were optimized until the sum 
of differences between measured and calculated energies is minimized. The applicability of 
the Rosin-Rammler distribution to represent drop size distributions in vertical annular flow 
was tested by Azzopardi et al (1978).

2.2.4. Operating Conditions

As mentioned before, modifications were made to the test facility used by Jepson (1992), that 
allowed an extension of the measurements to higher flow conditions. In the present 
experiments, the air mass flux was varied between 60-120 kg/m2s, and the liquid mass flux 
between 40-120 kg/m2s. Systematic variations of the mass flux of both phases were 
undertaken. All flow conditions studied lay in the annular flow region.

Through all the experimental work, the pressure in the test section was maintained at 1.5 bar, 
and the temperature was approximately 15 °C. For these conditions, the physical properties 
of the air and water can be extracted from Table 2.3 with the exception of the gas density. For 
a pressure in the test section of 1.5 bar the air density has a value of 1.81 kg/m3 .
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3. VISUALISATION STUDIES IN HORIZONTAL GAS-LIQUID 
FLOW

3.1. Introduction

The observation of the various phenomena occurring in two-phase flow can be made by visual 
inspection through a transparent window. However, when the processes are occurring at high 
speed the observer does not have a clear picture of what is happening. The use of high speed 
photography and related techniques allows the problem to be overcome by freezing the 
complicated mechanisms of two-phase flow.

Photographic methods have been widely used in the investigation of two-phase flow. Hewitt 
and Roberts (1969) established a flow pattern map for vertical gas-liquid flow based on 
simultaneous X-ray and flash photography. Butterworth and Pulling (1972) used a dye 
tracing technique to study the horizontal annular flow of an air-water mixture. They injected 
a dye along the horizontal diameter of the tube and observed its behaviour using high speed 
cine film. Their observations suggested that the waves play an important role in maintaining 
the liquid film at the top of the tube. Jayanti (1990) also used high-speed photography and 
photochromatic dye tracing to study the liquid film characteristics in horizontal annular flow.

Stuiver (1955) used a photographic technique to study the characteristics of air-water flow 
around 90°and 180° bends. George (1971) conducted visualisation work using a 180° bend 
set in the vertical plane. Cine films were produced for air-water flow covering different flow 
patterns. These showed that the bend had a strong influence on the structure of the flow.

From the analysis of the photographic records qualitative as well as quantitative information 
can be extracted, but quantitative measurements will be subject to errors. Hsu et al (1969) 
divided these errors into two categories: time and dimensional. The time problem relates to 
how well the action has been stopped. This time limit is the exposure duration which is linked 
to the frame speed in cine films, and to the flash duration in still photography. Dimensional 
problems include optical distortion caused by the curvature of the test tube, thermal gradients 
in the test area, refraction of the various media between the light source and the photographic 
camera, and camera alignment. The photographic image has limitations due to the graininess 
of the film, and due to the blurring of the image by inadequate arrest of the motion.

This chapter discusses the visualisation study performed for air-water flow in a horizontal 
tube 0.032 m ID, and the influence of a 90° horizontal bend on the flow characteristics. It 
includes observations of the flow upstream of the bend, at the bend, and downstream of the 
bend by visual inspection, and using high speed still photography and cine films.
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3.2. Flow Characteristics before the Bend

This section covers several features of the air-water flow in a horizontal pipe. Apart from the 
identification of the flow patterns observed, characteristics of the liquid film are discussed. 
These include the fraction of the pipe circumference the liquid film occupies in 
wavy-stratified flow, and the presence of air bubbles entrained in the liquid film. The 
behaviour of drops travelling in the gas core is also mentioned.

3.2.1. Flow Patterns

The early research on the flow patterns existing in gas-liquid flow was made through visual 
observation. Photographic studies coupled with other experimental methods, however, have 
led to the establishment of several distinct flow regimes and flow pattern maps, already 
described in Chapter 1. The knowledge of these flow patterns is essential in modelling the 
interactions between the phases.

The range of air-water flow rates investigated in the present study, and the flow patterns 
observed are presented in Table 3.1. These cover wavy-stratified flow (WS), wavy-stratified 
flow with atomisation (WS+At), pseudo-slug flow (PS) and annular flow (A). The complete 
set of still photographs taken before the bend for these flow conditions is presented in 
Figure Dl (Appendix D). The cine films were taken for the flow conditions which are 
highlighted in Table 3.1.

TABLE 3.1-FLOW CONDITIONS AND OBSERVED FLOW PATTERNS BEFORE
THE BEND

?L
(kg/m2s)

GG 
(kg/m2s)

10
20

30

40

50

10

WS

WS+At

WS+Al

WS+At

WS+At

30

WS

: :;WS+At

WS+At

A
-

50

WS

WS+Al

WS+At

A

-

70

WS

WS+At

* A . ?
A

—

90

WS

WS+At

A
-

-

110

WS

PS
—

-

—

130

—

PS
—

-

—

150

—

PS
—

—

-

170

—

PS
—

—

—

The wavy-stratified flow was observed at the lower gas mass flux (Go = 10 kg/m2s) and for 
all liquid flow rates studied (G^ = 10-110 kg/m2s). The wavy-stratified flow with atomisation 
was identified by the presence of drops that had deposited at the top of the tube, and occurred 
for GG ^ 20 kg/m2s and at low liquid flow rates. The air-water system was considered to 
travel in annular flow when the liquid film covered the whole pipe circumference.
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Figure 3.1 Flow regime map by Lin and Hanratty (1987) and flow conditions of the present 
experiments



The mechanism of film formation in the change from stratified to annular flow can be deduced 
from the photographs. For a constant liquid flow rate, as the gas velocity is increased, the 
liquid starts to ride up the sides of the tube. At the same time, drops deposit on the top of the 
tube. These two mechanisms contribute to the formation of a continuous film around the tube 
circumference.

Experimental evidence showed that the pseudo-slug flow regime occurred for GG - 20 kg/m2s 
and GL > 110 kg/m2s. As mentioned by Lin and Hanratty (1987), the pseudo-slug regime 
resembles annular flow in that a film covering the whole pipe circumference is formed. 
However, it is also characterised by the appearance of large disturbances like slugs, but which 
do not give the identifying pressure pattern a slug does, and do not travel at the gas velocity. 
A pseudo-slug was captured in the cine film taken at GG = 20 kg/m2s and GL - 150 kg/m2s. 
It shows a highly aerated disturbance which momentarily touches the top of the tube. The 
entrainment measurements conducted for GG = 20 kg/m2s and G/, = 130kg/m2s (see 
Chapter 4) showed the entrained mass flux to fall considerably at these flow conditions. It is 
believed this reduction in the entrainment level is due to a change in the flow pattern to 
pseudo-slug.

Figure 3.1 illustrates the flow conditions of this study on the flow pattern map of Lin and 
Hanratty (1987). Together with this diagram are some typical photographs of air-water 
flowing at wavy-stratified flow, wavy-stratified flow with atomisation, and annular flow 
obtained in the present study.

3.2.2 Wetted Perimeter in Wavy-Stratified Flow

The cine films carried out for gas mass fluxes of GG = 20-50 kg/m2s and at a liquid mass flux 
of GL = 10 kg/m2s, and for GG = 20 kg/m2s and GL = 30 kg/m2s confirmed that in all cases 
the wavy-stratified flow with atomisation was seen.

From the height the liquid film spread over the pipe wall, the fraction of wetted perimeter was 
calculated. It was assumed that the film rise was the same at both sides of the tube, and that the 
area occupied by the drops deposited at the top of the tube was negligible. The results, plotted 
in Figure 3.2, show the fraction of wetted perimeter (F) increasing with gas Reynolds number 
(Rec), for a constant liquid flow of GL = 10 kg/m2s. The additional experiment carried out at 
GG = 20 kg/m2s and GL = 30 kg/m2s, showed an increase in F to 42.7% with increasing liquid 
mass flux.

Azzopardi and Russell (1984) reported that the fraction of wetted perimeter (F) could be 
represented as:

6.5 Ga/La f Re Re
F = 1 - ' for ° L < 24 (3. la)/Rec ReL Ga/La
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Figure 3.2 Fraction of wetted perimeter: (a) present data as function of the gas Reynolds 
number for a constant GL = 10 kg/m2s, (b) comparison of present data and the 
data of Fukano and Ousaka (1988) with the correlation of Hamersma and Hart 
(1987).



Re0.6 Re0.5
F = 1 - 0.27 Re^ 1 for ^ L > 24 (3.1b)

where Ga/La = d2 (QL — Q G) g/o. The authors based their correlation on the work of 
Rosson and Meyers (1965), who studied the circumferential variation of the heat transfer 
coefficient for condensation in tubes.

The experimental results and equation (3.la) show the fraction of wetted perimeter (F) 
increasing with gas and liquid velocity. Equation (3.1 b), however, suggests that the fraction of 
wetted perimeter is independent of the liquid flow, and decreases with increasing gas velocity. 
For the flow conditions of the present study (Re^6 Re£5)/'(Ga/La) > 24, and so equation 
(3.1b) should apply, but it predicts a trend opposite to that seen in the data (Figure 3.2(a)).

Hamersma and Hart (1987) proposed a correlation for the fraction of wetted perimeter in terms 

of a Froude number for the liquid phase, FrL = (Q L/AQ)(u2SL/(e 2L g dt)Y given by:

F = ^ arc cos (l - C } FrL) forCj FrL < 2 (3.2a)

F = 1 forCj FrL > 2 (3.2b)

where the constant C l ~ 1. The liquid holdup can be calculated using the equation: 

eL = (l+3.51 (USG/USL)OM (Q G/QL) 02* (VG/VL) 0 -01 )~ 1 ' Figure 3.2(b) shows the
performance of equations (3.2a) and (3.2b) to represent the present data on the fraction of 
wetted perimeter, and the results of Fukano and Ousaka (1988) obtained in a 0.026 m ID 
horizontal tube. The present experimental data are closer to the correlation of Hamersma and 
Hart (1987) compared to the data presented by Fukano and Ousaka (1988).

3.2.3. Presence of Air Bubbles in the Liquid Film

Some of the photographs taken during this study have highlighted a feature of the air-water 
horizontal flow previously reported by Jayanti (1990): the presence of air bubbles entrained 
in the liquid film. Figures 3.3 and 3.4 show photographs obtained before the bend for GG = 
20 kg/m2s and GL = 90 and 150 kg/m2s, respectively. In Figure 3.3, air bubbles are seen to 
be entrained in the liquid film, their size varying up to a few millimetres. Jayanti (1990) 
suggested that the air bubbles were created when a wave rolls over itself.

The plate in Figure 3.3 shows a disturbance wave with liquid drops being released at its crest, 
and air bubbles travelling in the liquid film. This picture confirms that the creation of liquid
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drops occurs mainly at the front of the wave. The mechanism of entrainment of the air bubbles 
is a rolling process, and this occurs at the front of the wave. However, other bubbles are seen 
to travel towards the rear of the wave. This could mean that after being entrained, the air 
bubbles were captured by a slower moving layer of the liquid film, and were retarded in 
relation to the disturbance wave. The release of these air bubbles will probably occur at the 
back of the wave, and contribute to the entrainment process of liquid drops. The shape of the 
smaller gas bubbles is nearly spherical, while the larger bubbles appear in an ellipsoid form 
as a result of the shear action in the liquid film.

From the cine film taken at GG = 20 kg/m2s and GL = 150 kg/m2s it was possible to measure 
the size of bubbles entrained in the liquid film. The film was analysed using a Vanguard cine 
film analyser. After calibration of the apparatus against the tube diameter, the size of each 
bubble in the direction of the tube axis (z), and in the direction normal to the tube axis (y) was 
measured (z and y are defined according to the frame of reference in Figure 6.2(a)). As many 
of the bubbles were not spherical, the concept of equivalent bubble diameter (Beq ) was 
introduced. This was assumed as being the diameter of a circle which would have the same 
area as the ellipsoid projected area of the drop on the plane of measurement, as:

(3.3)

where Bz is the diameter of the bubble in z-direction, and By is the diameter of the bubble in the 
y-direction. A total of sixty bubbles were analysed to produce the histogram of bubble size 
shown in Figure 3.5. The largest entrained bubble that was measured had an equivalent 
diameter of 2.47 mm, and the minimum size detected corresponds to a limit of 0.4 mm. This, 
however, may not correspond to the existing minimum size of the bubbles because with the 
measurement technique employed, bubbles smaller than 0.4 mm could not be measured. For 
this reason, and also because the sample size is too small to be statistically representative, this 
data is only qualitatively valid.

The presence of air bubbles in the liquid film was also visually observed for other flow 
conditions by using a strobe light to 'freeze' the moving flow. This permitted the 
identification of the flow conditions at which gas bubbles entrained in the liquid film were first 
observed. The technique was carried out for gas mass fluxes of GG = 1 0-25 kg/m2s, and liquid 
mass fluxes between GL = 6.2-50 kg/m2s. For gas flow rates over 25 kg/m2s the flow was too 
fast to be followed by visual inspection. The observations are summarised in the graph in 
Figure 3.6, where a boundary line was drawn to identify the onset of bubble entrainment in the 
liquid film.

In general, the size of the entrained air bubbles in the liquid film appeared to increase as the 
liquid flow rate increased. However, at this stage it is difficult to say precisely which are the 
main variables that influence the bubble size. On the one hand, it is possible that the bubble
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size may be dependent on the liquid film thickness. On the other hand, the size of the entrained 
bubbles may be a function of the properties of the waves present on the liquid surface. Smaller 
bubbles may be created by the break-up of larger ones, and large bubbles may be formed by the 
coalescence of smaller ones.

3.2.4. Drops Entrained in the Gas Core

The drops that travel in the gas core in two-phase annular flow are created from the large 
waves present in the liquid film, as illustrated in Figure 3.3. The mechanisms of drop 
entrainment observed by Azzopardi (1983) for vertical annular flow were discussed in section 
1.6.1. According to the author, at low liquid flow rates the main mechanism of drop formation 
is bag break-up. At higher flows, ligament break-up predominates, which is recognised to 
produce smaller drops.

In a later paper, Azzopardi (1987) reported that only the bag break-up mechanism was 
observed in the cine films taken for the flow conditions under study. However, the present 
cine films which were carried out over a wider range of flow rates, proved that both 
mechanisms of drop entrainment occur in horizontal flow.

The size of drops was estimated from the still photographs and the cine films taken during this 
study. From the photograph in Figure 3.4 (taken at GG = 20 kg/m2s and GL = 150 kg/m2s) 
drops as large as 1.5 mm were seen to travel with the gas. Another interesting feature of this 
photograph is the impingement of a drop seen at the top part of the tube. This was made visible 
by the formation of a streak along the surface of the liquid film as a result of the impact.

Information on drop size was gathered from the cine films taken at GG = 20 kg/m2s and liquid 
mass fluxes of 70,90 and 130 kg/m2s, and for GG = 30 kg/m2s and GL = 70 kg/m2s. At these 
flow conditions the laser diffraction technique used to determine drop sizes (Chapter 5) could 
not be applied. The results are presented in Tables B.7 to B.10 (Appendix B), and a typical 
histogram is shown in Figure 3.7, for GG = 20 kg/m2s and GL = 90 kg/m2s. The size of the 
drops was calculated using the same procedure employed in the estimation of bubble size (see 
section 3.2.3.), with the exception that every drop was followed for at least five frames. For 
each drop, the diameter in the tube axis direction (z) and in the direction normal to the tube 
axis 00 (according to Figure 6.2(a)) were averaged over several frames. An equivalent drop 
diameter (Deq ) was calculated as:

D e = >z D (3.4)

where Dz is the average diameter in the z-direction, and Dy is the average diameter in the 
^-direction.
Several aspects concerning these drop size data should be considered. The error associated 
with the calculation of Deq (using the propagation of uncertainty analysis described by Owen
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(1986)) is quite high as seen in Tables B.7 to B.10. Also with the measurement technique 
employed, only drops with diameter higher than 0.4 mm could be tracked. A considerable 
number of smaller drops should exist in the flow, as the drop size measurements discussed in 
Chapter 5 have indicated. Finally, only around sixty drops were analysed per film, which 
makes the sample statistically unrepresentative. In view of this, any conclusions drawn from 
these results should be taken with care.

3.3. Flow Characteristics at the Bend

The presence of a bend introduces a developing situation in the gas-liquid flow pattern. This 
section discusses the changes in the flow characteristics of an air-water mixture caused by the 
effect of a 90° horizontal bend. These features were captured in still photographs taken at four 
different positions around the bend, and are shown in Figures D2, D3, D4 and D5 
(Appendix D).

For gas-liquid stratified and annular flow in a bend, the variation in the liquid film thickness 
around the pipe circumference is complex. Under conditions where the momentum of the gas 
phase is higher than the momentum of the liquid phase, the maximum liquid film thickness 
is seen to be displaced to the inside of the bend. This phenomenon is called film inversion, 
and was first reported by Banerjee et al (1967) (see section 1.7.2.).

In the present study, film inversion was clearly seen for GL=W kg/m2s and GG =30, 40 and 
50 kg/m2s, where the high momentum fluid (the gas in this case) moves to the outside of the 
bend. At these conditions, the drops travelling in the gas stream were also seen to deposit on 
the outside of the bend forming a thin liquid film. This film was not connected to the liquid 
film on the inside of the bend. It was also observed that in the upper half of the tube, the outer 
thinner film tended to breakdown into rivulets which were pulled to the top of the tube in an 
anti-clockwise, cork-screwing fashion. This is illustrated in Figure 3.8, for the flow 
conditions GG = 30 kg/m2s and GL = 10 kg/m2s. On the lower half, the thin liquid film was 
drawn from the outer wall towards the bottom of the tube, in a clockwise motion.

For higher liquid flow rates the thin film did not breakdown. Instead, it combined with the 
thicker film on the inside of the bend to form an annular film section around the pipe 
circumference.

This movement of the liquid film/rivulets at the bend may be linked to the appearance of 
secondary flow in the gas phase (see Figure 1.7.2). Previous studies of the gas velocity at the 
exit of bends by Chakrabarti (1976) in a horizontal 90°bend, and by Anderson and Hills 
(1974) in a vertical 180° bend, have shown that the maximum velocity in the gas velocity 
profile was displaced towards the outside wall of the bend. This was taken as evidence of the 
presence of a secondary flow in the gas phase at the bend. This secondary flow is thought to 
be responsible for the swirl motion observed in the visualisation experiments of this study.
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3.4. Flow Characteristics after the Bend

This section describes observations of the flow carried out downstream of the 90°horizontal 
bend. Photographs were taken after the bend for the flow conditions mentioned in Table 3.1, 
and are shown in Figure D6 (Appendix D). In addition, the drop flow was also photographed 
downstream of the bend, after removal of the liquid film.

It was mentioned in the previous section, that the secondary flow existing in the gas phase was 
responsible for a swirl movement experienced by the liquid film at the bend, and that for 
certain wavy-stratified flow conditions, an annular film section was formed around the pipe 
circumference at the bend. This annular film section was seen to be maintained for a small 
distance downstream of the bend, before stratified conditions were re-established 
(Figure 3.10).

The length of the annular section forming after the bend, increased as the liquid flow increased 
(for a constant gas flow) as shown in the sequence of photographs in Figures 3.9,3.10 and 3.11. 
In Figure 3.11, the surface of the pipe downstream of the bend is completely covered with an 
annular film, but this was seen to be disrupted further along, beyond the edge of the 
photograph.

The drop size measurements after the bend discussed in Chapter 5, indicated an increase in 
drop size caused by the presence of the bend. In order to inspect the drop flow, high speed still 
photographs were taken after the liquid film was removed through a porous wall.

Figure 3.12 shows the photograph of a ruler taken with the same magnification as that used 
when photographing the drop flow. The minimum division corresponds to 1 mm, which 
indicates that a magnification factor of five has been used.

Several shots were taken at random for GG = 40 kg/m2s and GL = 50 kg/m2s (Figure 3.12 (a) 
and (b)), and for GG = 70 kg/m2s and GL = 30 kg/m2s (Figure 3.14 (a) and (b)). Several 
considerations can be made from these figures. Comparison of the two photographs taken for 
the same flow conditions show a variation of drop concentration with time. As drops are 
mostly formed from roll waves, and these are known to appear with a certain frequency, it is 
not surprising that drop concentration is not constant. The cine films of this study also 
confirmed that the number of drops entrained in the gas core always increased near the 
presence of a large wave.

By comparing Figures 3.13 and 3.14 it can be said that, in general, drop size increases with 
decreasing gas flow rate. Larger drops are observed in the photographs taken at lower gas 
flows. These figures also support the drop size measurements after the bend obtained with 
the laser diffraction technique (Chapter 5). The maximum drop size seen in the photographs 
is within the range indicated by the drop size distributions.

The photograph in Figure 3.13 (b) has captured evidence of drop coalescence and subsequent 
separation of two drops. It shows a large drop linked to a smaller one by a thin filament of 
liquid. At some stage it is likely that these drops have collided, but subsequently have
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Figure 3.12 Magnification used in photographing the drop flow after the bend.



(a)

(b)

Figure 3.13 Photographs of the drop flow after the bend for GG = 40 kg/m2s and 
GL = 50 kg/m2s.



(a)

(b)

Figure 3.14 Photographs of the drop flow after the bend for GG = 70 kg/m2s and 
GL = 30 kg/m2s.



separated as shown in the photograph. If the conditions had been more favourable, permanent 
coalescence would have arisen. Drop coalescence can be an important parameter contributing 
to the increase in drop size observed after the bend.

3.5. Conclusions

The following conclusions can be drawn from the discussion above:

• For the range of air-water flow rates studied, the flow patterns observed were 
wavy-stratified with and without atomisation, annular and pseudo-slug flow.

• During wavy-stratified flow, the fraction of wetted perimeter increased with both 
gas and liquid flow rates. The present experimental data are closer to the 
correlation of Hamersma and Hart (1987) compared to the data presented by 
Fukano and Ousaka (1988).

• Photographs taken before the bend showed interesting features, such as the 
presence of air bubbles entrained in the liquid film, and the creation of liquid drops 
at the crest of a roll wave.

• The size of entrained air bubbles was measured from the cine film taken at 
GG = 20 kg/m2s and GL = 150 kg/m2s. The larger bubbles had an ellipsoid shape, 
while the smaller ones were almost spherical. The larger bubbles observed had 
an equivalent diameter of 2.47 mm.

• For the flow conditions of GG = 10-25 kg/m2s and GL = 6.2-50 kg/m2s, it was 
possible to identify the conditions for the onset of the entrainment of air bubbles 
in the liquid film.

• The present cine films showed that both mechanisms of drop entrainment (bag 
break-up and ligament break-up) occur in horizontal air-water flow.

• The phenomenon of film inversion reported by Banerjee et al (1967) was observed 
at the 90° horizontal bend.

• At the horizontal 90° horizontal bend, the liquid film was seen to have a swirl 
movement, in which at the upper part of the tube the liquid was pulled across from 
the outer wall of the bend to the top of the tube in an anti-clockwise, cork screwing 
fashion. In the lower half, the liquid film was drawn from the outer wall towards 
the bottom of the tube, in a clockwise motion. It is thought that a secondary flow 
existing in the gas phase can be responsible for this swirl movement of the liquid 
film at the bend.

• The still photographs of the drop flow taken after the bend, confirm that drop size 
decreased with increasing gas flow rate. These photographs also support the drop 
size measurements obtained with the laser diffraction technique (Chapter 5).

• The photographic work after the bend has captured evidence of drop coalescence 
and subsequent separation of two drops.
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4. ENTRAINMENT IN HORIZONTAL TWO-PHASE FLOW

The atomisation of a liquid film by a high velocity gas is of considerable practical importance 
in many engineering systems, such as the film cooling of jet and rocket engines and the burnout 
heat flux in nuclear reactors. Separators and evaporators are also equipment units affected by 
atomisation and entrainment of liquid films.

Beyond critical gas and liquid superficial velocities, the liquid film becomes highly agitated 
and roll waves appear. Liquid is torn from the surface of these waves giving rise to drop 
entrainment in the gas, and the liquid film is replenished by drop deposition. This is a dynamic 
system with a continuous mass transfer of liquid to and from the film. Under equilibrium 
conditions the rate of drop entrainment is equal to the rate of deposition.

The quantity of liquid entrained in the gas can be described in terms of an entrained liquid 
fraction (E), which is defined as

E = (4.1)

where GLE is the entrained liquid mass flux and GL is the total liquid mass flux. The entrained 
fraction (E) can vary from values close to zero up to values approaching unity.

For a constant liquid flow and increasing gas velocity, Dallman (1978) introduced the concept 
of maximum possible entrainment. The author observed that the quantity of entrained liquid 
reached a maximum when the liquid film flow rate was approximately equal to the critical film 
flow rate for the onset of entrainment. Dallman referred to this as the 'fully entrained 
atomisation region (FEAR)', and at this condition the maximum entrained fraction (EM) was 
given by

G ~ GLFC

where GLFC is tne critical liquid film mass flux below which no more atomisation occurs 
irrespective of further increases in the gas.

This chapter reviews both experimental and analytical work on the onset of entrainment and 
liquid entrainment, with special emphasis on horizontal flow. New entrainment data are 
presented for the horizontal flow of an air-water system in a 0.032 m ID tube. The influence 
of a horizontal bend on the quantity of liquid entrained in the gas is also studied (see Tables 
B.ll to B.15 - Appendix B).
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4.1. Onset of Entrainment

When gas-liquid flow in a horizontal tube there are flow conditions where the liquid flows 
as a film along the wall and also as entrained drops in the gas core. However, before liquid 
atomisation takes place, several transitions occur in the gas-liquid interface according 
Andritsos and Hanratty (1987). These transitions occurring at the interface have already been 
discussed in section 1.3, where Figure 1.8 summarises the flow regimes and wave patterns 
observed by the author for air-water flowing in a 0.0254 m ID horizontal tube.

Another study by Whalley et al (1977) using axial view photography technique revealed that 
most of the liquid drops are entrained from the roll waves. In the absence of roll waves few 
drops are seen.

A large number of experimental and analytical studies have been carried out to determine the 
inception conditions for entrainment. Thorough reviews of these works are given by Hewitt 
and Hall-Taylor (1970) and Ishii and Grolmes (1975). Table 4.1 lists the experimental work 
for horizontal flows in pipes and channels.

TABLE 4.1 EXPERIMENTAL WORK ON ONSET OF ENTRAINMENT IN
HORIZONTAL TWO-PHASE FLOW

Author
Kinney et al (1953)

Van Rossum (1959)

Woodmansee & Hanratty 
(1969)

Arruda (1970)

Russel & Rogers (1972)

Chang (1973)

Mishima & Michiyoshi 
(1987)

System
air-water

air-water 
air-mineral oil 1 
air-mineral oil 3 

air-gas oil 
air-kerosine 

air-water/butanol solutions
air-water 

air-glycerine/water 
solutions
air-water

air-water

air-water/glycerine 
solutions 

air-water/isobutanol 
solutions

air-water

Geometry
circular tube 

4=0.0508 & 0.1016m
rect. channel 
0.15 x 0.15m

rect. channel 
0.0254 x 0.3048 m

circular tube 
4=0.0254 & 0.0508 m

rect. channel 
0.0254x0. 1524m

rect. channel 
0.0254x0. 1524m

rect. channel 
0.016 x 0.040 m
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Existing data for air-water systems are plotted in Figure 4.1, in terms of a critical liquid 
Reynolds number versus a critical gas velocity. This plot, which identifies the flow conditions 
for the onset of entrainment, reveals three distinct regions. At large liquid Reynolds numbers 
the critical gas velocity for the onset of entrainment is virtually constant, corresponding to the 
minimum gas velocity below which no entrainment occurs irrespective of further increases 
in the liquid flow. In this region large roll waves may be present, but the momentum of the 
gas is insufficient to tear liquid from the waves.

Below a certain liquid Reynolds number the critical gas velocity increases rapidly with 
decreasing liquid flow, defining the curve of critical film flow rate (Figure 4.1). In the 
intermediate region of the graph, the inception of atomisation is controlled by both gas 
velocity and liquid flow rate.

Hewitt and Hall-Taylor (1970) pointed out that large discrepancies arise when comparing 
existing correlations and also experimental data on the onset of entrainment (see Figure 4.1). 
The authors argued that these discrepancies were caused by using different ways of defining 
the inception point of atomisation, and by the different techniques used in its detection.

4.1.1. Critical Film Flow Rate

Critical film flow rate is an important parameter linked to the inception of atomisation and also 
to the concept of maximum entrainment introduced by Dallman (1978). One of the most 
straightforward methods to measure critical film flow rates for a set of gas velocities, is to 
slowly increase the liquid flow for each gas velocity and record the liquid flow at which 
atomisation is first observed. Although good in theory, in practice the process is quite 
laborious.

An alternative solution, which was adopted by Dallman (1978), is to make an estimate of the 
critical film flow from a plot of film flow measurements against superficial gas velocities, 
where at high gas velocities the liquid film approaches a constant value (G/jrc), for a given 
liquid flow. These conditions mark the point at which further entrainment stops irrespective 
of gas velocity.

Dallman (1978) pointed out the difference between plots of liquid film flow rate versus gas 
flow rate for vertical and horizontal flow. The graph in Figure 4.2 shows data for vertical 
upflow taken by Whalley et al (1973) in a 0.0318 m pipe, and Figure 4.3 the entrained liquid 
flow results of Dallman in a horizontal tube 0.0254 m ID. The author suggested that for 
horizontal flow the liquid film did not approach a single critical film flow at high gas velocities 
as in vertical flow, but instead tended to smaller GLFC values as the liquid flow decreased.

From his 'FEAR' studies, Dallman also found that the critical film flow rate per unit perimeter 
(rhLFC/n dt) depended on the concentration of entrained drops in the gas core at the onset of 
the fully entrained region (rh^/rho), but as the concentration was increased mLFC/jt dt
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became a constant (Figure 4.4). This variation of the critical liquid film flow rate with 
entrained drop concentration was explained as a consequence of the asymmetric distribution 
of the liquid film thickness in horizontal pipes. Figure 4.4 also indicates the relation between 
mLFC/n dt and the entrained drop concentration for the air-water measurements of Laurinat 
(1982) in a 0.0508 m horizontal tube, and the film flow rate observed by Woodmansee and 
Hanratty (1969) for the onset of atomisation.

Ishii and Grolmes (1975) developed a criterion for the minimum liquid Reynolds number 
below which no entrainment occurs. They argued that for full interaction between the gas core 
and the film, the waves should penetrate the gas boundary layer. The correlation proposed for 
the minimum liquid Reynolds number for the onset of atomisation was given by:

(4.3)

where the dimensionless distance from the wall y + = 10.

4.1.2. Critical Gas Velocity

The critical gas velocity (f/sGC1 ) defines the point at which entrainment starts for low liquid 
flow rates. In this section some of the correlations developed for USGC f°r horizontal flow 
are presented.

Van Rossum (1959) correlated his results obtained in a horizontal channel for several fluid 
systems using various dimensionless groups. In Figure 4.5 the liquid Reynolds number is 
plotted against the parameter S, where S=U$GC flUo* PL is the liquid viscosity and a is the 
surface tensioa It is seen that for each liquid there is a gas velocity below which no 
atomisation of the film occurs. The author proposed the following empirical rule for the 
critical gas velocity:

= ° (dyne/ cm) (4.4)

This correlation should not be used outside the conditions of Van Rossum 's experiments.

Ishii and Grolmes (1975) developed a criterion for the onset of entrainment based on a balance 
offerees acting at the crest of a roll wave. They considered that entrainment began when the 
drag force exerted by the gas stream at the crest of the wave was greater than the surface tension 
force. For low liquid Reynolds numbers (/?e^<160 for horizontal and vertical upflow) the 
authors considered that drops were formed due to a wave undercut mechanism, also referred 
to as bag break-up. The correlation for USGC took the form:
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Figure 4.4 Critical liquid film flow rates for air-water flow in horizontal tubes 0.0254 m and 
0.0508 m ID (Laurinat (1982)).
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Figure 4.5 Dimensionless correlation for the onset of atomisation as given by Van Rossum 
(1959).



(4"5)

For 160</?q,<1635, Ishii and Grolmes assumed that onset of entrainment was due to the 
mechanism of shearing-off of roll wave crests (also termed ligament break-up). For the 
transition regime (160</?e£<1635) the critical gas velocity was given by:

= 11.78 V* Re'* Jjfcfc ifN^S-L (4.6)

USGC = 1.35 Re,~' 1^ ir * NM > •& (4.7)jL»(_ / «/ f|y-i l/r 15

where the viscosity number A^ is defined as:

(4.8)

and g is the acceleration due to gravity.

For higher liquid flow rates, Rei>l635 the correlations took the form:

- f N < J_

f/5GC = 0.1146 if A^ > (4.10)

Figure 4.6 shows the critical gas velocity for the onset of entrainment calculated using the 
correlations of Ishii and Grolmes (1975) for air-water flowing in 0.032 m ID horizontal tube. 
It is seen that for high liquid Reynolds numbers the curve reaches a constant value of 13.7 m/s 
(GG = 21.4kg/m2s).

From the visualisation work described in Chapter 3, it was seen that the critical gas velocity 
for atomisation to occur lies between GQ = 10 kg/m2s and GQ = 20 kg/m2s. This is supported 
by the entrainment data which suggests that atomisation is already occurring at 
GG = 20 kg/m2s, for all the liquid flow rates investigated. Until further experiments are done
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to identify the exact conditions for the onset of entrainment, it can only be concluded that the 
correlation of Ishii and Grolmes (1975) overpredicts USGC-

4.2. Entrainment Measurements in Horizontal Flow

The fraction of the liquid flowing as drops can be measured directly by withdrawing samples 
from the gas stream to determine the drop flux, or calculated by measuring the liquid film mass 
flux and subtracting this quantity from the total liquid mass flux.

The pitot tube technique was used by Chakrabarti (1976), Williams (1986) and Paras and 
Karabelas (1991), among others. A transversable sampling probe is moved along the inside 
diameter of the pipe to collect drops for a given period of time. The total entrained flow is 
found by integration over the whole cross section of the tube.

One difficulty in applying this technique, is that near the gas-liquid interface the sampling 
probe tends to collect liquid from the tips of the roll waves, giving erroneous results. However, 
the problem can be overcome by knowing the exact location of the annular film. To overcome 
the problem, Williams (1986) used a contact probe that established an electrical circuit when 
it touched the liquid film. After the location of the film surface, it was possible to position the 
sampling probe so that it collected only drops.

The experimental determination of the liquid film flow rate includes the film removal method 
and dye (or other tracer) mixing technique.

In the film removal technique, the liquid film is removed through a slit or porous section, 
together with a small amount of gas. This technique was discussed in detail in section 2.1.4.

The dye tracer technique is based on the addition to the liquid film of a known flow rate of 
dye. The product is mixed with the film, its concentration is measured and finally, the film 
flow rate is determined by a mass balance. This method has some deficiencies due to the slow 
mixing of the dye. Details of this method are described by Coney and Fisher (1976).

Experimental data on entrainment in horizontal gas-liquid flow in pipes are summarised in 
Table 4.2. Much of these data were obtained for air-water systems.

The present study includes entrainment measurements in horizontal wavy-stratified and 
annular air-water flow in a 0.032 m tube, at ambient temperature and at a pressure of 1.3 or 
1.4 bar in the measuring section. The film removal technique was used to determine the liquid 
film flow rate and hence entrained liquid flow.

The influence of the system pressure on the amount of liquid entrained as drops was studied 
for a gas mass flux of GQ = 60 kg/m2s and liquid mass fluxes of GL = 10 and 30 kg/m2s. 
Experiments for both sets of conditions were conducted at a pressure of 1.3 bar and 1.4 bar 
in the test section. A reduction of 0.015 in the entrained liquid fraction (£) for a 0.1 bar 
increase in pressure is obtained for GG = 60 kg/m2s and GL - 10 kg/m2s, while for
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- 60 kg/m2s and GL = 30 kg/m2s the reduction on the entrained fraction observed is of 
0.022. Charron (1990) studied the influence of the pressure on the entrained liquid fraction 
in vertical annular flow for the flow rates of GG = 79.6 kg/m2s and GL = 67.6 kg/m2s. The 
author reported a reduction in E of 0.016 per 0.1 bar increase in the pressure, which agrees 
with the present results.

The liquid film flow data for air-water flow in a horizontal pipe are plotted against liquid mass 
flux in Figure 4.7, and against the superficial gas velocity in Figure 4.8. The relation between 
the entrained mass flux and the liquid and the superficial gas velocity are shown in Figures 
4.9 and 4.10, respectively. These graphs illustrate that the gas velocity and the liquid mass 
flux have a strong influence on the entrained liquid flow rate.

Figure 4.7 highlights the linear relationship existing between the liquid film mass flux and the 
liquid mass flux, observed for the whole range of gas flow rates studied. Figure 4.8 shows 
the liquid film mass flux (G^/r) decreasing with gas velocity except for GL= 10 kg/m2s, where 
the film flow rate is constant with increasing gas flow. The decrease in GLF with gas velocity 
is expected, because the higher the gas velocity the greater the shearing action imposed on the 
liquid film surface to cause atomisation of the liquid. However, for GL = 10 kg/m2s it is 
assumed that the critical liquid film has been achieved, and has an approximate value of 
9 kg/m2s.

The effect of liquid mass flux on the entrained liquid mass flux (GLE) is shown in Figure 4.9. 
For the curves corresponding to constant gas mass flux of GG = 50, 60 and 70 kg/m2s, GLE 
increases with GL For GG = 40 kg/m2s a plateau is clearly seen. For the curves obtained at 
GG = 20 and 30 kg/m2s after an increase of the entrained liquid flux with GL, there is a sudden 
and distinct decrease in GLE occurring at high liquid mass flux conditions.

The reduction in the level of entrainment at these high liquid loadings can be explained by a 
change in the flow regime occurring at GG = 20 kg/m2s and GL = 130 kg/m2s, and at 
GG = 30 kg/m2s and GL = 130 kg/m2s. The location of these flow conditions in the flow 
pattern map of Lin and Hanratty (1987) (Figure 1.7) indicates that these points are near the 
pseudo-slug region.

As mentioned before (section 1.1.2.), the pseudo-slug flow pattern is characterised by a 
continuous film around the whole pipe circumference like annular flow, and by the presence 
of large disturbances similar in appearance to slugs, but which do not travel at the gas velocity 
and do not produce the pressure variations a slug does. These disturbances called 
pseudo-slugs touch the top of the tube wall only momentarily, and do not block the whole 
cross section of the tube for a long time.

Therefore, if for GG = 20 kg/m2s and GL = 130 kg/m2s, and for GG = 30 kg/m2s and
- 130kg/m2s the air-water mixture is flowing at pseudo-slug flow, the surges that
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momentarily block the pipe can force the entrained drops to deposit and consequently cause 
a decrease in entrainment.

Figure 4.10 represents the relation between entrained mass liquid mass flux (G/,£) and the 
superficial gas velocity, at constant liquid flow. ForG/, = 10kg/m2s,G^£ has a constant value, 
for the whole range of gas velocities studied. However, for the other fixed liquid fluxes, GLE 
increases with gas velocity. In the present set of experiments it was not possible to achieve 
the fully entrained condition seen by Dallman (1978) due to the limited range of flow 
conditions studied.

It is of interest to know what effect the orientation of tube has on the amount of liquid 
entrained. For this purpose, the present data were compared against entrainment 
measurements obtained under similar conditions in vertical flow. The experiments published 
by Azzopardi et al (1980) were chosen for this comparison, where the flow conditions were 
expressed in mass fluxes. As these data were taken at 1.5 bar, while the present measurements 
were conducted at 1.3 bar or 1.4 bar, the comparison was made in terms of the same superficial 
gas velocities instead of gas mass fluxes. Also, the flow conditions of Azzopardi et al (1980) 
did not match the ones used in the present study, and consequently interpolation was necessary. 
The flow conditions of the this study used for the comparison are: GG = 50 kg/m2s and 
GL = 30-70 kg/m2s (P = 1.3 bar), GG = 60 kg/m2 s and GL = 30-70 kg/m2s (P = 1.4 bar), 
GG = 70 kg/m2s and GL = 30-70 kg/m2 s (P = 1.4 bar). In Figure 4.11 the entrained liquid 
mass flux in horizontal flow is plotted against the corresponding entrained liquid mass flux 
in vertical flow for several gas velocities.

Figure 4.11 shows that, in general, the level of entrainment is higher in vertical annular flow 
than in horizontal annular flow. This may be linked to the difference in the liquid film 
distribution between vertical and horizontal flow conditions. In vertical annular flow the 
liquid film is evenly distributed around the pipe circumference, so it is expected that 
atomisation takes place around the whole area of the liquid film. In horizontal flow, however, 
the liquid film flow is larger at the bottom of the tube and smaller at the top part. The liquid 
film flow at the top of the tube may be below the limit for atomisation to occur, limiting the 
area available for atomisation to the bottom of the tube. It is thought that this difference in 
the liquid film distribution occurring in horizontal annular flow may explain the difference 
in the entrained liquid flow between horizontal and vertical flow at the same flow conditions. 
It is seen in Figure 4.11 that as the gas velocity increases from 25.6 m/s to 41.5 m/s, the curve 
tends to approach the 45° line. This means that as the gas velocity increases the difference 
between the entrained liquid fraction in vertical flow and the corresponding entrained fraction 
in horizontal flow is reduced. At even higher gas velocities, it is expected that the curve will 
intercept the 45° line. From this point the entrained liquid fraction in both systems may be 
similar, and the asymmetry existing in horizontal annular flow may be lost.
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4.3. Entrainment Correlations

To predict accurately important physical phenomena in annular flow, it is essential to 
understand the mechanisms of entrainment and to know how to correlate the amount of liquid 
that flows as drops. Several correlations have been proposed, although some are dimensional 
and therefore limited to a narrow range of flow conditions.

Examples are the correlations of Wicks and Dukler (1960), Paleev and Filipovich (1966) and 
Hutchinson and Whalley (1972), among others. These and other correlations have been 
reviewed by Dallman (1978).

In this section more recent entrainment correlations applicable to horizontal flow are 
discussed and tested against data of the present investigation and from the other studies listed 
in Table 4.2.

43.1. Correlations of Dallman (1978), Laurinat (1982) and Williams (1986)

Dallman (1978) developed a correlation for the entrained fraction based on the assumption 
that it results from a dynamic balance between the rate of atomisation (£) from the liquid film
and the rate of deposition of drops (D) from the gas core. The deposition rate is usually 
represented as a diffusion-like process by:

b = *D C * kD - (4.11)

where k& is the deposition mass transfer coefficient, C is the drop concentration, and rh^ and 
mG are, respectively, the entrained liquid and the gas mass flow rates. It is assumed that there
is no slip between the gas and the drops. Under equilibrium conditions E = D, and so

E = "LE = mG
mL QG kD mL

The author followed an empirical approach to represent the entrainment rate. Provided that 
the gas velocity is not close to the critical gas velocity for the onset of entrainment, and that 
the liquid film mass flow rate (m/jr) is small enough so there is a linear relationship between
E and m^, entrainment rate data for air-water is well represented by the equation:

771 j ry-LFC (4.13)
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where k& is the drop atomisation coefficient, mLFC is the critical liquid mass flow rate for the 
inception of atomisation and dt is the tube diameter. The actual mean gas velocity UQ used in 
equation (4.13) can be calculated by:

where m is the average thickness of the liquid film.

By substituting equation (4.13) into equation (4.12), the following correlation for entrainment 
under fully developed conditions in pipes is obtained:

(4,5)
d,

The form of equation (4.15) implies that once the critical gas velocity for the onset of 
entrainment is exceeded, entrainment has a rapid increase with increasing gas velocity. For 
high gas velocities the function reaches a limiting condition where the liquid film equals the 
critical liquid film flow rate (m^^). The author was able to correlate well the entrainment 
data of Cousins et al (1965) for vertical upflow in a 0.0095 m tube.

Dallman (1978) also conducted measurements of the entrained liquid fraction for air-water 
annular flow in a horizontal tube (see Table 4.2), and compared his results with equation 
(4. 15). The data were shown to exhibit a much faster rise to the fully entrained condition than 
was predicted by the correlation. Consequently, Dallman abandoned correlation (4.15) and 
proposed a straightforward empirical relation to represent his data:

1

valid for UG < 30 m/s, whilst the following equation

= 3 x 10- (QG 0L) UG dt (4

= (4.17)~*r
is valid for gas velocities greater than 30 m/s.

Laurinat (1982) extended the experimental work of Dallman (1978) to a horizontal tube of 
ID 0.0504 m. When correlating both his entrainment data carried out for air-water flow in 
a 0.0504 m tube, and Dallman's results in a 0.0254 m tube, the author found that the best fit 
to the data was given by the equation:
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fee <?t)°-75 C/« (d, - 2m)»

where the constant C' = 3.6 x 1 0 ~ 8 s4-5 / (kg1 -5 m 1 -5 ) . Instead of using the internal diameter 
of the tube in his correlation, Laurinat used the diameter of the gas core.

Laurinat (1982) also correlated his data with equation (4.15), which Dallman (1978) proved 
to fit adequately entrainment results for vertical annular flow. However, equation (4. 15) failed 
to correlate the data for horizontal annular flow. Laurinat attributed this to the difference in 
the drop deposition mechanism between horizontal and vertical annular flow. He further 
argued that for equation (4. 18) to be valid the deposition mass transfer coefficient should vary 
as:

_ //-0.5 n -0.25 /7-1.5 
D "t QG U G

According to McCoy and Hanratty (1977), for small drops in horizontal flow the deposition 
constant is proportional to the terminal settling velocity of the drops. Assuming that the drops 
are flowing with the same axial velocity as the gas, the terminal settling velocity could be 
determined from a momentum balance on the drop, as if the drop was falling in a quiescent 
gas. The author continued the analysis, considering that if the drag force on the drop was given 
by the Stokes law then hp should scale as:

(4-20)

where D is the drop diameter and JUQ is the gas viscosity. 

In the intermediate law region

5 _8 5gj i Q 
kD - -5—^ (4.21)

The drop size was related to other parameters by a result from Tatterson et al (1977):
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is the friction factor for a smooth tube (= 0.046 RBQ °-2) and a is the surface tension. 

By substituting (4.22) into (4.20), Laurinat (1982) obtained for the Stokes law range:

D

and for the intermediate law range:

4 2 '£L\T

c 4
By comparing expressions (4.23) and (4.24) with expression (4. 19), the author concluded that 
only the effect of the velocity on k& was predicted by the Stokes law settling velocity 
correction. The effects of pipe diameter and gas density were not predicted correctly.

However, Williams (1986) followed the previous analysis carried out by Laurinat (1982), and 
substituted expression (4.23) into the equation (4.15) proposed by Dallman (1978). He 
obtained:

E = _

where C"= 3.6 x 10'11 s5 m4/kg3 .

Williams found a good agreement between this correlation and his entrainment measurements 
in a 0.0953 m horizontal pipe and the data obtained by Dallman ( 1978) and by Laurinat (1982) 
(Figure 4. 12). Paras and Karabelas (1991) also reported that their entrainment data were well 
correlated by the expression of Williams (1986) (Figure 4.13).

The present results were also compared against the correlation of Williams (equation 4.25). 
The results are presented in Figure 4.14 as calculated entrained fraction against measured 
entrained fraction. Two assumptions were made in the construction of this graph.

First, to use equation (4.25) it was necessary to calculate the actual gas velocity based on the 
diameter of the gas core. As no film thickness measurements were taken in the current study, 
the method proposed by Laurinat et al (1984) to calculate the average film thickness was used. 
This is described in Appendix E.

Secondly, an assumption was made about the critical film mass flux. For the present 
measurements (see Figure 4.8) the range of flow conditions makes it difficult to establish
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Figure 4.13 Performance of the correlation of Williams (1986) to predict the entrainment 
data of Paras and Karabelas (1991) (Paras and Karabelas (1991)).
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critical film flows. For this reason, it was assumed that for all liquid flow rates the liquid film 
would approach a critical liquid film mass flux of approximately 9 kg/m2s.

Unfortunately, the correlation of Williams (1986) seems to fail to correlate the entrained liquid 
flow rates of the present investigation. This may be caused by the assumptions described 
above in which GLFC is maintained constant in spite of the trends found by Dallman (1978). 
On the other hand, it should be recognised that the correlation of Williams (1986) was 
developed for annular flow. Indeed, the author has shown a very good fit with annular flow 
data (Figure 4.12). Data from the present study, however, was collected over a range of flow 
conditions which extend from stratified up to annular flows.

43.2. Correlations of Ishii and Mishima (1981) and Kitscha et al (1990)

Ishii and Mishima (1981) proposed an equation for predicting the fraction of entrained drops 
(£). Their model assumed the roll wave entrainment mechanism (/?£/,> 160), and was based 
on the onset of entrainment criterion developed by Ishii and Grolmes (1975), and discussed 
in section 4.1.2.

If the system is at flow conditions higher than those represented by equation (4.6), liquid will 
be travelling as entrained drops. Assuming that all liquid above the critical film will be 
entrained in the gas, the theoretical limit of the entrained fraction is:

QL U 11.78 Nt 0.8 a
SL 'SG (4.26)

where the viscosity group number A^ is given by equation (4.8), and USL is the superficial 
liquid velocity.

The authors also considered that for inviscid fluids the following assumption could be made:

'8 (4.27)

and finally obtained the equation:

E<h = 1 - 1 
ReL SG

(4.28)

Equation (4.28) shows that Eth is dependent on the liquid Reynolds number and on a 
dimensionless gas velocity defined as:
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USG
0.25 (4.29)

Ishii and Mishima compared available entrainment data with the theoretical limit E^, and 
found that the entrained fraction was much smaller than entrainment predicted by equation 
(4.28), but basic trends such as dependence on dimensionless gas velocity and Rei were 
correctly predicted. The authors argued that the presence of drops in the gas core changed the 
core inertia, and they proposed a modification in the gas density should be made:

USG

agAg
0.25 (4.30)

By plotting the results of Steen and Wallis (1964), a value of n=2/3 was found to be 
satisfactory.

The authors also showed that from a consideration of drop deposition, entrainment was 
dependent on drop concentration and hence on tube diameter. This effect was expressed in 
the correlation in terms of a dimensionless hydraulic diameter defined as:

,* , /8^Q dt = dt\l—a~ (4.31)

Experimental data of Cousins et al (1965) exhibit an entrance effect at positions close to the 
entrance, while at regions far away from the inlet, entrainment reaches a quasi-equilibrium 
value (£00). Using various experimental data in this study, Ishii and Mishima (1981) obtained 
that the equilibrium entrained fraction is proportional to:

" * 125
~ I/o 4 Re 25 (4.32)

and should satisfy the following limiting conditions

00 for USG ^ U*SGC (4.33)

00 for USG -^ °° (4.34)
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where t/*$GC is the dimensionless critical gas velocity for the onset of entrainment. Finally, 
the authors arrived to the equation:

£00 = tanh (7.25 x 1(T 7 Ulc^ d* 125 Reg 25) (4.35)

Equation (4.35) can be expressed in another form provided that U*sc, 4* and Re^ are 
substituted by the respective definitions, becoming:

~ 7 ' 125 '25£00 = tanh (7.25 x 10 ~ We' Re') (4.36)

where the entrainment Weber number was defined by:

, _ o SG t £ (4 37)

Ishii and Mishima (1981) also extended their correlation to the cases where an entrance effect 
on entrainment was observed, but this was only applicable to smooth injection of the liquid.

They argued that for assessing the entrance effect a proper length scale should be considered,
and an estimate of the entrainment rate (£) was necessary. Since entrainment was caused by 
the shearing-off mechanism of roll wave crests, they considered that the entrainment rate 
should be proportional to an interfacial drag force and to the wave amplitude (expressed in 
terms of a power to the liquid Reynolds number). Thus

E ~ Use2 Re£ (4.38)

Using expression (4.38) for the entrainment rate, the authors achieved the equation that scales 
the drop entrainment:

I £ dz

00 £00 ^^0.25^1.25 d,

where the small dependence on dt * has not been considered. A value of n = 0.75 was found 
to correlate quite well the entrance effect on the data of Cousins et al (1965). So, the length 
scale (£) was given by:
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(4.40)

and the entrained fraction at entrance locations was:

E = 1 -

The function

(441)

(4.42)

is an exponential relaxation function that expresses the development of entrainment along the 
tube.

Equation (4.42) correlated well the entrance effect on the entrainment data for vertical flow 
of Cousins et al (1965), and indicated that the entrance region ranged for 0 < g < 600. So, the 
quasi-equilibrium condition for entrainment was attained for:

(4.43)

Finally, Ishii and Mishima (1981) mentioned that their correlation was tested against many 
experimental results for air-water systems, in the ranges of 1< P < 4 atm, 0.0095 < dt < 0.032 
m, 370 < ReL <6400 and USG < 100 m/s.

In Figure 4.15 experimental results of the present investigation are compared against the 
entrained fraction calculated by using the correlation of Ishii and Mishima (1981) (equation 
4.36). The horizontal entrainment data obtained by Chakrabarti (1976), Dallman (1978), 
Laurinat (1982), Williams (1986) and Paras and Karabelas (1991) were also compared with 
the entrained fraction values calculated using equation (4.36). These results are shown in 
Figure 4.16. It should be highlighted here that the entrance effects given by equation (4.43) 
were developed from vertical flow data, so its application to horizontal flow may be incorrect. 
For this reason, it was assumed that the entrainment data for horizontal annular reached a 
quasi-equilibrium value, and so equation (4.36) was applied instead of equation (4.41).

From the graphs in Figures 4.15 and 4.16 it is possible to conclude that apart from some of 
the data presented by Dallman (1978), the correlation of Ishii and Mishima (1981) 
overpredicts the entrained fraction in horizontal two-phase flow. The worst fit is for the data 
of Williams (1986) obtained in a 0.0953 m tube, which may suggest that the correlation of Ishii
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and Mishima is not applicable at such large tube diameters. By changing the constant in 
equation (4.36) to 5.5 x 10~7 a better fit was obtained for the present set of data (Figure 4.17).

Kitscha et al (1990) presented a correlation based on the shearing off of roll wave crests 
mechanism. Their equation is a modification of Ishii and Mishima (1981) correlation, and 
has the form:

E = tanh (4.33 x 10~ 12 We'2-55 Reg 26) (4.44)

The authors reported that their equation correlated well their own data obtained in a 0.0503 
m ID horizontal tube, and also the results of Laurinat (1982) and Butterworth (1982) as shown 
in Figure 4.18. However, it is important to notice that the plot of E measured against E 
calculated is presented on a log-log scale, which tends to mask the true trends.

The results of Laurinat (1982) were replotted in Figure 4.19, but now using a linear scale 
instead of log-log, and also the lines of +/-20% are indicated. It can be seen immediately that 
equation (4.44) does not predict the entrainment data of Laurinat correctly.

Equation (4.44) was used to correlate the results of the present investigation, as shown in 
Figure 4.20. Again the expression fails to correlate the data, tending to underpredict the 
entrained liquid fraction.

4.4. Entrainment Measurements in a Bend

Despite the liquid distribution around bends having severe implications on heat transfer and 
erosion/corrosion problems, studies of annular two-phase flow in bends to date are very 
limited.

In this section previous entrainment measurements carried out on bends are reviewed. A new 
set of film flow measurements taken downstream of the 90° horizontal bend for air-water are 
presented. The flow conditions used in these experiments match the ones used on the film flow 
measurements taken before the bend. Throughout these tests the pressure was maintained at 
1.3 or 1.4 bar at the tapping located 0.27 m before the bend.

4.4.1. Previous Work

A literature survey reveals that little research work has been done so far, on entrainment 
around bends.

Anderson and Hills (1974) studied the annular flow of an air-water system in a 180° bend 
arranged at the top of a straight vertical tube. The drop flow in the gas core was measured using 
a sampling probe positioned immediately before and after the bend. Examples of these
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measurements are shown in Figures 4.21 to 4.23. Comparison of the data indicates that the 
bend reduced entrainment.

Maddock et al (1974) measured among other parameters, local film flow rates using a rotatable 
porous wall confined to a 60° arc of the tube circumference, placed at the exit of several 
vertical bends. These were located at the end of a vertical straight pipe 0.0254 m in diameter. 
The bend radii varied from 0.0508-0.254 m and the bend angles from 30° to 90°. The authors 
proposed a simplified picture of the mechanisms that occur along the bend, assuming that data 
obtained just downstream of the bend gave a reasonable approximation to the variations 
occurring at corresponding points within a longer bend. In Figure 4.24, a plot of film flow 
rate development with respect to bend angle is shown, where film flow rates are divided into 
the inner and outer halves of the water surface.

Entrainment measurements around a 90° horizontal bend were reported by Chakrabarti 
(1976). The bend was located at the end of a 0.0254 m ID horizontal tube. Drop fluxes were 
measured before and after the bend using a sampling pitot tube for annular air-water flow. 
The author noticed that the drops on entering the bend due to their high momentum would 
deposit on the outer wall of the bend. This caused the liquid film thickness on the outside of 
the bend to increase, and entrainment to be reduced.

Balfour and Pearce (1978) reported measurements on the distribution of the liquid film and 
entrained drops for an air-water system in annular flow at the exit of a 180° horizontal bend. 
The bend was constructed from a 0.025 m bore tube with a radius of curvature of 0.485 m. 
A sampling probe was used to measure axial film flow rates and the mass flow rate of entrained 
drops at any point in the gas core.

The authors observed that the position of maximum film flow rate for a given gas flow shifts 
towards the inside of the bend as the quality (= GG/(GG + Gj)} increases (Figure 4.25). 
Another interesting feature also pointed out was the occurrence of a double peak in the film 
flow rate distribution for some annular flows, with maxima on both the inside and outside of 
the bend.

4.4.2. Present Entrainment Measurements After the Bend

In this section the influence of a 90° horizontal bend in the level of entrainment is discussed. 
A set of film flow measurements was carried out after the bend for stratified and annular flow 
conditions, using the film removal technique.

For the conditions after the bend, Figure 4.26 shows the liquid film mass flux increasing 
linearly with liquid mass flux. A similar trend was observed before the bend (Figure 4.7). 
In Figure 4.27, the liquid film mass fluxes after the bend are plotted against the superficial gas 
velocity. A comparison with Figure 4.8 reveals that the GIF measurements immediately after 
the bend are less sensitive to the influence of gas velocity.
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The influence of the liquid mass flux on the measured entrained liquid mass flux (£/,£:) after 
the bend is shown in Figure 4.28. This graph highlights a very interesting trend. For 
GG = 20-50 kg/m2s, GLE first increases but than decreases, the maximum in the function 
occurring at around GL = 110 kg/m2s for GG = 20 kg/m2s, and at GI = 90 kg/m2s for GG = 
30-50 kg/m2s. For GG = 60 and 70 kg/m2s, entrainment increases with GI for the flow 
conditions analysed.

Figure 4.29 plots the entrained liquid mass flux after the bend versus the superficial gas 
velocity. It shows that GLE increases with gas velocity (at a fixed liquid flow) for the whole 
range of liquid flow rates studied.

Previous studies to detect the levels of entrained liquid around different bends (section 4.4.1.) 
have shown a common feature: generally the presence of a bend reduces the quantity of 
entrainment. For the present investigation the percentage increase in the liquid film flow rate 
after the bend is illustrated in Figure 4.30.

Figure 4.30 shows that: (i) for GG = 20 and 30 kg/m2s, the percentage difference in the liquid 
film before and after the bend is very small (below 1.5%) and does not change with increasing 
the liquid mass flux, and (ii) for a constant liquid flow of GI = 10 kg/m2s and increasing gas 
flow rate, the percentage difference between film flow before and after the bend is maintained 
below +/-3%. So, for these conditions of low entrainment the influence on the liquid film flow 
rate is not significant.

For GG ^ 40 kg/m2s, and for GI > 30 kg/m2s, the liquid film mass flux after the bend 
increases with gas and liquid mass fluxes. A maximum percentage difference of 35.7% 
occurred at GG = 70 kg/m2s and GL = 70 kg/m2s, which also corresponds to the flow conditions 
of the present experiments where entrainment is maximum upstream of the bend.

This increase in film flow rate after the bend (consequently a reduction in entrainment) is due 
to deposition of drops on the outside wall of the bend. This deposition of the drops at the 
bend was confirmed by visual observations described in section 3.3.

4.5. Conclusions

From the discussion in this chapter, the main conclusions can be summarized as follows, for 
the measurements carried out before the bend:

• The correlation of Ishii and Grolmes (1975) overpredicts the critical gas velocity 
for the onset of entrainment for the horizontal flow of an air-water system in a 
0.032 m ID tube.

• At constant gas velocity, there is a linear relationship existing between the liquid 
film mass flux and and the liquid flow observed for the whole range of gas 
velocities studied.
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• At constant liquid flow rate, the liquid film mass flux decreases with gas velocity 
except for GL =10 kg/m2s, where GLF is constant with increasing gas velocity.

• For the stratified/annular flows the entrained flux increased with liquid flow rate, 
and in some instances a plateau condition was reached. At the lowest gas mass 
flux conditions (Go = 20 kg/m2s and GO = 30 kg/m2s) the quantity of entrained 
liquid falls considerably at the highest liquid flow of 130 kg/m2s. This is due to 
the transition to pseudo-slug flow.

• For the whole range of flow conditions covered, GLE increases with gas velocity, 
except for GL = 10 kg/m2s where the level of entrainment is almost constant.

• The entrained liquid flow rate in horizontal annular flow was found to be lower 
than in vertical flow for the same flow conditions and tube diameter (0.32 m). 
However, as the gas velocity increases this difference is less pronounced.

• The entrainment correlation of Williams (1986) correlated well horizontal 
annular flow data by Dallman (1978), Laurinat (1982), Williams (1986) and Paras 
and Karabelas (1991 ). However, it does not do so for the present measurements 
taken across the transition from wavy-stratified to annular flow.

• The entrainment correlation of Ishii and Mishima (1981) generally overpredicts 
data in horizontal two-phase flow. A change in the constant of the expression 
seems to improve the fit with the data from this study.

The experiments taken downstream of the bend show that:

• At constant gas flow rate, liquid film flux GIP increases linearly with

• At constant liquid flow rate, GLF decreases with gas velocity, except for 
= 10 kg/m2 s where the liquid film flow rate is almost constant.

• The curves of entrainment against liquid flow (at fixed gas mass flux) show a 
maximum at the low gas flow conditions. For the gas mass fluxes of GG = 60 
kg/m2s and 70 kg/m2s entrainment increases with

• For the flow conditions studied, GLE increases with gas velocity at a constant 
liquid flow rate.

• Above certain flow conditions, there is an increase in film flow rate after the bend. 
The corresponding reduction in the amount of entrained liquid is caused by drops 
depositing on the outside of the bend.
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5. DROP SIZE IN HORIZONTAL TWO-PHASE FLOW

The knowledge of the drop size distribution as a function of the flow conditions of the system 
is a very important in the study of annular two-phase flow. Drop size is known to affect heat, 
momentum and mass transfer problems. For example, in heated systems the formation of 
drops may result in the dryout of the liquid film. Processes such as erosion, are affected by the 
impaction of particles and drops on the surfaces of bends and fittings.

This chapter is mainly concerned with the study of the size of drops in horizontal two-phase 
flow. Techniques to measure drop sizes are briefly reviewed. Published work on drop size for 
vertical and horizontal annular two-phase flow are presented. New data on drop size for 
horizontal air-water flow in a 0.032 m ID tube are presented. The chapter ends with the study 
of the influence of a horizontal bend on drop size.

5.1. Techniques for Drop Size Measurement

A great number of drop sizing techniques have been developed. Various factors can influence 
the choice the drop sizing method, and ideally the diagnostic technique should give a complete 
size distribution. With each size technique it is vital to know its limitations with respect to the 
size band width, accuracy, tolerated particle densities and required optical properties of the 
medium and particles.

Before reviewing the most important particle sizing techniques, a distinction must be between 
the two approaches used to determine the drop size distribution. The first approach, spatial 
sampling, gives the actual size distribution of the drops contained within a volume during short 
periods of time, so that the contents of the volume do not change during any single observation. 
The second approach is temporal sampling and describes the measurement of drops passing 
through a fixed area during a specific time interval, indicating the mass flux of particles of 
different size.

5.1.1. Photography

Photography is one of the earliest non-intrusive drop sizing techniques to be used in 
two-phase flow. It involves the capture of drop images on a photographic plate via a single 
flash illumination, whose duration depends on the movement of drops within the field of view 
of the camera lens. The photograph must then be magnified, and the drop size distribution is 
obtained by counting and sizing the diameter of the particles in focus.

Illumination and the exposure duration are very important aspects to be considered when 
photographing moving drops. Appropriate light must be used so that the drop can be seen in
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the photograph, and the time of exposure depends on the size and velocity of the drops. The 
grain of the photographic emulsion limits the identification of smaller drops.

The method is not without problems, especially in the analysis of the photographic images. 
Manual analysis is very subjective when distinguishing between in focus and out of focus 
drops. Also, it is very tedious and time consuming. However, recently automatic instruments 
have been developed, which accelerate the process and introduce a more objective approach to 
the analysis.

Photography can also be used for obtaining information on drop velocities and direction of 
movement. If two light pulses are generated in rapid succession, a double image of a single 
drop is obtained on the same negative. By measuring the distance travelled by the drop and 
knowing the time delay between the two pulses, the velocity of the drop can be determined.

5.1.2. Holography

Holography permits the user to obtain a three dimensional image of an object. In this 
technique, a beam of coherent light from a pulsed laser is split into two: one part is reflect by 
the particle field and arrives on the photographic plate on which the hologram is to be formed; 
the other part (reference beam) bypasses the drops unchanged in phase (Figure 5.1). The 
hologram is formed as a result of the interference between the scattered and unscattered light.

The recorded image can then be reconstructed by illuminating the hologram with the reference 
beam in the same direction as when the hologram was taken.

One advantage of this method is that it produces a recorded picture that may be analysed 
afterwards, and a large depth of field is permitted for all particle diameters. Holography 
permits measuring drop sizes as small as 2 u.m (Azzopardi (1977)), but its application is 
restricted to diluted samples in respect of drops per unit volume.

5.1.3. Impact ion Techniques

Impaction techniques use a solid surface (glass slide) which is covered with a suitable coating 
of fine grain structure, so that the deformations created by very small impinging drops can be 
examined in a microscope. When using magnesium oxide film as the coating material, 
measurement of drops down to 5 um can be obtained. Correction factors relating the actual 
size of drops to the measured crater diameters can be obtained from a previous calibration.

The method is simple and there is a permanent retention of the craters. However, it has several 
disadvantages: it is intrusive, larger drops can break when impacting, smaller drops are likely 
to follow the gas streams around the sampling probe and without impacting the surface. The 
upper limit on the drop size to be measured is determined by the film thickness of the coating.

Liquid coatings can also be used to retain the captured drops. The advantage over solid 
coatings is that there is no need to relate the drop size to crater size.
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An improvement of the coated slide technique is to collect the drops in an immersion cell 
where they stay suspended while they are measured. This technique offers advantages over 
collection on a slide: the drops remain spherical, evaporation is prevented and the real sizes of 
the drops are obtained (if no splitting of the drop occurs when entering the collection liquid). 
However, if the number of drops is too high coalescence is likely to occur, and the method is 
intrusive.

5.1.4. Electrical Methods

Electrical methods are based on the detection and analysis of electronic pulses produced by 
drop interference with an electrically operated probe.

The probe developed by Wicks and Dukler (1966) was formed by two electrically conducting 
needles placed exactly in line in a spray field. When a drop bridges the gap between them, 
an electric circuit is established and a voltage pulse may be recorded. By varying the gap size, 
frequency counts can be obtained in terms of the width between electrodes and then converted 
into drop size distributions. Drop size distributions obtained by this method might be biased 
towards small drops, since they follow the gas round the probe.

The charged wire technique operates on the principle that if a drop of a conducting liquid is 
in contact with a charged wire held by an insulated support, some charge will be transferred 
onto the drop. The amount of charge removed is dependent on drop size. So if the charge loss 
is monitored, it can be further related to drop size.

This technique, however, presents problems when dealing with sprays with high drop 
concentrations, as successive impingements can be superimposed on each other. Also, small 
drops might follow the gas stream and not hit the probe.

5.1.5. Thermal Methods

Thermal methods are mainly divided into freezing methods and evaporating methods.

Drop freezing explores the fact that if drops are solidified when they are formed, they can be 
treated as solids provided a low temperature is maintained. The solidified drops are then 
passed onto a set of standard sieves for direct analysis of its size. Alternatively, the sample 
can be photographed.

Rao (1978) used an isokinetic probe specially designed which was mounted with its inlet 
facing the drop flow. Nitrogen, coming through an annular slot located at the probe inlet, was 
injected into the incoming drop flow freezing the drops. These were then collected in a 
pre-cooled pot and analysed. This technique provides a temporal size distribution. However, 
the measured diameter has to be corrected for possible changes in volume occurring during 
the solidification process.
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The evaporation method follows the behavior of a drop when it impinges on a hot surface 
whose temperature is above the boiling point of the liquid forming the drop. The time of 
complete evaporation depends on the size of the drop.

Instead of a heated surface, a thin hot wire can be exposed to the drop flow. When a drop 
impacts on the wire, a local cooling is observed with a corresponding decrease in the resistance 
of the wire. Voltage pulses from these changes can be related to drop size. The constant 
current energy supplied to the device consequently evaporates the drop, leaving the device 
ready to receive another drop. This technique gives a temporal distribution of drop sizes. 
However, the wire should be strong enough to withstand the impaction of drops, and smaller 
drops tend to by-pass the probe.

5.1.6. Optical Methods

In the previous sections various techniques for drop sizing have been reviewed. With the 
exception of photography and holography, these methods somehow necessitate the insertion 
of a probe into the flow, the reason why they are called intrusive.

However, measurements using the light scattering properties of particles to obtain information 
on drop size fall in the category of non-intrusive techniques. Because data acquisition is much 
quicker then with photography and because larger samples can be taken, the results are 
statistically more accurate.

Light scattering methods have been reviewed by Hewitt (1978-b). In the laser diffraction 
technique developed by Swithenbank et al (1976) the sample is directly illuminated by a laser 
beam. The particles scatter some of the light at angles which are characteristic of their size. 
A Fourier optical system is placed after the sample, and is used to focus the diffracted and 
undiffracted light onto a detector. The detector is formed by a set of semicircular 
photosensitive elements. Interpretation of the measured light energy distribution as a drop size 
distribution is carried out by a computer. This technique is commercially available from 
Malvern Instruments Limited, and is discussed in detail in section 2.1.5.

Laser Doppler Anemometry (LDA) can be used to obtain simultaneous information on 
particle sizing and velocity of the drops. A laser beam is split into two separate beams, which 
are focussed to intercept at the required measuring point. At this point an interference fringe 
pattern is produced. Drops passing the fringes scatter light with a regular modulation whose 
frequency is proportional to drop velocity. If the scattered light is monitored at a set angle, then 
the intensity of the light can be related to drop size.

Farmer (1972) was one of the first authors that investigated a method for drop sizing by 
relating the visibility of the Doppler burst signal to drop size. The visibility is defined as:
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I max "f" *min

where Imax and/m/w are shown in Figure 5.2. However, the method proposed by Farmer was 
limited to a range of drop sizes which are smaller than the fringe spacing. Negus and Drain 
(1982) performed calculations using the Mie scattering theory which allowed to extend the 
relation between drop size and visibility to a wider range of drop sizes.

The LDA technique provides a temporal sampling of drop sizes. Problems can arise with this 
technique if the control volume is occupied with more than one drop, or if the particles do not 
cross the control volume at the same position.

5.2. Drop Size Measurements

5.2.1. Previous Work

The experimental techniques presented in the last section have been used to examine the 
effects of gas and liquid flow rates, gas density, liquid viscosity, surface tension and tube 
diameter on drop size. In this section, the experimental studies conducted so far on drop size 
in annular flow are discussed. Table 5.1 presents a summary of the research carried out for 
the measurement of drop size in vertical annular flow. Table 5.2 resumes the work concerning 
horizontal flow.

From all the parameters that influence drop size, the strongest effect is that of gas velocity. 
Data from several authors (Azzopardi et al (1978), Gibbons (1985), Teixeira (1988), Jepson 
(1992), among others) show that for vertical annular flow the Sauter mean diameter (£32) 
decreases with increasing superficial gas velocity, such that D$2 is proportional to Use'1 '2 - 
However, the results of Ueda (1979) follow a dependence on gas velocity to the power of -0.3.

A completely opposite trend was found in the data of Tatterson (1975), where drop size 
increases with gas velocity. However, his data are considered to be biased because of the 
measurement technique employed, as mentioned by Azzopardi (1985). Smaller drops would 
tend to by-pass the electric probe, and as the probe was located very close to the liquid film, it 
could be hit by ligaments before they broke into drops.

Figure 5.3 shows the dependence of drop size on the liquid flow rate, as obtained by Azzopardi 
(1983) for air-water up flow in a 0.032 m ID tube. At higher values of the liquid flow rate, 
drop size increases with liquid mass flux. Whilst, at lower liquid flow rates an opposite trend 
may be observed.

Azzopardi (1983) has linked these two opposite trends to the different mechanisms of 
entrainment observed, previously discussed in section 1.6.1. At low liquid flow rates the bag
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break-up mechanism occurs, in which the gas undercuts a wave forming a bag. The break-up 
of the bag gives smaller drops from the skin and larger drops from the rim. At the higher liquid 
flows, the top of the waves are torn off in the form of ligaments, that are then broken into drops. 
It was suggested that the ligament break-up mechanism forms smaller drops than the bag 
break-up mechanism. If both mechanisms occur simultaneously, then with increasing liquid 
flow rate ligament break-up will become predominant and a decrease in drop size should be 
observed. However, for further increases in the liquid flow the drop size of created drops 
should not change, but the observed size will increase because coalescence occurs.

The effect of liquid viscosity on drop size was studied by Gibbons (1985). As shown in Figure 
5.4, the results show only a small effect of liquid viscosity, with the Sauter mean diameter 
(032) increasing with liquid viscosity. This was confirmed by the experiments of Nigmatulin 
et al (1986). Chang (1973) found that drop diameter passed through a maximum as viscosity 
was increased.

Ueda (1979) investigated the influence of surface tension on drop size using air and various 
aqueous alcohol solutions. Jepson et al (1990) used air-water and air-genklene. Both authors 
found that drop size increased with surface tension. This is an expected result because surface 
tension is the main factor to resist to drop break-up.

The dependence of drop size on gas density was studied by Jepson (1992). The author 
conducted experiments using three different gases: helium (QQ = 0.27 kg/m3), air (QQ = 1.8 
kg/m3) and carbon tetrafluoride (QG = 5.0 kg/m3 ) for two gas velocities. For the lower gas 
velocity (Use = 33.3 m/s) drop size was seen to decrease slightly with increasing gas density. 
For the higher gas velocity (Use = 44.4 m/s), drop size passed through a minimum. However, 
Jepson (1992) highlights that these trends might not be solely due to a gas density effect, and 
that drop break-up mechanisms and drop concentration might be contributing for these 
results.

The influence of tube diameter on drop size has been reported in the works of Gibbons (1985) 
and Jepson (1992). Gibbons found that for a given gas velocity, drop sizes measured in a 0.032 
m and 0.125 m ID vertical tubes showed a very weak effect of tube diameter. However, Jepson 
(1992) working with tube diameters of 0.01 m and 0.02 m found drop size to decrease with 
tube diameter.

5.2.2. Present Work

The drop size work presented in the last section and summarised in Tables 5.1 and 5.2, 
indicates that most of the previous studies have been carried out for vertical annular flow. This 
is probably because in horizontal flow some experimental and theoretical difficulties can 
arise, caused by the non-axisymmetry due to gravity. The results published so far on drop size 
for horizontal flow are limited and have been obtained in rectangular channels.
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The present investigation includes a new set of drop size measurements for horizontal 
stratified and annular two-phase flow in a tube 0.032 mm ID. The experiments were carried 
out at ambient temperature, and at a pressure in the test section of 1.3 bar or 1.4 bar. The 
measurement technique used was the laser diffraction technique developed by Swithenbank 
etal(1976).

The data presented in this section were obtained using a model independent analysis (see 
section 2.5.1.2). Various factors contributed for the choice of this type of analysis:

• The nature of the drop size histogram. For some flow conditions, the drop size 
histogram was represented by a multimodal curve. A typical example is shown 
in Figure 5.5(a), for a gas mass flux of GG = 40 kg/m2s and a liquid mass flux of 
GG = 50 kg/m2s.

• The log-difference parameter. When the drop size was fitted by a log-normal 
distribution (Figure 5.5(b)), or by a Rosin-Rammler distribution (Figure 5.5(c)), 
the residual difference (equation 2.3) always presented a significantly higher 
value than when using the model independent approach. It is known that the lower 
the log-difference the better the fit.

The influence of liquid mass flux on the Sauter mean diameter (D^) is shown in Figure 5.6 
for a working pressure of 1.3 bar, and in Figure 5.7 for the results obtained at 1.4 bar. Tabulated 
results are presented in Tables B. 16 and B.17 (Appendix B).

In Figure 5.6 and for the lower gas mass flux (Go = 40 kg/m2s), Dj2 decreases with increasing 
liquid flow rate. For GG = 50 kg/m2s the drop size passes through a minimum. The same sort 
of behaviour was found for drop size measurements in vertical annular flow. As discussed in 
the previous section, Azzopardi (1983) suggested that these trends can be linked to the 
different mechanisms responsible for drop entrainment. The cine films carried out in the 
present study and described in Chapter 3, have demonstrated that for the flow conditions 
analysed, both the bag break-up and ligament break-up mechanisms are present in horizontal 
flow. So, in Figure 5.6 for GG = 40 kg/m2s, the decreasing drop diameter with increasing 
liquid flow rate may be due to the increasing predominance of ligament break-up over bag 
break-up. Ligament break-up produces smaller drop sizes. For GG = 50 kg/m2s, D& first 
decreases with liquid flow also because ligament break-up is the predominant drop 
entrainment mechanism. However, with further increases in the liquid flow rate, the observed 
drop size starts to increase probably because of drop coalescence.

For the flow conditions presented in Figure 5.7, the drop size generally increases with liquid 
mass flux. Under these circumstances, the concentration of drops has a predominant effect 
leading to drop coalescence and a consequent increase in drop size.
Figure 5.8 shows the strong influence of the superficial gas velocity on the Sauter mean 
diameter, Z)j2 decreasing with increasing gas velocity. This is expected because the higher 
the gas flow, the greater shearing force imposed on the liquid gives more intense surface 
deformation and break-up into smaller drop sizes. For the flow conditions under study, the
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Sauter mean diameter was found to be proportional to the superficial gas velocity raised to the 
power of -1.0. For vertical annular flow £32 was found to be proportional to U$G~L2 -

By comparing the data in Figures 5.6 and 5.7, it was decided to investigate the influence of 
the pressure at the measuring point on drop size. For GG = 55 kg/m2s and GL = 30 kg/m2s, 
drop size was measured at the pressures of 1.3 bar and 1.4 bar. An increase in the Sauter mean 
diameter from 71.54 um to 77.24 urn was observed with increasing pressure. Gibbons (1985) 
arrived at a similar conclusion, when he measured drop size at gas densities of 1.2 kg/m3 and 
2.3 kg/m3 but maintaining constant mass flux conditions. As the gas mass flux was maintained 
constant, this result can be due either to the increase in gas density or to the decrease in the 
gas velocity. However, it is thought that the gas velocity has probably the most dominant 
effect. For the present flow conditions (Go - 55 kg/m2s) the gas velocity changes from USG = 
35.2 m/s at P = 1.3 bar to USG = 32.6 m/s at P = 1.4 bar. If the gas velocity has the predominant 
effect, the ratio D32/Usc~l should be similar at both pressures. In fact, this is the case 
[77.24 urn /(32.6 m/s)- 1 =71.54 um/(35.2 m/s)" 1 ], which suggests that the increase in drop 
size observed with increasing the pressure of the system is due to the consequent reduction 
in gas velocity.

It is of interest to know which effect the orientation of the tube has on drop size. For this 
purpose, the new data from this study were compared against drop size measurements 
obtained under similar conditions but in a 0.032 mm ID vertical tube. The experiments 
published by Azzopardi et al (1980) were chosen for this comparison, where the flow 
conditions were expressed in mass fluxes. However, these data were taken at 1.5 bar, while 
the present measurements were conducted at 1.3 bar or 1.4 bar. For this reason, the comparison 
was made in terms of the same superficial gas velocities instead of gas mass fluxes. Also, the 
flow conditions of Azzopardi et al (1980) did not match the ones used in the present study, 
and consequently interpolation was needed. Only the drop size measurements from this study 
taken at a pressure of 1.4 bar, were compared against corresponding drop size data in vertical 
upflow (Figure 5.9(a)) for several gas velocities.

Figure 5.9(a) shows that overall the Sauter mean diameter in vertical annular flow is higher 
than the corresponding Sauter mean diameter in horizontal flow obtained under similar 
conditions. As discussed in Chapter 4, the level of the entrained mass flow rate is lower in 
horizontal flow than for the same velocity conditions in vertical annular flow. So, the higher 
drop size in vertical flow may be linked to the higher value of the entrained mass flux. Because 
the drop concentration is higher, drop coalescence is more likely to occur. Figure 5.9(a) also 
shows that as the gas velocity is increased from 32.6 m/s to 41.5 m/s the curve approches the 
45 ° line. This means that as the gas velocity increases the difference in drop size between the 
two systems is reduced. At even higher gas velocities it is expected that the experimental curve 
will intercept the 45° line. From this point on, the drop size in both systems under the same 
flow conditions may be similar. The same conclusion can be taken from Figure 5.9(b), where 
T>32 is plotted as function of the entrained mass flux for USG = 32.6 m/s and USG = 41.5 m/s.
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It is seen that the difference between the drop size in horizontal and vertical flow is reduced, 
as the gas velocity is increased.

5.3. Drop Size Correlations

Section 5.2.1. summarises the experimental work carried out on drop size in horizontal and 
vertical flows. Drop size correlations have been developed from these studies, accounting for 
the several parameters that influence drop size. Most of these correlations are based on data 
for vertical annular flow. In the next section some of these expressions will be discussed, and 
tested against the drop size data obtained in the present experiments.

5.3.1 Tatterson et al (1977)

Tatterson et al (1977) assumed that the diameter of drops created in gas-liquid two-phase flow 
could be scaled to the size of the ligament of liquid removed from the wave. They determined 
the ligament size by considering a static force balance between the forces relative to the 
pressure variation over the wave crest and the surface tension. In addition, the authors used 
the friction gas velocity (instead of the gas velocity) to represent the velocity field at the 
gas-liquid interface. Based on these assumptions, Tatterson et al (1977) presented the 
following correlation for drop size, expressed in terms of the volume mean diameter:

D vO.5 fsc
2 a

0.5
0.4276.59 F 

(1 + 1400 F')°-75 (5.2)

is the friction factor for smooth tubes (= 0.046 Rec~°-2), and F' is a flow parameter 
defined as:

y (5l
o 

and

y = [(0.707 Rc°J)2-5 + (Q.0379 Re°)) 2- 5 ] * (5.4)

where RCLF is the liquid film Reynolds number. The authors tested the data of Wicks and 
Dukler (1966), Cousins and Hewitt (1968) and Tatterson (1975) against equation (5.2), and 
found that for these conditions, the right hand side of equation (5.2) could be equaled to 0.01 6.

The drop size measurements of the present study are plotted in Figure 5.10 against calculated 
drop sizes using the correlation of Tatterson et al (1977). Conversion from volume medium 
diameter to Sauter mean diameter was made through the ratio A?2/A>0.5 = 0-7 (Tatterson et al 
(1977), which is confirmed by the present data (see Figure 5.11). Figure 5.10 shows that 
overall equation (5.2) performs poorly with the present drop size data.
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5.3.2. Andreussi et al (1978)

Andreussi et al (1978) developed an empirical equation for drop size, including the effect of 
liquid flow rate expressed indirectly in terms of the film thickness m. The following equation 
was proposed:

_ 4.84 x

The film thickness was calculated through the expression:

m 6.59 F'
dt (1 + 1400 F')0-5 (5 - 6)

where F' was defined in equation (5.3).

In Figure 5. 12 the Sauter mean diameter calculated using equation (5.5) is compared with the 
measured Dj2 . The ratio £>32/A>0.5 = 0.7 was used to convert the volume median diameters to 
Sauter mean diameters. It is seen that the correlation underpredicts the present drop size data.

5.3.3. Ueda (1979)

Ueda (1979) presented a nondimensional correlation based in his experimental results, where 
the volume mean diameter (X>j;) is calculated as:

D31 = 5.8 x 10~ 3 a
1 1.

USG\ QL (5.7)

This correlation does not account for the effect of liquid flow rate or liquid viscosity, and 
assumes that drop size is proportional to Use'0'34- However, in agreement with the present 
experiments and most other data, drop size was found to be proportional to U$G ~ J '°- For this 
reason, the correlation of Ueda was not tested against the present drop size data.

5.3.4. Azzopardi et al (1980)

Azzopardi et al (1980) considered that the predominant mechanism for drop creation in 
vertical annular flow is the break-up of large packets of liquid, ejected from the liquid film 
into the gas core. They proposed the following equation, that was derived from turbulence 
break-up and coalescence analysis:

71



ISO 

140 

130

iz°
no

D loo
c
I **
t.
g 80
CO
C/3 70

•f 60 
o 
3 50

40
50 60 70 80 90 100 110

Measured Sauter Mean Diameter (jim)
120 130

Figure 5.12 Performance of the correlation of Andreussi et al (1978) to predict the drop size 
data of the present study.

150

140

l20

I 110 
Q
§ 100
•5
~ 90

CO
80

70

3 60
CO

^ 50 

40

+20%

-20%

50 60 70 80 90 100 
Measured Sauter Mean Diameter

110 120 130

Figure 5.13 Performance of the correlation of Azzopardi et al (1980) to predict the drop size 
data of the present study.



= 1 01 __ _ +Q4— l*y+---,ne.\ni i V/.T^, — *+---,ne.ni . -..d, We°-6 \eL/ QL USG

where the Weber number We is defined by

f/L 4 (5 9)

This equation accounts for a linear increase in drop size with increasing entrained liquid flow 
rate. This increase in drop size shows a concentration effect due to drop coalescence. The 
equation predicted well the data of Azzopardi et al (1980) and of Andreussi et al (1978).

Drop size measurements for 0.032 m horizontal tube are compared in Figure 5.13 against drop 
sizes calculated using equation (5.8). This correlation predicts well the experimental Sauter 
mean diameter at high gas velocities. However, at the lowest gas mass flux (Gc = 40 kg/m2s), 
where drop diameter decreases with increasing gas flow, the correlation does not perform well. 
This is not surprising because equation (5.8) should only be applied to conditions which show 
an increase in drop size with entrained liquid flow.

5.3.5. Kataoka et al (1983)

Kataoka et al (1983) proposed a correlation for drop size based on the mechanism of the 
shearing-off of roll wave crests. The equation was given in terms of the volume median 
diameter by:

= °-028
SG

_ 
\ 1/U _\

Sf

Experimental data by Wicks and Dukler (1966), Cousins and Hewitt (1968) and Linstead et 
al (1978) were correlated by equation (5.10) within ± 40% error.

The performance of equation (5.10) to represent the present drop size data can be seen in 
Figure 5.14, where the ratio £>32/A$.5 = 0.7 was used to transform volume median diameters 
to Sauter mean diameters. This correlation badly overpredicts the present data.

5.3.6. Azzopardi (1985)

Based on drop size measurements taken in vertical tubes 0.032 m and 0.125 m ID, Azzopardi 
(1985) suggested that, for the same flow conditions, drop size was almost independent of tube
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size. The author attributed this effect to the fact that atomisation is a circumferentially 
localised phenomenon. He proposed an empirical correlation for drop size (modification of 
the equation presented by Azzopardi et al (1980)), in which the tube diameter is no longer 
accounted for. This correlation was:

15.4 , 3 - 5 GLE

The parameter XT was defined as:

(5.12)

where We^ is a Weber number ( = QL

This equation accounts for the influence of gas flow on drop size and is specific to flow 
conditions where drop size increases with liquid flow rate.

Figure 5.15 shows the present experimental Sauter mean diameters versus the corresponding 
Sauter mean diameters calculated using equation (5.11). Generally, this correlation 
overpredicts the horizontal two-phase flow data.

5.3.7. Gibbons (1985)

Gibbons (1985) proposed a correlation for drop size, which in fact was a modification of the 
correlations proposed by Azzopardi et al (1980) and Azzopardi (1985). This new equation 
took into account the effect of liquid viscosity, gas density and tube diameter, and was 
represented as:

32

°-4 /,, \°-05 
= 370 -- (^} + 0.4 dt -- (5.13)' ^ '

where /AW is tne viscosity of the water.

The ability of equation (5.13) to predict the drop size data of this is shown in Figure 5.16. At 
the higher gas flow rates, this correlation generally overpredicts the data, but within a 20% 
error. Again, drop sizes corresponding to a gas mass flux of GG = 40 kg/m2s are not well 
predicted because equation (5.13) is specific to conditions where the drop size increases with 
entrained mass flux.

5.3.8 Lopes and Dukler (1985)

Lopes and Dukler (1985) presented a correlation for Sauter mean diameter based on the fact 
that the drop size distribution is mainly controlled by turbulent gas fluctuations around the

73



150

140

3,130

| 120

.1 110 
Q
g 100
? 90 

1 80
CO

70 

1 60 

U 50

40

+20%

-20%

50 60 70 80 90 100 110 120
Measured Sauter Mean Diameter (um)

130

Figure 5.16 Performance of the correlation of Gibbons (1985) to predict the drop size data 
of the present study.

150

140

a. 130
V—'

1 120

I 110 
Q
§ 100 

? 90 

80 

| 70

§
CO

1 60

50

40

+20%

50 60 70 80 90 100 110 120 130
Measured Sauter Mean Diameter (um)

Figure 5.17 Performance of the correlation of Azzopardi et al (1989) to predict the drop size 
data of the present study.



drop. They suggested that the maximum stable drop size in vertical annular flow was given 
by:

3

_ (Wec <7\ J
Umax - I gG I rM

where the critical Weber number (Wec ) was found to be equal to 0.19, as evaluated from the 
experimental data. The energy dissipation per unit mass, PM, was calculated as:

"
(5.15)

where the interfacial friction factor was given by:

x lO- 5
KeG _ 5 491 (5 16)

From their experimental results, the authors observed a constancy in the ratio Dmax/D^2 =2.3. 
Once this ratio was substituted in equation (5.14), the following expression for Dj2 was 
obtained:

= 0.49 y- (5.17)

Teixeira (1988) commented that the authors made a mistake in the empirical constant when 
correlating the data. The constant should be 0.078 instead of 0.49.

The correlation of Lopes and Dukler overpredicted badly the present drop size data. The work 
of Teixeira (1988) also confirmed that this equation did not perform well when applied to his 
results. This may be attributed to the region that Lopes and Dukler investigated, i.e. the 
churn/annular transition.

5.3.9. Azzopardi et al (1989)

Azzopardi et al (1989) examined published data on drop size for vertical annular flow where 
the effect of tube diameter, gas density and surface tension was accounted for. The drop size 
data for air-water was taken in tubes of diameters 0.01, 0.02 and 0.032 mm (Jepson et al 
(1989), Azzopardi et al (1991) and Teixeira (1988), respectively). Contrary to Azzopardi
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(1985), who found no influence of tube diameter on drop sizes, Azzopardi et al (1989) 
observed a systematic effect of tube diameter. The effect of gas density was also examined in 
the paper by Jepson et al (1989). Finally, surface tension was also found to have an influence 
on drop size in Jepson et al (1990).

Based on the experimental data previously mentioned, an empirical correlation was derived:

/^ \°-785
171 I Or*\JO.i I ^ Cj I 11 i n oc ~ L-.C* I /r

dt ^0.58^0.1 \QL

where the Weber number We was previously defined in equation (5.9).

Figure 5.17 shows the performance of this correlation to predict the drop size data of the 
present experiments. Generally, it overpredicts the data within 20%. Azzopardi et al 
recommended that equation (5.18) should only be applied to conditions where the drop size 
increases with liquid flow rate

5.3.10. Ambrosini et al (1991)

Ambrosini et al (1991) developed a correlation for drop size based on the model proposed by 
Tatterson et al (1977). Comparison with experimental data for vertical annular flow obtained 
by Jepson et al (1989,1990), Teixeira (1988), Andreussi et al (1978) and Azzopardi et al (1980) 
have shown that several factors should be accounted for in the new equation. These included 
the effect of the density ratio (QG/QL)> the possibility of drop coalescence due to drop collision, 
and the considerable increase in drop size observed at low gas velocities. This last effect was 
taken into account through the introduction of a Weber number (We*). The resulting equation 
was given by:

0.5
D,

= 22.0 o
QG fi VG mwi (|£) exp 0.60 Ĝ  +^) (5>19) 

\^L/ \ @L c; G 1^32 >re / v /

The Weber number We* was based on the tube diameter (dt) and on the actual velocity of the 
gas core (Uc), and was defined as:

^ * (5.20)

The values of the constants were obtained by the best fit to experimental data. Appropriate 
expressions to calculate the film thickness and the interfacial friction factor were also provided
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by the authors. The film thickness at low values of the liquid film Reynolds number (Reip) 
was calculated by the following equation proposed by Asali et al (1985):

I = 0.34 Re™ (5.21)

where mi + is the dimensionless film thickness. For higher Reynolds numbers (Re^F > 1000) 
by the correlation of Kosky (1971)

l = 0.0512 Re°£75 (5.22)

The interfacial friction factor was evaluated through the equation:

SG
J7 - 1 + 1-38 We'0-2 Re^0'6 ( m+ - 200./^ ) (5.23)

where fsc is the friction factor for a smooth surface, and me + is given in terms of the gas 
friction velocity (Uc +)

m U+ orr
mo = (5 -24>

In Figure 5.18, equation (5.19) is tested against the measured drop size obtained in the present 
study. For the higher gas mass fluxes (Go = 50-70 kg/m2s) the data is overpredicted by the 
correlation within 20%. However, the correlation gives a good fit when predicting the drop 
size corresponding to GG = 40 kg/m2s. Previous drop size correlations (Azzopardi et al 
(1980), Azzopardi (1985), Gibbons (1985) and Azzopardi et al (1989)) failed to predict the 
trend between the drop size data and the liquid flow rate at this gas flow rate.

In summary, the equations that predict best the present drop size data are: (i) Azzopardi et al 
(1980) for gas mass fluxes between 50-70 kg/m2s, and (ii) Ambronisi et al (1990) for drop 
sizes corresponding to GG = 40 kg/m2s.

It must be highlighted that both equations (5.8) and (5.19) were developed for vertical drop 
size data. To produce a satisfactory correlation for horizontal flow, further work is required 
on extending the drop size measurements to other flow conditions, tube diameters and fluid 
systems. Using this extended data bank, some of the existing correlations for drop size could 
be then modified and optimised.
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5.4 Drop Size Measurements After the Bend

In this section the influence of a 90° horizontal bend on the drop size characteristics of 
horizontal annular two-phase flow is discussed. A set of drop size measurements was carried 
out after the bend for flow conditions that cover annular two-phase flow. The measurements 
were collected at ambient temperature and the pressure at the test section was maintained at 
1.3 bar or 1.4 bar. The data were obtained with the laser diffraction technique, and was treated 
using the model independent analysis. Results are presented in Table B.I8 and B.19 
(Appendix B).

For all the flow conditions studied, the drop size histograms were represented by a multimodal 
curve. A typical drop size histogram is presented in Figure 5.19, for a gas mass flux of 
GG - 40 kg/m2s and a liquid mass flux of GL = 50 kg/m2s.

In Figure 5.20 the Sauter mean diameter is plotted against liquid mass flux. For the lower gas 
mass fluxes (Go = 40 kg/m2s and GG = 50 Kg/m2s) drop size is almost independent of the 
liquid flow rate. For GG = 60 Kg/m2s and GG = 70 kg/m2s, there is a tendency for the drop 
size to decrease with increasing liquid flow rate.

The effect of gas velocity is represented in the graph shown in Figure 5.21. Like the data 
before the bend, the drop size after the bend decreases with increasing gas flow. For the flow 
conditions analysed, the Sauter mean diameter is proportional to the superficial velocity raised 
to the power of-1.5.

A comparison between the drop size data before and after the bend, shows that generally the 
Sauter mean diameter increases after the bend. High speed still photography carried out 
downstream of the bend, confirmed that drops with diameters within the size ranges obtained 
using the diffraction technique, were present. The drops were photographed after removing 
the liquid film. This has already been discussed in section 3.4.

Several phenomena may contribute to the coarsening in drop size at the bend. It is believed 
that an important factor is the coalescence of drops. This study has captured photographic 
evidence which showed the coalescence and subsequence separation of two drops (see 
Figure 3.13(b)). Had conditions been more favorable, permanent coalescence could have 
equally arisen.

The secondary flow pattern (see Figure 1.13) existing in the gas phase at the bend may also 
contribute to enhance this increase in drop size. During the present experiments it was 
observed that in the upper half of the tube, the liquid film was dragged from the outer wall 
of the bend to the top of the tube in an anti-clockwise, cork-screwing fashion. On the lower 
half, the liquid film was dragged from the outer wall towards the bottom of the tube, in a 
clockwise motion. This movement of the liquid film, which was caused by the secondary flow 
in the gas phase, causes an accumulation of liquid on the inner wall of the bend. From this 
thick film, drops may be re-entrained into the gas. These are expected to be large, because
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the local gas velocity has a minimum value towards the inside of the bend. Previous studies 
of the gas velocity at the exit of a bend (Anderson and Hills (1974) and Chakrabarti (1976)) 
showed that the velocity profile was distorted, with the maximum towards the outside of the 
bend.

At high gas velocities and low liquid loadings film inversion may occur at the bend, as 
discussed in section 1.7.2. This can also cause a thickning of the liquid film on the inside of 
the bend, and consequent appearance of large drops created by re-entrainment. Film inversion 
could explain why in Figure 5.20 for the higher gas velocities (Go = 60 Kg/m2s and 
GG = 70 kg/m2s) the drop size decreases with increasing liquid flow rate.

The previous paragraphs discussed several phenomena that may take place at a bend. It is 
possible that some of these occur simultaneously but it is difficult to say which of them has 
the dominant effect.

An increase in drop size after a bend was also reported by Farwagi (1983). This author 
investigated the coalescence and deposition of water drops suspended in a turbulent air stream, 
and used a photographic technique to determine drop size distributions. In spite of considering 
his results not statiscally representative, Farwagi stated that they were qualitatively valid. For 
comparison purposes, no other publications were found in the open literature concerning the 
study of the effect of a bend on drop size distribution.

5.5. Conclusions

From the above discussion, the following conclusions can be drawn concerning drop size 
measurements conducted in horizontal two-phase flow before the bend:

• Previous work on the measurement of drop sizes in annular two-phase flow was 
mostly carried out in vertical flow. The limited data published on horizontal flow 
was obtained in rectangular channels.

• For the present experiments, the drop size data were analysed using a model 
independent approach. The model independent fit to the multimodal drop size 
distributions was always significantly better than the Rosin-Rammler and 
Log-normal fits.

• For the conditions of this study, the Sauter mean diameter (£32) varied between 
60-119 um.

• The gas velocity has a strong effect on drop size. The present data showed that 
the Sauter mean diameter is proportional to the superficial gas velocity raised to 
the power of-1.0.

• The influence of liquid flow rate is somewhat more complex. For the lower gas 
mass flux (Go = 40 kg/m2s), Dj2 decreased with increasing liquid flow rate. For
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GG = 50 Kg/m2s, the curve passed through a minimum. For the higher gas flows 
(GG = 55-70 kg/m2s) drop diameter increased with liquid flow rate. These trends 
are linked to different mechanisms of entrainment.

At low liquid flow rates the bag break-up mechanism, which produces larger 
drops, is thought to be dominant over the ligament break-up. As liquid flow rate 
increases, the entrainment mechanism changes predominantly to ligament 
break-up and the drop size decreases. At sufficiently high drop concentrations, 
the observed drop size increases with liquid flow rate due to the presence of 
coalescence.

• The influence of the pressure of the system on drop size was studied for 
GG = 55 kg/m2s and GL = 30 kg/m2s. An increase in D?2 from 71.54 um to 
77.24 um was observed by increasing the pressure from 1.3 bar to 1.4 bar. It is 
considered that this result is due to differences in gas velocity rather than changes 
in gas density.

• Drop size in horizontal annular flow was found to be lower than in vertical flow, 
for the same flow conditions and tube diameter (0.032 m). However, as the gas 
velocity increases this difference becomes less pronounced.

• Several existing drop size correlations were tested against the present 
measurements. The equations of Tatterson et al (1977) and Ishii and Kataoka 
(1982) performed badly against the present data. The correlation of Andreussi et 
al (1978) generally underpredicted the drop size.

• For gas mass fluxes of 50-70 kg/m2s, the drop size correlation of Azzopardi et al 
(1980) gave the best fit. However, as this equation accounts for an increase in drop 
size with entrained liquid flow, it predicted the wrong trend for the drop sizes 
corresponding to GG = 40 kg/m2s.

• The correlations of Azzopardi (1985), Gibbons (1985) and Azzopardi et al (1989) 
overpredicted the present results within 20%, for GG = 50-70 kg/m2s. They also 
predicted the wrong trend for drop sizes corresponding to GG = 40 kg/m2s.

• For the higher gas flow rates (GG = 50-70 kg/m2s) the correlation of Ambrosini 
et al (1990) overpredicts the present data within 20%. However, this is the only 
equation that predicted the correct trend for the drop sizes obtained at a gas mass 
flux of 40 kg/m2s.

The drop size measurements carried out after the bend can be summarised as follows:

• For all flow conditions studied, the drop size histograms were represented by a 
multimodal curve.

• Measured Sauter mean diameters ranged between 87-204 um.
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For the lower gas mass fluxes (Go = 40 kg/m2s and GG = 50 kg/m2s), the drop 
size was almost independent of liquid flow rate. For GG - 40 kg/m2s and 
GG = 50 kg/m2s the drop size decreased slightly with increasing liquid flow.

The drop size decreased with increasing gas velocity. The Sauter mean diameter 
was found to be proportional to the superficial gas velocity raised to the power of 
-1.5.

The effect of the 90° horizontal bend on the drop size distribution was to increase 
the diameter of drops. Several processes taking place at the bend, such as drop 
coalescence may be responsible for the coarsening of the distribution. The 
secondary flow pattern existing in the gas phase at the bend and film inversion are 
thought to have also some contribution.
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6. DROP VELOCITY IN HORIZONTAL TWO-PHASE FLOW

6.1. Introduction

In horizontal two-phase flow atomisation begins under stratified conditions, as discussed 
before in Chapter 4. Drops are torn from the crests of roll waves present in the liquid film. 
These drops then interact with the turbulent gas stream.

The initial aim of the work reported in this chapter was to track the velocity of drops from the 
moment of their creation, to obtain information on their velocity history. For this purpose, 
a high speed cine film was used with the camera positioned sideways, facing the test tube (see 
section 2.1.3.3.). However, when analysing the films it proved very difficult to track these 
new drops. Instead, the analysis was redirected to track drops in the free gas stream, in a band 
restricted to the centre of the tube. The majority of these drops were seen to travel at almost 
constant velocity within the time frame of analysis.

For this reason, this chapter revises previous studies on drop velocity in horizontal and vertical 
annular flow, and presents new data on axial drop velocity for air-water flow in a horizontal 
tube 0.032 m ID. However, it should be emphasised, that due to the sample size and 
measurement technique employed, these results should be regarded only from a qualitative 
point of view.

6.2. Previous Work

Most of the earlier studies on the measurement of drop velocity were obtained from the 
analysis of high speed cine films. The main problem with these techniques is the considerable 
time involved in analysing the records. The results were usually averaged over the tube cross 
section and over several diameters in the axial direction. Drop velocity can also be obtained 
using double pulse photography, as mentioned in section 5.1.1.

A photographic technique that allows measurement of the radial drop velocity in annular 
two-phase flow, uses a parallel beam of light shining along the axis of the tube and was 
reported by Whalley et al (1979). This optical arrangement is illustrated in Figure 6.1. A 
parallel beam of laser light having the same diameter as the tube passes through the glass 
windows. Any protuberances on the liquid film or drops obstructing the beam appear as 
shadows in the focal plane of a cine film camera. The radial movement of drops in the section 
of the tube can be followed but without knowledge of their axial position. Using this method 
drops with diameters higher than 0.25 mm can be followed on a frame by frame analysis.

With the laser Doppler anemometry technique already described in section 5.1.6, 
simultaneous information on drop size and drop velocity can be obtained. As this technique
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Figure 6.1 Optical arrangement of the parallel light technique used by Whalley et al (1979).



uses temporal sampling of drops, it provides local drop size/velocity measurements. 
Depending on the complexity of the apparatus up to three components of the velocity v/)z , vny 
and vpx can be measured. These components are related to the frame of reference shown in 
Figure 6.2.

The measurement techniques mentioned above were used by several authors to study drop 
velocity in gas-liquid flow. Table 6. 1 summarises their work and makes reference to the 
direction of flow, and velocity components under investigation. It shows that with the 
exception of Chang (1973), all the experiments were conducted for air-water mostly flowing 
in vertical tubes.

Several parameters affect the drop velocity components. The next sections discuss how gas 
velocity and liquid flow rates were seen to influence the drop axial velocity and radial drop 
velocities. The relation between drop size and drop velocity is also pointed out.

6.2.1. Axial Drop Velocity

It is clear from previous experimental results that there is a considerable dependence of the 
axial drop velocity on the gas velocity. In general, the mean drop velocity increases with gas 
velocity. This was seen with the work of Gibbons (1985), Lopes and Dukler (1985) and 
Teixeira (1988) for vertical annular flow, and by Russel and Rogers (1972) for horizontal flow. 
The axial drop velocity usually lagged behind the gas velocity, as observed in Figure 6.3 taken 
from Teixeira (1988).

Liquid flow rate had only a small effect on the axial drop velocity, as illustrated by the graph 
in Figure 6.4 (Teixeira (1988)). This graph also shows the change in the axial drop velocity 
with the radial position, the maximum occurring at the centre of the tube. Teixeira (1988) 
suggested that this could be explained because: (i) in vertical annular flow the gas velocity is 
higher at the centre of the tube, and so there is a greater drag force experienced by the drops 
travelling at the centre, (ii) these are likely to have spent a longer time in the flow, being 
accelerated to higher velocities. Gibbons (1985) and Lopes and Dukler (1985) arrived at 
similar conclusions.

6.2.2. Radial Drop Velocities

The effect of gas velocity, liquid flow rate and system pressure on the radial components of 
drop velocity was studied by Andreussi and Azzopardi (1982) using axial view photography. 
Based on their experimental results, the authors proposed that the average drop transverse 
velocity V£>/ (resultant of the radial velocities vpx and v/>y) was well correlated by:

= 1U
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(a)
Direction of the flow

(b)
Direction 
of the flow

Figure 6.2 Frame of reference for drop velocites in: (a) horizontal flow, (b) vertical upflow
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Figure 6.3 Radial variation of axial drop velocity and comparison with the gas velocity 
profile, for GG = 43.7 kg/m2s and GL = 15.9 kg/m2s (Teixeira (1988)).
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Figure 6.4 Effect of liquid mass flux on the radial distribution of mean axial velocity 
(Teixeira (1988)).



where UQ is the gas friction velocity, and QQ and QL are the gas and the liquid densities, 
respectively. No influence of liquid flow rate was seen in these experiments.

Wilkes et al (1983) extended the work of Andreussi and Azzopardi (1982) to a tube 0.01 m 
ID, and reported data that showed the radial drop velocities to be affected by the tube diameter. 
For the range of flow conditions studied, the values of the drop transverse velocity were higher 
for the tube with greater diameter.

Figure 6.5 shows the radial drop velocity (vpy) plotted against gas Reynolds number obtained 
by Lopes and Dukler (1985) using a LDA technique. This graph indicates that for the flow 
conditions analysed the radial drop velocity was independent of gas and liquid flow rates, 
being constant along the tube radius.

For horizontal annular flow, the only work on the study of drop radial velocities was reported 
by Azzopardi (1987). The results of that investigation are present in Table 6.2, and showed 
no trends of the transverse drop velocity with gas or liquid flow rate. However, the author 
pointed out the need for carrying out further work over a wider range of flow conditions.

TABLE 6.2 TRANSVERSE DROP VELOCITIES (FROM AZZOPARDI (1987))

Run

A
B

C
D

E

GG GL
(kg/m2s)

20.8
20.8
32.0
32.0
32.0

70.8
89.6
32.0
70.4
89.6

Pressure

(bar)
1.25
1.25
1.25
1.25
1.25

VDt

(m/s)
1.80
1.57
1.43
1.53
2.10

6.2.3. Dependence of Drop Velocities on Their Sizes

Several of the studies listed in Table 6.1 attempted to relate drop size to the corresponding drop 
velocity. In this section the dependence of the axial drop velocity and drop radial velocities 
on drop size will be analysed.

By plotting individual measurements of drop size against transverse drop velocity, Andreussi 
and Azzopardi (1982) found no dependence between these two variables. The authors 
suggested that this finding could be influenced by the limited range of drop sizes covered by 
their experimental technique, where drops smaller than 0.25 mm could not be measured.

In order to relate drop size to drop velocity, Lopes and Dukler (1985) used a conditional 
sampling analysis to treat their data. The measured drops were classified into classes

83



(m) r = 0 r = 0.010 r = 0.015 r = 0.020 £/LS (m/s)

0 B B B 0.034
A 0.069

Drop Velocity (m/s)

N) CO *kbob

.3i
1.0 

n n

o © e ® 0.121

Q n _ 
S ®

i i t i i
4.0 5.0 6.0 7.0 8.0 9.0 10.0
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according to their size. For each class size they calculated an average drop diameter and the 
corresponding averages of radial drop velocity and axial drop velocity. The authors found the 
average axial drop velocity increased with average drop diameter. On the other hand, the 
average radial velocities were seen to have an almost constant value for all the average 
diameters considered.

Teixeira (1988) investigated the possibility of an existing correlation between drop size and 
axial drop velocity, by analysing his data in terms of a correlation coefficient proposed by 
Green and Margerison (1978). The author claimed that such a correlation existed, and axial 
drop velocity was seen to decrease with increasing drop size. Teixeira also argued that the 
same conclusion could be deduced from the scatter plot of drop size against axial drop velocity 
shown in Figure 6.6.

From the above discussion it can be concluded that most of the experimental work on the 
measurement of drop velocities has been carried out for vertical annular flow. For horizontal 
flow in tubes, the only study was reported by Azzopardi (1987). However, this was restricted 
to the measurement of radial velocities over a limited range of flow conditions. Also, at the 
moment there are contradictory results with respect to the relationship between drop size and 
drop velocity. Further work is required in this area, especially for horizontal flow.

63. Present Work

It was mentioned earlier that the initial objective of this work was to follow the velocity of 
drops from the moment of their creation. High speed cine film was used to track the movement 
of the drops on a frame by frame basis. However, it proved very difficult to follow these newly 
created drops. Instead, the analysis was redirected to track drops in the free gas stream, in a 
band restricted to the centre of the tube. The majority of these drops were seen to travel at 
almost constant velocity within the time frame of analysis.

It must be stressed before hand, that the data that will be presented in this section should be 
regarded only in qualitative terms. Firstly, the photographic technique has limitations with 
regard to the minimum drop size that could be measured. Secondly, the number of drops 
analysed per set of flow conditions (around 60 drops) is too small to be considered as 
statistically representative.

The results were gathered from cine films taken at a gas mass flux of GG = 20 kg/m2s and 
liquid mass fluxes of GL = 70 and 90 kg/m2s (wavy-stratified flow), GG = 20 kg/m2s and 
GL = 130 kg/m2s (pseudo-slug flow), and at GG = 30 kg/m2s and GL = 70 kg/m2s 
(wavy-stratified flow), at ambient temperature. The pressure at the test section varied 
between 1.2-1.3 bar.

The films were analysed using a Vanguard film analyser. With this apparatus and after 
calibration against the tube diameter, it is possible to measure the coordinates (z,y) (see Figure
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6.2(a)) of a drop on each frame. By knowing the film speed (2000 frames per second), the 
velocity of the drop between frames may be calculated. Each drop was followed for at least 
five consecutive frames.

The equivalent drop diameter and average axial drop velocity for each drop are presented in 
Tables B.7 to B. 10 (Appendix B). For each drop, the drop diameters in the z-direction (ZX) 
and in the ^-direction (Dy) were averaged over several frames. As some drops appeared not 
to be spherical, but instead had an ellipsoid form, an equivalent diameter (Deq ) was 
considered. This was already discussed in section 3.2.4. The axial drop velocity was also 
averaged over several frames, and it was almost constant from frame to frame.

Measurements of the radial drop velocity (v^y ) indicated that this component was negligible 
when compared to the axial drop velocity. Figures 6.7, 6.8, 6.9 and 6. 10 represent scatter plots 
of the equivalent drop size against the respective axial drop velocities for GG = 20 kg/m2s and 
GL = 70 kg/m2s, GG = 20 kg/m2s and GL = 90 kg/m2s, GG = 20 kg/m2s and GL = 130 kg/m2s, 
and GG = 30 kg/m2s and GL = 70 kg/m2s, respectively. These graphs indicate no trend 
between drop size and the axial drop velocity. According to Gibbons (1985), the existence 
of drops of different 'ages' flowing in the gas stream can explain the spread in the drop axial 
velocity at a given drop size. A drop that has just been released will not have sufficient time 
to approach the gas velocity.

In the present study, the drops analysed showed an almost constant axial velocity over the time 
frame of analysis (~ 0.0025 s). However, this time frame is several orders of magnitude 
smaller than the time taken by a drop to accelerate to near the gas velocity (~ 0.67 s for a drop 
with a diameter of 0.5 mm travelling in a gas stream of USG = 13.9 m/s to reach an axial 
velocity of 12.5 m/s (= 0.9 J/SG))- To calculate an estimate of the time necessary for a drop 
to reach a given velocity, a simplified method described in Appendix F was used. So, at the 
measurement section, both 'old' and 'new' drops were observed.

The influence of the superficial gas velocity on the axial drop velocity can be seen by 
comparing Figures 6.7 and 6. 10. In general, drop velocity increases with gas velocity, as was 
found by previous investigators. This is expected because the higher the gas velocity, the 
greater the accelerating force exerted by the flow on the drops.

By comparing the graphs in Figures 6.6 and 6.7 it appears that liquid flow rate has no effect 
on the axial drop velocity. However, for GG = 20 kg/m2s and GL = 130 kg/m2s (Figure 6.9) 
the spread in the axial drop velocities has increased towards higher values. This may be due 
to the fact that this flow condition lies in a different flow regime, the pseudo-slug flow.

As stated earlier, the results in this section should only be considered from a qualitative point 
of view. The influence of gas and liquid flow rates on the axial velocity has confirmed the 
conclusions of previous investigators. However, to establish the true relationship between
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drop size and axial drop velocity in horizontal flow, a more sophisticated method such as a 
LDA based technique should be used.

6.4. Conclusions

The discussion carried out in this chapter can be summarised as follows:

• With the cine film technique used in the present work it was not possible to follow 
the velocity of drops from their point of creation.

• Because of the method of measurement employed and the sample size, the present 
results should only be regarded from a qualitative point of view.

• The radial drop velocity component measured was negligible in comparison with 
the axial drop velocity.

• For the flow conditions analysed, no significant correlation was found between 
drop size and axial drop velocity.

• Axial drop velocity increased with superficial gas velocity.

• For GG = 20 kg/m2s and liquid mass fluxes of 70 kg/m2s and 90 kg/m2s, no 
influence of the liquid flow rate on the axial drop velocity was seen. However, 
the increase in the spread of drop velocity towards higher values observed for 
GG = 20 kg/m2s and GL = 130 kg/m2s, may be due to a change in the flow regime 
to pseudo-slug flow.
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7. ENTRAINMENT AND DROP SIZE IN VERTICAL ANNULAR 
FLOW

7.1. Introduction

Annular flow is an important flow regime in gas-liquid upflow. As mentioned in section 1.5. 
this regime is characterised by the gas occupying the centre of the tube, while the liquid flows 
as a thin film along the wall. Beyond critical gas and liquid flow rates, the gas-liquid interface 
becomes highly agitated and large waves appear. These waves are torn by the fast moving 
gas flow giving rise to drop entrainment in the gas core. At the same time, drops are also 
deposited on the liquid film.

Drops play an important role in transport phenomena occurring in annular flow. The work 
presented in this chapter deals with measurements of the entrained mass flux and drop size 
for air-water annular flow in a vertical tube 0.01026 m ID. It extends the investigation of 
Jepson (1992) who measured the effect of gas density on the film flow rate, drop size and 
deposition mass transfer coefficient. Modifications performed in the rig described by Jepson 
(1992) (the gas came directly from the main air supply rather than from a compressor) allowed 
an extension of the measurements to higher flow conditions.

7.2. Entrainment Measurements

Liquid film flow measurements were performed for air-water upflow in a vertical tube 
0.01026 m ID using the film removal technique. The entrained mass fluxes were calculated 
from the liquid film flow rates. The experimental conditions were established at ambient 
temperature and at a pressure of 1.5 bar in the measuring section. The range of gas mass fluxes 
analysed cover GG = 60-120 kg/m2s, and liquid mass fluxes of 40-120 kg/m2s. The results 
are shown in Table G.I (Appendix G).

Figure 7.1 illustrates the linear relation existing between the entrained liquid fraction and 
the total liquid mass flux, for a constant gas mass flow rate. Liquid film mass fluxes are 
presented in Figure 7.2 against gas mass flux, for a constant liquid flow. From Figure 7.1 it can 
be concluded that both gas and liquid mass flow rates have a strong influence on the entrained 
liquid flow rate. The increase in the level of entrainment with gas velocity can be explained 
by an increase in the shear force acting on the liquid layer, as the gas velocity is increased. 
The graph in Figure 7.2 shows that, as the liquid flow rate decreases, the decrease in GIF with 
gas flow rate is less pronounced.

Data on the liquid film mass flux from the present experiments is compared in Figure 7.3 with 
the results obtained by Jepson (1992) under the same flow conditions for a gas mass flux of 
80 kg/m2s. There is a maximum difference of 5% existing between both sets of data, as can 
be observed from the values tabulated in Table G.I (Appendix G).
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73. Entrainment Correlations

A number of equations have been proposed to predict the amount of liquid that flows as 
drops. In this section, the present entrainment data is compared against correlations developed 
for vertical annular flow.

Govan (1990) deduced an entrainment rate correlation and a deposition rate correlation based 
on a data bank for vertical annular flow, covering many fluid systems, tube diameters and 
operating conditions. The deposition rate, given by the best fit to the experimental results 
(Figure 7.4), was:

V £ < 0-3 CM)

-0.65

The entrainment rate equation (£) was developed from equilibrium data, and taking into 
account the critical film flow rate for the onset of atomisation (G/jr^), the author obtained:

G = 5.75 x 10~ 5
G a gG.

0.316

(7.3)

This is illustrated in Figure 7.5. To calculate the critical liquid film flow rates, Govan used the 
expression proposed by Owen and Hewitt (1986):

ReLfC = exp| 5.8405 + 0.4249 .] (7.4)

where Reipc is the critical liquid film Reynolds number. Equations (7.1), (7.2) and (7.3) can 
be used to correlate equilibrium entrainment data, by assuming that at equilibrium E = D. 
As the entrainment rate E depends on the liquid film flow rate, it is necessary to apply an 
iterative procedure.

Figure 7.6 compares the data of this study against the entrained mass fluxes calculated using 
the correlation of Govan (1990), where the critical liquid film flow rates were estimated from 
equation 7.4. The graph shows that the data are quite scattered. Also, the correlation of Owen
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Figure 7.5 Entrainment rate correlation (Govan (1990)).
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and Hewitt (1986) predicts a critical liquid film flux of 44.7 kg/m2s for the present conditions, 
which is not in agreement with the experimental results obtained. For a liquid mass flux of 

= 40 kg/m2s, entrainment was measured for the whole range of gas mass fluxes studied 
= 60-120 kg/m2s). Willets (1987) and Jepson (1992) also reported the occurrence of 

entrainment at GG = 40 kg/m2s. These data indicate that equation (7.4) overpredicts the 
critical film flow rate for the conditions of the present experiments. Jepson (1992) tested the 
sensitivity of the correlation of Govan( 1990) to predictions in the critical liquid film. The 
author found that the performance of the entrainment correlation was not improved.

In chapter 4, entrainment correlations directly related to horizontal flow have been discussed. 
In particular, the equation of Ishii and Mishima (1981) presented in section 4.3.2., is also 
valid for the prediction of entrained liquid mass fluxes in vertical upflow. This correlation 
(equation (4.41)) was tested against the results of the present study. The comparison between 
measured and calculated entrained liquid mass fluxes is shown in Figure 7.7. In general, this 
correlation represents well the entrainment data, and gives a better performance than the 
correlation of Govan (1990).

7.4. Drop Size Measurements

Drop size measurements were carried out using the laser diffraction technique for air mass 
fluxes varying between 80-120 kg/m2s, and water mass fluxes of 40-120 kg/m2s. The results 
are tabulated in Table G.2 (Appendix G), and shown in Figure 7.8 as Sauter mean diameter 
versus liquid mass flux.

It is observed that the gas velocity has a strong influence on drop size, i.e., drop size decreases 
with increasing gas flow rate. The effect of liquid flow rate is more complex. For the lowest 
gas flow rate, drop size decreases slightly with increasing liquid flow. For GG = 100 kg/m2s no 
influence on drop size is seen. For the higher gas mass flux (GG =120 kg/m2s) drop size 
increases with liquid flow rate. These trends can be linked to the different mechanisms of drop 
entrainment, as suggested by Azzopardi (1983), and already discussed in section 5.2.1. The 
decrease in drop size with increasing liquid flow is due to the predominance of ligament 
break-up over bag break- up. For further increases in the liquid flow rate, the size of the 
created drops does not change, but the observed drop size increases because coalescence 
occurs.

In Figure 7.9 the data reported by Jepson (1992) is compared with the results obtained in the 
present work. The maximum difference existing between drop sizes taken under similar 
conditions is 8% (see Table G.2 - Appendix G), representing a good agreement between both 
sets of data.
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7.5. Drop Size Correlations

The experimental drop size measurements of this study were tested against some correlations 
already discussed in section 5.3: Azzopardi et al (1980), Azzopardi (1985), Gibbons (1985), 
Azzopardietal (1989) and Ambrosinietal (1991). These correlations were chosen because 
they predict the Sauter mean diameter directly, and take into account various factors that can 
affect the drop size.

Figures 7.10 to 7.14 show the performance of the previous equations to represent the present 
data, as calculated mean diameter against measured mean diameter. The best correlation of the 
results is given by the expressions proposed by Azzopardi et al (1989) (equation (5.18)) and 
Ambrosmi et al (1991) (equation (5.19)).

The equation of Azzopardi et al (1980) (equation (5.8)) underpredicts the results. This 
correlation was developed based on drop size data taken in a 0.032 m ID tube, and accounts for 
an increase in drop size with liquid flow rate. However, the present data only exhibit this trend 
for GG = 120 kg/m2s.

The correlations by Gibbons (1985) (equation (5.13)) and Azzopardi (1985) (equation (5.11)) 
both overpredict the measured drop sizes. Azzopardi (1985) substituted the tube diameter in 
the correlation by Azzopardi et al (1980), by a new parameter AT\ The expression of Gibbons 
(1985) is more sensitive to tube diameter, and it can be seen that the calculated values of drop 
size using equation (5.13) are closer to the measured drop sizes, than the ones given by 
equation (5.11). Again, both equations (5.11) and (5.13) account for an increase in drop size 
with liquid flow rate.
As mentioned previously, the equations by Azzopardi et al (1989) and Ambrosini et al (1991) 
are the best to correlate the experimental results. Equation (5.18) by Azzopardi et al (1989) 
was based on experimental results taken in tube diameters ranging from 0.010-0.032 m for 
different fluid systems. It accounts for an influence of tube diameter on drop size and should 
be applied for flow conditions where drop size increases with liquid flow rate.

Equation (5.19) by Ambrosini et al (1991) was developed using data covering a wide range of 
gas and liquid flow rates, physical properties and pipe diameters. A comparison between the 
performance of the two equations to represent the measured drop sizes, reveals that for a gas 
mass flux of 120 kg/m2s drop diameters are much better predicted by the expression of 
Azzopardi et al (1989), as seen in Figure 7.15. On the other hand, the correlation of Ambrosini 
et al gives a better fit when predicting the drop sizes corresponding to GG = 80 kg/m2s.

7.6. Conclusions

In this work, the laser diffraction technique has been used to obtain drop size data in vertical 
annular flow. These data are complemented with film flow measurements. The main 
conclusions can be summarized as follows:
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• Both gas and liquid mass flow rates have a strong influence on the entrained liquid 
flow rate. Above the critical film flow rate, the entrained flow rate increases 
directly with gas velocity. An increase in liquid flow rate increases the amount 
of liquid available for entrainment.

• A linear function is observed between entrained liquid flux and total liquid flux.

• The present entrainment data are well correlated by the equation of Ishii and 
Mishima(1981).

• For the flow conditions studied, the drop size varied between 26-45 \im.

• Drop size decreases with increasing gas mass flow rate. This can be explained 
because a higher gas flow increases the shearing force on the liquid surface, and 
so more surface deformation occurs which releases smaller drops.

• The liquid flow rate has a small influence on drop size. For the lowest gas flow 
rate, the drop size decreases with increasing liquid flow. For GO = 100 kg/m2s 
no influence on drop size is observed. For GG = 120 kg/m2s the drop size increases 
with increasing liquid flow. These trends can be linked to the different 
mechanisms of drop entrainment, as suggested by Azzopardi (1983). The 
decrease in drop size with increasing liquid flow is due to the predominance of 
ligament break-up over bag break-up. For further increases in the liquid flow 
rate, the size of the created drops does not change, but the observed drop size 
increases because coalescence occurs.

• The correlations of Azzopardi et al (1989) and Ambrosini et al (1990) perform 
best in fitting the drop size data of this study.

• Comparison of present drop size measurements shows good agreement with the 
experiments of Jepson (1992) taken under similar conditions.
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8. CONCLUSIONS AND FUTURE WORK

The present investigation was concerned primarily with the study of air-water flow in a 
horizontal 0.032 m ID tube, and the influence of a 90° horizontal bend on the flow 
characteristics. Visualisation, entrainment and drop size tests were carried out in a new 
horizontal two-phase flow facility, before and after the 90° bend.

In the visualisation studies high speed still photography and cine films were used. The 
entrained mass fluxes were determined from the liquid film flow rates measured using the film 
removal technique, while the drop size distributions were obtained with a laser diffraction 
technique. Drop velocity data were extracted from the analysis of the cine films. Prior to the 
horizontal flow study, drop size and film flow rates were measured for air-water flow in a 
vertical tube 0.01026 m, employing the same techniques as in horizontal flow.

This chapter summarises the major conclusions of the present work, and points out areas 
where further investigation is needed.

8.1. Conclusions

8.1.1. Visualisation Studies in Horizontal Two-Phase Flow

• For the range of air-water flow rates studied, the flow patterns observed were 
wavy-stratified with and without atomisation, annular and pseudo-slug flow.

• During wavy-stratified flow, the fraction of wetted perimeter increased with both 
gas and liquid flow rates. The present experimental data are closer to the 
correlation of Hamersma and Hart (1987) compared to the data presented by 
Fukano and Ousaka (1988).

• Photographs taken before the bend showed interesting features, such as the 
presence of air bubbles entrained in the liquid film, and the creation of liquid drops 
at the crest of roll waves.

• The size of entrained air bubbles was measured from the cine film taken at 
GG = 20 kg/m2s and GL = 150 kg/m2s. The larger bubbles had an ellipsoid shape, 
while the smaller ones were almost spherical. The larger bubbles observed had 
an equivalent diameter of 2.47 mm.

• For the flow conditions of GG = 10-25 kg/m2s and GL = 6.2-50 kg/m2s, it was 
possible to identify the conditions for the onset of the entrainment of air bubbles 
in the liquid film.

• The present cine films showed that both mechanisms of drop entrainment (bag 
break-up and ligament break-up) occur in horizontal air-water flow.
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• The phenomenon of film inversion reported by Banerjee et al (1967) was observed 
at the 90° horizontal bend.

• At the horizontal 90° bend, the liquid film was seen to have a swirl movement, 
in which at the upper part of the tube the liquid was pulled across from the outer 
wall of the bend to the top of the tube in an anti-clockwise, cork screwing fashion. 
In the lower half, the liquid film was drawn from the outer wall towards the bottom 
of the tube, in a clockwise motion. It is thought that a secondary flow existing in 
the gas phase can be responsible for this swirl movement of the liquid film at the 
bend.

• The still photographs of the drop flow taken after the bend, confirm that drop size 
decreased with increasing gas flow rate. These photographs also support the drop 
size measurements obtained with the laser diffraction technique (Chapter 5).

• The photographic work after the bend has captured evidence of drop coalescence 
and the subsequent separation of two drops.

8.1.2. Entrainment in Horizontal Two-Phase Flow

The experiments carried out before the bend are summarised as:

• The correlation of Ishii and Grolmes (1975) overpredicts the critical gas velocity 
for the onset of entrainment for the horizontal flow of an air-water system in a 
0.032 m ID tube.

• At constant gas velocity, there is a linear relationship existing between the liquid 
film mass flux and and the liquid flow observed for the whole range of gas 
velocities studied.

• At constant liquid flow rate, the liquid film mass flux decreases with gas velocity 
except for GL =10 kg/m2s, where GIF is constant with increasing gas velocity.

• For the stratified/annular flows the entrained flux increased with liquid flow rate, 
and in some instances a plateau condition was reached. At the lowest gas mass 
flux conditions (Go = 20 kg/m2s and GG = 30 kg/m2s) the quantity of entrained 
liquid falls considerably at the highest liquid flow of 130 kg/m2s. This is due to 
the transition to pseudo-slug flow.

• For the whole range of flow conditions covered, GLE increases with gas velocity, 
except for GL = 10 kg/m2s where the level of entrainment is almost constant.

• The entrained liquid flow rate in horizontal annular flow was found to be lower 
than in vertical flow for the same flow conditions and tube diameter (0.32 m). 
However, as the gas velocity increases this difference is less pronounced.
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• The entrainment correlation of Williams (1986) correlated well horizontal 
annular flow data by Dallman (1978), Laurinat (1982), Williams (1986) and Paras 
and Karabelas (1991). However, it does not do so for the present measurements 
taken across the transition from wavy-stratified to annular flow.

• The entrainment correlation of Ishii and Mishima (1981) generally overpredicts 
data in horizontal two-phase flow. A change in the constant of the expression 
seems to improve the fit with the data from this study.

The experiments taken downstream of the bend show that:

• At constant gas flow rate, liquid film flux GIF increases linearly with GI.

• At constant liquid flow rate, GIF decreases with gas velocity except for 
GI = 10 kg/m2s where the liquid film flow rate is almost constant.

• The curves of entrainment against liquid flow (at fixed gas mass flux) show a 
maximum at the low gas flow conditions. For the gas mass fluxes of GG = 60 
kg/m2s and 70 kg/m2s entrainment increases with GL.

• For the flow conditions studied, GIE increases with gas velocity at a constant 
liquid flow rate.

• Above certain flow conditions, there is an increase in film flow rate after the bend. 
The corresponding reduction in the amount of entrained liquid is caused by drops 
depositing on the outside of the bend.

8.1.3. Drop Size in Horizontal Two-Phase Flow

The following conclusions can be drawn from the measurements conducted before the bend:

• Previous work on the measurement of drop sizes in annular two-phase flow was 
mostly carried out in vertical flow. The limited data published on horizontal flow 
were obtained in rectangular channels.

• For the present experiments, the drop size data were analysed using a model 
independent approach. The model independent fit to the multimodal drop size 
distributions was always significantly better than the Rosin-Rammler and 
Log-normal fits.

• For the conditions of this study, the Sauter mean diameter (^32) varied between 
60-119 u-m.

• The gas velocity has a strong effect on drop size. The present data showed that 
the Sauter mean diameter is proportional to the superficial gas velocity raised to 
the power of-1.0.

• The influence of liquid flow rate is somewhat more complex. For the lower gas 
mass flux (Go - 40 kg/m2s), Dj2 decreased with increasing liquid flow rate. For
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= 50 kg/m2s, the curve passed through a minimum. For the higher gas flows 
(GG = 55-70 kg/m2s) drop diameter increased with liquid flow rate. These trends 
are linked to different mechanisms of entrainment.

At low liquid flow rates the bag break-up mechanism, which produces larger 
drops, is thought to be dominant over the ligament break-up. As liquid flow rate 
increases, the entrainment mechanism changes predominantly to ligament 
break-up and the drop size decreases. At sufficiently high drop concentrations, 
the observed drop size increases with liquid flow rate due to the presence of 
coalescence.

• The influence of the pressure of the system on drop size was studied for 
GG = 55 kg/m2s and GL = 30 kg/m2s. An increase in 032 from 71.54 am to 
77.24 jim was observed by increasing the pressure from 1.3 bar to 1.4 bar. It is 
considered that this result is due to differences in gas velocity rather than changes 
in gas density.

• Drop size in horizontal annular flow was found to be lower than in vertical flow, 
for the same flow conditions and tube diameter (0.032 m). However, as the gas 
velocity increases this difference becomes less pronounced.

• Several existing drop size correlations were tested against the present 
measurements. The equations of Tatterson et al (1977) and Ishii and Kataota 
(1982) performed badly against the present data. The correlation of Andreussi et 
al (1978) generally underpredicted the drop size.

• For gas mass fluxes of 50-70 kg/m2s, the drop size correlation of Azzopardi et al 
(1980) gave the best fit. However, as this equation accounts for an increase in drop 
size with entrained liquid flow, it predicted the wrong trend for the drop sizes 
corresponding to GG = 40 kg/m2s.

• The correlations of Azzopardi (1985), Gibbons (1985) and Azzopardi et al (1989) 
overpredicted the present results within 20%, for GG = 50-70 kg/m2s. They also 
predicted the wrong trend for drop sizes corresponding to GG = 40 kg/m2s.

• For the higher gas flow rates (Gc = 50-70 kg/m2s) the correlation of Ambrosini 
et al (1990) overpredicts the present data within 20%. However, this is the only 
equation that predicted the correct trend for the drop sizes obtained at a gas mass 
flux of 40 kg/m2s.

The drop size measurements carried out after the bend can be summarised as follows:

• For all flow conditions studied, the drop size histograms were represented by a 
multimodal curve.

• Measured Sauter mean diameters ranged between 87-204 [Am.
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• For the lower gas mass fluxes (Go = 40 kg/m2s and GG = 50 kg/m2s), the drop 
size was almost independent of liquid flow rate. For GG = 40 kg/m2s and 
GG = 50 kg/m2s the drop size decreased slightly with increasing liquid flow.

• The drop size decreased with increasing gas velocity. The Sauter mean diameter 
was found to be proportional to the superficial gas velocity raised to the power of 
-1.5.

• The effect of the 90° horizontal bend on the drop size distribution was to increase 
the diameter of drops. Several processes taking place at the bend, such as drop 
coalescence may be responsible for the coarsening of the distribution. The 
secondary flow pattern existing in the gas phase at the bend and film inversion are 
thought to have also some contribution.

8.1.4. Drop Velocity in Horizontal Two-Phase Flow

• With the cine film technique used in the present work it was not possible to follow 
the velocity of drops from their point of creation.

• Because of the method of measurement employed and the sample size, the present 
results should only be regarded from a qualitative point of view.

• The radial drop velocity component measured was negligible in comparison with 
the axial drop velocity.

• For the flow conditions analysed, no significant correlation was found between 
drop size and axial drop velocity.

• Axial drop velocity increased with superficial gas velocity.

• For GG = 20 kg/m2s and liquid mass fluxes of 70 kg/m2s and 90 kg/m2s, no 
influence of the liquid flow rate on the axial drop velocity was seen. However, 
the increase in the spread of drop velocity towards higher values observed for 
GG = 20 kg/m2s and GL = 130 kg/m2s, may be due to a change in the flow regime 
to pseudo-slug flow.

8.1.5. Entrainment and Drop Size Measurements in Vertical Annular Flow

• Both gas and liquid mass flow rates have a strong influence on the entrained liquid 
flow rate. Above the critical film flow rate, the entrained flow rate increases 
directly with gas velocity. An increase in liquid flow rate, increases the amount 
of liquid available for entrainment.

• A linear function is observed between entrained liquid flux and total liquid flux.

• The present entrainment data are well correlated by the equation of Ishii and 
Mishima(1981).
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• For the flow conditions studied, the drop size varied between 26-45 fim.

• Drop size decreases with increasing gas mass flow rate. This can be explained 
because a higher gas flow increases the shearing force on the liquid surface, and 
so more surface deformation occurs which releases smaller drops.

• The liquid flow rate has a small influence on drop size. For the lowest gas flow 
rate, the drop size decreases with increasing liquid flow. For GG = 100 kg/m2s 
no influence on drop size is observed. For GG = 120 kg/m2s the drop size increases 
with increasing liquid flow. These trends can be linked to the different 
mechanisms of drop entrainment, as suggested by Azzopardi (1983). The 
decrease in drop size with increasing liquid flow is due to the predominance of 
ligament break-up over bag break-up. For further increases in the liquid flow 
rate, the size of the created drops does not change, but the observed drop size 
increases because coalescence occurs.

• The correlations of Azzopardi et al (1989) and Ambrosini et al (1990) perform 
best in fitting the drop size data of this study.

• Comparison of present drop size measurements shows good agreement with the 
experiments of Jepson (1992) taken under similar circumstances.

8.2 Future Work

The experiments conducted in this investigation have highlighted some new features of 
air-water flow in a horizontal 0.032 m tube, and how it is affected by the 90° horizontal bend. 
Nonetheless, the picture is far from complete, and future work is required in the following 
areas:

• Extend the present entrainment and drop size measurements in horizontal flow to 
higher flow conditions, and to other fluid systems and tube diameters. Using this 
extended data bank, existing correlations for drop size and entrainment could then 
be modified and optimised.

• Use of a LDA based technique to obtain simultaneous information on drop 
size/velocity, and establishment of possible relationship between these two 
variables.

• Study of the gas phase turbulence for horizontal stratified/annular flow, and how 
it is affected by the presence of a bend.

• Measurement of the drop deposition at the bend, and identification of which drop 
sizes are preferentially deposited.

• Other points of interest include the study of local distributions of the liquid film 
around the bend, changing the orientation of the bend, and the use of other bends 
with different radii.
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LIST OF SYMBOLS

Beq equivalent bubble diameter defined by equation (3.3)

Bz bubble diameter in the z-direction

By bubble diameter in the y-direction

C drop concentration in the gas core

C constant in equation (4.18)

C" constant in equation (4.25)

Ce equilibrium concentration of drops in the gas core defined by equation (1.11)

CD drag coefficient given by equation (F.2)

Cy, Cjq corrections to the Rosin-Rammler parameters

CQ gas percentage by volume defined by equation (1.4)

D deposition rate 

D drop diameter

beam diameter

detector diameter 

Deq equivalent drop diameter defined by equation (3.4) 

DI lens diameter

maximum drop diameter

minimum drop diameter

average drop diameter in the z-direction

average drop diameter in the y-direction 

Z5mw mean droplet diameter defined by equation (2.7)

Z)V0 5 volume median diameter (defined as the diameter at which 50% by volume of the 

material is smaller)
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vo.i volume median diameter (defined as the diameter at which 10% by volume of the 

material is smaller)

j2 Sauter mean diameter (= mean diameter when m=3 and n=2) 

volume mean diameter (=mean diameter when m=3 and n=l) 

d{ hydraulic diameter

d* dimensionless hydraulic diameter defined by equation (4.31) 

E entrained liquid fraction defined by equation (4.1) 

£" energy falling on the particle

E entrainment rate

EM maximum entrained fraction defined by equation (4.2)

Eth theoretical upper limit of the entrained fraction

£«, equilibrium value of the entrained fraction

F fraction of wetted perimeter

F" flow parameter defined by equation (5.3)

F// horizontal flow parameter defined by equation (E.2)

Fr Froude number defined by equation (1.7)

Fri Froude number for the liquid phase ( = (QL/AQ)^U^L/(SJ^ g dt)J]

Fv cumulative undersize distribution

/ lens focal length

fi interfacial friction factor

friction factor for a smooth tube (= 0.046 ReJ 0<2 ) 

fv distribution function

Ga Galileo number( = d] Q L (QL - Q G) g/[i 2L ) 

gas mass flux 

liquid mass flux
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entrained liquid mass flux 

GIF liquid film mass flux

critical film mass flux for the onset of entrainment 

g gravitational acceleration 

h liquid height of the stratified layer 

Jj Bessel function of first kind of order 1 

JQ Bessel function of first kind of order 0 

K parameter defined by equation (1.8) 

fa drop atomization coefficient 

/£> deposition mass transfer coefficient 

L light energy falling on the detector

La Laplace number (= JU^/(QL a dt)\

m film thickness 

mG gas mass flow rate 

mL liquid mass flow rate

entrained liquid mass flow rate

liquid film mass flow rate 

™LFC critical liquid film mass flow rate 

niQ dimensionless film thickness defined by equation (5.24) 

m£ dimensionless film thickness (= m U£ Q 

Np viscosity number defined by equation (4.8) 

"N distribution parameter 

OB obscuration 

p system pressure
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PM energy dissipation per unit mass defined by equation (5.15)

PD percentage difference between present liquid film flow rate and liquid film 

results of Jepson et al (1989) [= (Gu? - Datum)/Gz/-]

PD' percentage difference between the present Sauter mean diameter and drop 

diameter results of Jepson et al (1989) [= (Dj2 -

(dpldzfc pressure drop if the gas flows alone

(dpldz)i pressure drop if the liquid flows alone

R radius of curvature of the coil in equation (1.14)

gas Reynolds number (= GG

liquid Reynolds number (= GL 

Reu? liquid film Reynolds number (= GIF 

ReiFC critical liquid film Reynolds number 

Rep particle Reynolds number defined by equation (F.3) 

r distance along the radius 

Tp particle radius 

TI internal radius of the tube 

S dimensionless parameter (= USGC 

sj, 52 radial displacement in the detector plane 

T parameter defined by equation (1.6) 

TO time flight of a drop 

T Malvern matrix of coefficients 

UG actual gas velocity defined by equation (4.14) 

UQ gas friction velocity

velocity of the entrained liquid

velocity of the liquid film
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UL liquid friction velocity

UM velocity of a gas-liquid mixture defined by equation (1.3)

USG superficial gas velocity

USGC critical superficial gas velocity

USG dimensionless gas velocity defined by equation (4.29)

USL superficial liquid velocity

VDI average drop transverse velocity

VQX radial drop velocity component in the ^-direction

	radial drop velocity component in the ^-direction

	axial drop velocity component 

x maximum distance between the sample and the lens, defined by equation (2.6) 

X Martinelli parameter defined by equation (1.5) 

X distribution parameter 

y + dimensionless distance from the wall 

W drop size distribution in equation (2.2) 

We Weber number defined by equation (5.9) 

We' Weber number defined by equation (4.37)

We^ Weber number defined as ( = Q G V\G k

We* Weber number defined by equation (5.20)

Wec critical Weber number

z axial distance from the inlet

GREEK SYMBOLS

CIM maximum scattering angle

AQ density difference (= QL — Q G )

eL liquid holdup = ( 1 + 3.57 (Usc/Usl)OM (ec/eL)0- 28
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£ dimensionless distance defined by equation (4.40)

y variable defined by equation (5.4)

yu variable defined by equation (E.3)

A parameter defined by equation (1.1)

A' wavelength of the incident beam

Aj parameter defined by equation (5.12)

gas viscosity

liquid viscosity

water viscosity 

QA air density 

QQ gas density 

QL liquid density 

gw water density 

6 displacement angle in equation (1.14) 

a surface tension 

ow surface tension of air-water 

V parameter defined by equation (1.2) 

SUBSCRIPTS 

G gas 

L liquid 

LE entrained liquid 

LF liquid film 

LFC critical liquid film 

max maximum value
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min minimum value
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Appendix A 

CALIBRATIONS

CONTENTS

Figure A. 1 Calibration curve of rotameter FI1 

Figure A.2 Calibration curve of rotameter FI2 

Figure A3 Calibration curve of rotameter FI3
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Appendix B

EXPERIMENTAL RESULTS FOR HORIZONTAL TWO-PHASE
FLOW

CONTENTS

Table B. 1 Pressure drop measurements in single phase (test tube near the bend and tappings 
located at 45 ° from the top of the tube to the inside of the bend).

Table B .2 Pressure drop measurements in single phase (test tube near the bend and tappings 
located at 45 °from the top of the tube to the outside of the bend).

Table B .3 Pressure drop measurements in single phase (test tube at 0.3 m from the bend and 
tappings located at the top of the tube).

Table B.4 Pressure drop measurements in two-phase flow (test tube near the bend, and 
tappings located at 45 °from the top of the tube to the inside of the bend).

Table B.5 Pressure drop measurements in two-phase flow (test tube near the bend, and 
tappings located at 45 ° from the top of the tube to the outside of the bend).

Table B .6 Pressure drop measurements in two-phase flow (test tube at 0.3 m from the bend, 
and tappings located at the top of the tube).

Table B .7 Data taken from the analysis of the cine film (Go = 20 kg/m2s and GL = 70 kg/m2s) 

Table B .8 Data taken from the analysis of the cine film (Go = 20 kg/m2s and GL = 90 kg/m2s)

Table B.9 Data taken from the analysis of the cine film (G^ = 20 kg/m2s and GL = 130 
kg/m2s)

Table B. 10 Data taken from the analysis of the cine film (Go = 30 kg/m2s and GL = 70 kg/m2s)

Table B.ll Entrainment measurements before the bend

Table B.I2 Raw data referring to film flow measurements before the bend

Table B. 13 Influence of gas take-off rate in the liquid film flow rate extraction (film removal 
technique)

Table B.14 Entrainment measurements after the bend

Table B.I5 Raw data referring to film flow measurements after the bend

Table B.I6 Drop size measurements before the bend

Table B. 17 Raw data referring to drop sizes before the bend
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Table B.I8 Drop size measurements after the bend 

Table B. 19 Raw data referring to drop sizes after the bend
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TABLE B.I PRESSURE DROP MEASUREMENTS IN SINGLE PHASE 
the bend and tappings located at 45° from the top of the tube to the inside

(test tube near 
of the bend).

Tappings

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18
1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18
1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

<k,
(kg/m2s)

10

20

30

40

50

Az(m)

0.10
0.10
0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.1

0.1

0.1

0.1

0.1

0.1

0.15

0.1

Distance from the Bend 
(m)

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205 .

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

dPIdz 
(N/m2/m)

33.8
26.3
30.0

30.0

30.0

31.9

30.0

30.0

113.1

86.3

101.3

102.5 ..

106.3

113.1

101.7

99.4

217.5

158.8

190.0

191.9

199.4

212.5

190.4

185.0

341.9

246.3

295.0

299.4

308.1

333.8

291.3

288.8

480.6

341.9

411.3

418.8

428.1

466.9

401.3

405.0
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TABLE B.2 PRESSURE DROP MEASUREMENTS IN SINGLE PHASE 
the bend and tappings located at 45 ° from the top of the tube to the outside

(test tube near 
of the bend).

Tappings

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18
1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

GG
(K£/m3s)

10

20

30

40

50

Jz 
(m)
0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

Distance from the Bend 
(m)

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

0.105

0.205

0.305

0.405

0.505

0.605

0.730

0.855

dP/dz 
(N/m2/m)

33.5

25.0

30.0

30.6

31.3

33.1

30.0

30.0

115.0

86.3

101.3

101.3

107.5

115.0

103.3

100.0

222.5

160.0

193.8

193.1

203.8

220.0

196.7

190.0

347.5

248.1

300.0

302.5

312.5

342.5

300.4

295.0

488.8

345.0

417.5

420.0

428.8

477.5

415.8

414.4
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TABLE B.3 PRESSURE DROP MEASUREMENTS IN SINGLE PHASE (test tube at 
0.3 m from the bend and tappings located at the top of the tube).

Tappings

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18
1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18
1-3

3-5

5-7

7-9

9-11

11-13

13-16

16-18

GG
(kg/m2s)

10

20

30

40

50

Az
(m)
0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.10

0.10

0.10

0.10

0.10

0.10

0.15

0.10

0.1

0.1

0.1

0.1

0.1

0.1

0.15

0.1

Distance from the Bend 
(m)

0.405

0.505

0.605

0.705

0.805

0.905

1.030

1.155

0.405

0.505

0.605

0.705

0.805

0.905

1.030

1.155

0.405

0305

0.605

0.705

0.805

0.905

1.030

1.155

0.405

0.505

0.605

0.705

0.805

0.905

1.030

1.155

0.405

0.505

0.605

0.705

0.805

0.905

1.030

1.155

dP/dz
(N/m2/m)

33.1

25.6

31.9

30.6

31.3

32.5

30.0

30.0

116.3

87.5

105.0

103.1

109.4

113.8

103.3

97.5

222.5

164.4

199.4

197.5

209.4

220.6

196.3

188.8

347.5

255.0

308.8

308.1

324.4

341.3

300.0

293.8

490.0

353.0

426.9

432.5

450.6

475.6

415.8

410.0
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TABLE B.4 PRESSURE DROP MEASUREMENTS IN TWO-PHASE FLOW (test tube 
near the bend, and tappings located at 45° from the top of the tube to the inside of the

bend).

Tappings

1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18
1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18
1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18

G<S 
(kg/m2s)

10

40

40

*, 
(kg/m2s)

10

10

70

Jz 
(m)

0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10

Distance 
from the 
Bend (m)

0.105
0.205
0.305
0.405
0.505
0.605
0.730
0.855
0.105
0.205
0.305
0.405
0.505
0.605
0.730
0.855
0.105
0.205
0.305
0.405
0.505
0.605
0.730
0.855

dP/dz
(N/m2/m)

35.8
30.8
33.3
35.8
33.3
36.7
33.3
33.3

500.0
440.0
460.0
446.7
480.0
506.7
497.8
453.3
1030.0
996.7
1040.0
1073.3
1073.3
1060.0
1044.4
980.0
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TABLE B.5 PRESSURE DROP MEASUREMENTS IN TWO-PHASE FLOW (test tube 
near the bend, and tappings located at 45 ° from the top of the tube to the outside of the

bend).

Tappings

1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18

1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18
1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18

GG
(kg/m2s)

10

40

40

*, 
(kg/m2s)

10

10

70

A^ 
(m)

0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10

Distance 
from the 
Bend (m)

0.105
0.205
0.305
0.405
0.505
0.605
0.730
0.855
0.105
0.205
0.305
0.405
0.505
0.605
0.730
0.855
0.105
0.205
0.305
0.405
0.505
0.605
0.730
0.855

dP/dz 
(N/m2/m)

39.2
30.0
31.7
31.7
35.8
37.5
33.9
35.0

513.3
460.0
470.0
460.0
473.3
563.3
493.3
446.7
1063.3
953.3
1040.0
1046.7
1026.7
1026.7
1035.6
980.0
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TABLE B.6 PRESSURE DROP MEASUREMENTS IN TWO-PHASE FLOW (test tube 
at 0.3 m from the bend, and tappings located at the top of the tube).

Tappings

1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18
1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18

1-3
3-5
5-7
7-9
9-11

11-13
13-16
16-18

GG
(Kg/m2s)

10

40

40

GL
(Kg/m2s)

10

10

70

Az 
(m)

0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.15
0.10

Distance 
from the 
Bend (m)

0.405
0.505
0.605
0.705
0.805
0.905
1.030
1.155
0.405
0.505
0.605
0.705
0.805
0.905
1.030
1.155
0.405
0.505
0.605
0.705
0.805
0.905
1.030
1.155

dPIdz 
(N/m2/m)

35.0
25.8
30.8
30.8
30.8
35.0
31.7
35.0

526.7
426.7
480.0
480.0
495.0
506.7
466.7
445.8
1026.7
953.3
993.3
1053.3
1100.0
1026.7
1033.3
940.0
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TABLE B.7 DATA TAKEN FROM THE ANALYSIS OF THE CINE FILM
(GG = 20 kg/m2s and GL = 70 kg/m2s)

Drop 
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

ft
(mm)

0.88
0.61
1.06
0 79\J • t &

0.58
0.64
0.98
1.25
0.41
0.61
0.67
0.71
0.67
0.67
0.63
0.54
0.65
0.71
0.65
0.80
0.43
0.49
0.71
0.66
0.71
0.69
0.83
0.77
0.60
0.64
0.65
0.55
0.60
0.63
0.61
1 17+. • .L f

0.54
0.63
0.54
0.64
0.85
0.65
0.61
0.60
0.55
0.50
0.50
0.60
0 71w • f X

0.57
0 72 \j* 1 1*
0 ^2 \jt\jt*
0.57
0.53
0.61
0.56
0.531 ^1JL.OJ.
0.73

std(A) 
(mm)
0.17
0.11
0.27
0.17
0.05
0.14
0.18
0.17
0.06
0.11
0.10
0.16
0.08
0.06
0.06
0.14
0.10
0.09
0.11
0.05
0.03
0.05
0.10
0.11
0.10
0.07
0.19
0.02
0.09
0.06
0.12
0.08
0.07
0.07
0.10
0.09
0.08
0.04
0.11
0.07
0.09
0.08
0.06
0.10
0.07
0.08
0.01
0.09
0.08
0.10
0.06
0.05
0.08
0.10
0.06
0.08
0.08
0.19
0.11

Dy

(mm)

0.81
0.54
0.96
0.68
0.60
0.59
1.13
1.17
0.42
0.59
0.64
0.82
0.54
0.56
0.59
0.50
0.52
0.60
0.59
0.70
0.48
0.59
0.65
0.61
0.61
0.58
0.89
0.78
0.49
0.56
0.63
0.52
0.58
0.58
0.49
1.01
0.52
0.53
0.48
0.53
0.84
0.58
0.66
0.48
0.51
0.43
0.51
0.51
0.60
0.45
1.43
0.39
0.50
0.44
0.52
0.50
0.48
1.20
0.90

std(Dy) 
(mm)
0.24
0.07
0.08
0.17
0.13
0.09
0.18
0.14
0.09
0.10
0.15
0.12
0.08
0.07
0.07
0.16
0.03
0.18
0.08
0.17
0.05
0.11
0.06
0.10
0.13
0.06
0.18
0.12
0.10
0.08
0.12
0.06
0.10
0.05
0.10
0.12
0.07
0.07
0.07
0.08
0.15
0.14
0.10
0.08
0.07
0.04
0.12
0.06
0.06
0.08
0.20
0.06
0.10
0.06
0.05
0.09
0.08
0.14
0.08

ftf
(mm)

0.84
0.58
1.01
0.73
0.59
0.61
1.05
1.21
0.41
0.60
0.66
0.76
0.60
0.61
0.61
0.52
0.58
0.65
0.62
0.75
0.46
0.54
0.68
0.63
0.66
0.63
0.86
0.78
0.54
0.60
0.64
0.53
0.59
0.60
0.54
1.09
0.53
0.58
0.50
0.58
0.84
0.61
0.64
0.54
0.53
0.47
0.51
0.55
0.65
0.51
1.01
0.45
0.53
0.48
0.56
0.53
0.50
1.25
0.81

esu(Deq ) 
(mm)
0.21
0.09
0.17
0.17
0.09
0.12
0.18
0.16
0.07
0.11
0.13
0.14
0.08
0.06
0.07
0.15
0.06
0.14
0.09
0.11
0.04
0.08
0.08
0.11
0.12
0.06
0.19
0.07
0.10
0.07
0.12
0.07
0.08
0.06
0.10
0.10
0.08
0.06
0.09
0.08
0.12
0.11
0.08
0.09
0.07
0.06
0.07
0.07
0.07
0.09
0.11
0.06
0.09
0.08
0.05
0.08
0.08
0.16
0.09

VDz
(m/s)
6.30
7.41
6.03
4.61
5.64
4.86
5.04
4.89
7.63
7.27
6.86
6.69
7.76
6.70
8.33
3.66
8.09
9.41
8.09
7.78
4.23
3.86
7.56
9.36
7.85
8.18
3.93
8.17
8.20
8.17
7.92
6.78
6.35
6.68
6.89
5.68
7.72
5.46
6.07
7.10
4.26
3.27
2.34
9.18
9.12
6.71
6.11
5.11
5.52
6.28
6.20
4.27
3.75
5.09
4.83
4.24
5.33
4.88
4.94

std(»&z )
(m/s)
0.12
0.15
0.29
0.23
0.15
0.18
0.27
0.25
0.15
0.21
0.10
0.17
0.20
0.15
0.27
0.36
0.^8
0.22
0.18
0.52
0.31
0.19
0.15
0.14
0.13
0.24
0.33
0.36
0.18
0.13
0.24
0.16
0.24
0.19
0.12
0.11
0.23
0.11
0.11
0.18
0.32
0.69
0.71
0.09
0.15
0.13
0.16
0.26
0.17
0.24
0.17
0.25
0.14
0.24
0.19
0.23
0.07
0.11
0.09

std - standard deviation 
esu - estimated uncertainty
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TABLE B.8 DATA TAKEN FROM THE ANALYSIS OF THE CINE FILM
= 20 kg/nA and GL = 90 kg/m2s)

Drop 
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54\J*i

55
56
57
58
59

Dz
(mm)

0.75
0.69
0.56
0.56
0.55
0.44
0.59
0.61
0.88
0.90
0.87
0.84
0.91
0.66
0.99
0.51
0.92
0.58
0.56
0.76
0.69
0.76
1.05
0.61
0.79
0.76
0.89
1.04
0.64
1.29
1.16
1.34
0.58
1.02
1.08
0.63
0.96
0.50
0.66
0.96
0.79
0.79
0.65
0.84
0.78
0.63
1.12
0.73
0.80
0.47
0.72
0.64
0.69
0.76
1.08
0.63
0.84
0.87
0.80

stcKA) 
(mm)
0.12
0.12
0.06
0.07
0.05
0.07
0.07
0.10
0.13
0.11
0.07
0.10
0.14
0.05
0.07
0.08
0.20
0.08
0.04
0.20
0.10
0.05
0.14
0.06
0.14
0.07
0.07
0.18
0.12
0.15
0.03
0.19
0.07
0.12
0.12
0.10
0.13
0.06
0.04
0.16
0.07
0.12
0.08
0.08
0.13
0.09
0.20
0.08
0.13
0.09
0.15
0.10
0.09
0.13
0.21
0.09
0.12
0.16
0.12

Dy

(mm)
0.85
0.70
0.54
0.55
0.47
0.39
0.40
0.74
0.88
0.92
0.89
0.89
0.90
0.66
1.02
0.46
1.10
0.52
0.39
1.25
0.49
0.81
1.53
0.56
0.79
0.73
0.72
1.07
0.67
1.39
1.54
1.04
0.60
1.12
1.07
0.43
1.00
0.46
0.57
0.88
0.82
0.65
0.59
0.76
0.80
0.54
0.99
0.52
0.84
0.41
0.54
0.61
0.65
0.56
1.08
0.64
1.01
0.81
0.79

Std(Dy)

(mm)
0.15
0.10
0.08
0.09
0.08
0.04
0.08
0.24
0.09
0.13
0.04
0.34
0.12
0.20
0.05
0.07
0.21
0.10
0.04
0.18
0.08
0.09
0.19
0.07
0.14
0.24
0.11
0.16
0.13
0.14
0.10
0.06
0.09
0.10
0.07
0.06
0.18
0.08
0.07
0.11
0.11
0.06
0.08
0.06
0.09
0.06
0.25
0.07
0.13
0.12
0.17
0.12
0.17
0.06
0.27
0.11
0.19
0.06
0.10

At
(mm)

0.80
0.69
0.55
0.55
0.51
0.41
0.48
0.67
0.88
0.90
0.87
0.86
0.90
0.66
1.00
0.49
1.00
0.55
0.47
0.97
0.58
0.78
1.26
0.59
0.79
0.74
0.80
1.05
0.65
1.34
1.33
1.18
0.59
1.07
1.07
0.52
0.98
0.48
0.61
0.92
0.80
0.71
0.62
0.79
0.79
0.58
1.05
0.61
0.82
0.44
0.62
0.62
0.67
0.65
1.08
0.64
0.92
0.84
0.80

esu(Dfq ) 
(mm)
0.14
0.11
0.07
0.08
0.07
0.05
0.08
0.16
0.11
0.12
0.06
0.22
0.13
0.13
0.06
0.08
0.21
0.09
0.04
0.20
0.09
0.07
0.17
0.07
0.14
0.16
0.09
0.17
0.13
0.14
0.06
0.12
0.08
0.11
0.09
0.08
0.16
0.07
0.06
0.14
0.09
0.09
0.08
0.07
0.11
0.07
0.23
0.08
0.13
0.10
0.17
0.11
0.13
0.09
0.24
0.10
0.15
0.11
0.11

VDz 
(m/s)
7.78
5.89
6.45
5.84
5.80
5.60

10.36
3.41
3.49
2.74
5.57
4.68
6.73
3.88
3.08
4.68
3.97
4.58
5.12
3.84
4.29
4.55
4.13
6.37
4.12
7.51
6.71
6.78
5.16
5.11
4.87
6.47
5.92
4.92
4.37
7.89
7.45
7.46
5.99
8.72
6.41
8.32
7.42
7.07
2.75
6.02
7.68
7.16
8.06
6.25

10.23
10.07
8.94
9.29
8.08
3.67
6.30
7.18
7.46

std(vDZ )
(m/s)
0.24
0.12
0.45
0.25
0.60
0.07
0.07
0.19
0.16
0.17
0.19
0.37
0.25
0.29
0.16
0.30
0.39
0.27
0.30
0.38
0.18
0.24
0.23
0.13
0.20
0.22
0.14
0.35
0.18
0.18
0.20
0.28
0.21
0.17
0.09
0.23
0.45
0.25
0.24
0.33
0.20
0.21
0.14
0.08
0.41
0.19
0.12
0.23
0.45
0.17
0.48
0.19
0.10
0.22
0.20
0.11
0.22
0.28
0.19

std - standard deviation 
esu - estimated uncertainty
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TABLE B.9 DATA TAKEN FROM THE ANALYSIS OF THE CINE FILM
(GG = 20 kg/m2s and GL = 130 kg/m2s)

Drop 
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

»z
(mm)

0.80
1.05
1.08
1.20
1.08
0.90
3.39
0.56
0.83
1.02
1.01
1.01
0.95
2.35
0.85
0.88
1.26
0.97
0.80
0.88
0.68
0.72
0.66
0.83
0.80
0.91
0.83
0.83
0.60
1.39
0.65
1.08
1.49
0.89
0.64
0.80
1.13
1.06
1.49
1.08
0.92
1.10
1.95
0.71
0.95
2.58
0.96
0.79
0.80
0.78
0.60
1.54
0.67
1.16
1.14
0.64
0.89
0.69

std(A) 
(mm)

0.08
0.13
0.08
0.14
0.18
0.09
0.15
0.11
0.02
0.16
0.13
0.25
0.11
0.29
0.19
0.11
0.13
0.11
0.28
0.14
0.11
0.04
0.11
0.14
0.11
0.23
0.07
0.07
0.04
0.33
0.08
0.17
0.34
0.14
0.08
0.08
0.19
0.08
0.09
0.14
0.05
0.13
0.27
0.13
0.15
0.16
0.35
0.12
0.12
0.14
0.14
0.30
0.13
0.14
0.25
0.10
0.11
0.12

Dy

(mm)

0.85
0.97
1.18
1.27
0.99
1.45
3.04
0.56
0.85
1.04
1.19
0.97
1.10
3.20
0.95
1.00
2.57
0.90
0.86
1.00
0.68
0.79
0.63
0.70
0.88
0.95
0.76
0.83
0.58
1.49
0.58
1.13
1.33
1.09
0.76
0.91
1.02
1.49
2.03
1.01
0.80
1.54
2.00
0.80
1.03
2.95
1.28
0.98
0.85
0.92
0.54
1.79
0.67
1.15
1.10
0.74
0.79
0.74

std(Dy) 
(mm)

0.20
0.18
0.17
0.19
0.16
0.14
0.19
0.10
0.06
0.15
0.11
0.18
0.17
0.18
0.11
0.16
0.19
0.16
0.20
0.32
0.10
0.08
0.08
0.08
0.04
0.15
0.06
0.08
0.09
0.21
0.08
0.18
0.08
0.15
0.12
0.09
0.09
0.15
0.37
0.15
0.07
0.23
0.18
0.18
0.07
0.15
0.30
0.04
0.08
0.12
0.44
0.09
0.15
0.13
0.18
0.07
0.05
0.08

At
(mm)

0.83
1.01
1.13
1.24
1.03
1.14
3.21
0.56
0.84
1.03
1.10
0.99
1.02
2.74
0.90
0.94
1.80
0.93
0.83
0.94
0.68
0.75
0.64
0.76
0.84
0.93
0.79
0.83
0.59
1.44
0.61
1.10
1.41
0.98
0.70
0.85
1.07
1.26
1.74
1.04
0.86
1.30
1.98
0.75
0.99
2.76
1.11
0.88
0.82
0.85
0.57
1.66
0.67
1.15
1.12
0.69
0.84
0.71

esu(Dtf) 
(mm)

0.13
0.16
0.12
0.16
0.17
0.11
0.17
0.11
0.04
0.16
0.12
0.22
0.14
0.25
0.15
0.13
0.16
0.14
0.24
0.23
0.10
0.06
0.09
0.11
0.07
0.19
0.07
0.07
0.07
0.27
0.08
0.17
0.20
0.15
0.10
0.08
0.14
0.11
0.22
0.15
0.06
0.18
0.23
0.15
0.11
0.16
0.33
0.09
0.10
0.13
0.29
0.20
0.14
0.14
0.21
0.09
0.08
0.10

VDz
(m/s)

4.20
10.12
8.30
7.80
6.91
3.98
5.82
5.77
5.62
7.33
7.48
9.31
4.91
5.17
8.95
6.68
5.47
5.73
6.20
5.92
6.87
9.91
9.63

10.77
12.04
8.93
8.93
9.92
11.59
4.91
8.69
3.60
3.69
6.43
5.24
9.14
4.48
10.81
6.29
10.03
9.15
5.85
4.99
6.65
9.87
5.87
3.72
4.29
9.63
3.95
7.19
6.84
9.57
9.61
6.78
8.89
9.26
6.11

Std(VDz )
(m/s)

0.27
0.22
0.21
0.09
0.10
0.14
0.21
0.51
0.04
0.44
0.17
0.19
0.16
0.34
0.18
0.09
0.29
0.71
0.30
0.50
0.45
0.23
0.26
0.43
0.20
0.26
0.39
0.13
0.16
0.32
0.45
0.42
0.56
0.14
0.22
0.27
0.24
0.27
0.11
0.18
0.15
0.24
0.10
0.26
0.19
0.12
0.30
0.10
0.26
0.04
0.39
0.12
0.22
0.30
0.46
0.33
0.17
0.24

std - standard desviation 
esu - estimated uncertainty
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TABLE B.IO DATA TAKEN FROM THE ANALYSIS OF THE CINE FILM
(GG = 30 kg/m2s and GL = 70 kg/m2s)

Drop 
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

A
(mm)
0.93
0.73
0.95
1.14
0.84
1.04
1.17
0.84
0.99
0.91
0.80
0.71
0.82
1.11
0.86
0.93
0.56
0.70
0.73
0.81
1.06
0.79
0.68
0.86
0.94
0.95
0.75
0.81
0.79
1.68
0.88
0.83
0.85
0.92
0.61
1.30
0.71
0.92
0.77
0.99
1.09
0.95
0.85
0.94
0.95
0.97
0.91
0.85
0.80
0.89
0.84
0.91
0.82
0.98
0.86
0.84
0.77

std(Dz) 
(mm)
0.14
0.11
0.12
0.25
0.31
0.22
0.34
0.09
0.11
0.08
0.06
0.10
0.02
0.16
0.06
0.08
0.07
0.13
0.08
0.12
0.21
0.13
0.06
0.14
0.08
0.15
0.15
0.08
0.12
0.62
0.32
0.35
0.34
0.35
0.22
0.49
0.27
0.37
0.29
0.46
0.39
0.34
0.32
0.34
0.34
0.40
0.38
0.32
0.30
0.37
0.36
0.34
0.30
0.17
0.13
0.08
0.25

Dy

(mm)
1.16
0.89
0.79
1.21
0.78
0.91
1.30
0.80
0.97
1.05
0.75
0.81
0.80
1.23
0.84
0.98
0.60
0.78
0.84
0.85
0.92
0.90
0.68
0.84
0.99
0.84
1.04
0.74
0.94
2.51
0.92
0.83
0.80
0.81
0.63
1.37
0.80
0.94
0.70
0.89
1.24
0.85
0.93
0.89
0.90
0.96
0.89
0.81
1.00
0.87
0.87
0.87
0.78
1.02
1.11
0.79
0.66

std(Dy) 
(mm)
0.22
0.30
0.16
0.21
0.26
0.19
0.32
0.15
0.21
0.14
0.07
0.10
0.10
0.19
0.16
0.16
0.05
0.06
0.16
0.16
0.17
0.22
0.09
0.06
0.11
0.13
0.25
0.08
0.27
0.34
0.14
0.07
0.17
0.13
0.06
0.17
0.12
0.22
0.05
0.23
0.31
0.16
0.12
0.13
0.07
0.10
0.06
0.08
0.09
0.15
0.27
0.07
0.15
0.14
0.11
0.07
0.12

A, 
(mm)
1.04
0.80
0.87
1.18
0.81
0.97
1.23
0.82
0.98
0.98
0.77
0.76
0.81
1.17
0.85
0.95
0.58
0.74
0.78
0.83
0.99
0.84
0.68
0.85
0.97
0.89
0.88
0.77
0.86
2.05
0.90
0.83
0.82
0.87
0.62
1.34
0.75
0.93
0.73
0.94
1.16
0.89
0.89
0.92
0.93
0.96
0.90
0.82
0.90
0.88
0.85
0.89
0.80
1.00
0.97
0.82
0.71

esu(Deq ) 
(mm)
0.18
0.20
0.14
0.23
0.28
0.20
0.33
0.12
0.16
0.11
0.06
0.10
0.06
0.17
0.11
0.12
0.06
0.10
0.12
0.14
0.19
0.17
0.08
0.10
0.09
0.14
0.20
0.08
0.19
0.52
0.23
0.21
0.25
0.23
0.14
0.33
0.20
0.29
0.17
0.34
0.35
0.25
0.23
0.23
0.20
0.25
0.22
0.20
0.21
0.26
0.31
0.20
0.22
0.15
0.12
0.08
0.18

VDz 
(m/s)

7.08
8.42
9.23
9.17
8.18
7.00
7.72

13.72
8.66
8.86

10.96
10.77
8.27

13.54
8.72

13.90
4.77
8.61

10.79
13.51
14.21
10.35
11.26
11.38
14.47
13.73
9.71
5.64
5.80
7.93
5.32

10.55
11.66
10.04
7.70
6.16
5.22

12.74
11.96
11.52
8.20
7.99
7.15

11.53
13.48
11.16
14.44
12.85
9.99
9.33
6.99

12.82
9.96
9.99
7.18

14.60
13.82

St&(VDz)
(m/s)
0.18
0.30
0.37
0.41
0.33
0.33
0.49
0.19
0.13
0.15
0.21
0.18
0.23
0.40
0.26
0.32
0.15
0.27
0.59
0.16
0.69
0.22
0.38
0.28
0.18
0.35
0.23
0.32
0.37
0.50
0.20
0.41
0.38
0.23
0.26
0.27
0.27
0.29
0.23
0.23
0.29
0.38
0.17
0.27
0.07
0.48
0.36
0.19
0.24
0.27
0.08
0.18
0.30
0.19
0.70
0.33
0.42

std - standard desviation 
esu - estimated uncertainty
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TABLE B. 11 ENTRAINMENT MEASUREMENTS BEFORE THE BEND

Gc
(kg/m2s)

20

30

40

50

60

60

70

<*,
(kg/m2s)

30

50

70

90

110

130

10

30

50

70

90

110

130

10

30

50

70

90

110

130

10

30

50

70

90

110

130

10

30

10

30

50

70

10

30

50

70

P
(bar)

1.3

1.3

1.3

1.3

1.3

1.4

1.4

QG 
(kg/m3)

1.56

1.56

1.56

1.56

1.56

1.69

1.69

VSG
(mis)

12.8

19.2

25.6

32.0

38.4

35.6

41.5

GLF
(kg/m2s)

28.86

48.11

67.47

87.24

107.15

129.06

9.15

28.05

47.02

65.73

84.74

104.27

127.04

9.28

2123

44.68

62.17

79.97

98.90

118.98

8.85

24.86

40.34

55.16

71.61

88.25

104.69

8.80

22.91

8.95

23.57

36.57

48.76

8.82

20.88

32.46

44.70

std (GLF) 
(kg/m2s)

-

0.25

0.38

0.82
-

1.71

0.14

0.25

0.31

0.79

0.77

0.78

1.60

0.15
-

0.10
-

0.09

1.20

2.34

0.25

0.53

0.58

0.98

0.89

0.41

0.54

0.14

0.69

0.11

0.38

0.42

0.70

0.11

0.21

0.74

0.42

GLE 
(kg/m2s)

1.14

1.89

2.53

2.76

2.85

0.94

0.85

1.95

2.98

4.27

5.26

5.73

2.96

0.72

2.77

5.32

7.83

10.03

11.10

11.02

1.15

5.14

9.66

14.84

18.39

21.75

25.31

1.20

7.09

1.05

6.43

13.43

21.24

1.18

9.12

17.54

25.30
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TABLE B.12 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS BEFORE
THE BEND

GC 
(kg/m2s)

20
20

20

20
-

20
20

30

30

30

30

GL
(kg/m2s)

30
50

70

90

110
130

10

30

50

70

P
(bar)

L3
U

13

L3

U
1.3

U

U

L3

1.3

PC,
(kg/m3)

136
136

1.56

136

136
136

136

136

136

136

GIF 
(kg/m2s)

plateau graph *
4732
4738
48.13
4831
68.00
67.48
67.25ecoflWWW
67.71
8636 
86.39
86.50
87.47
88.72 0701o/JW
87.85

plateau graph *
128.13
125.80
128.96
130.45
130.55
130.47

9.08
9.16
9.45
9.20
9.13
833
9.16
9.06

27.76
2833
28.02
28.17
ff.74
28.15
27.99
4634
47.48 icon9uK
47.14
46.69
46.63
4639
47.53
64.10
6533
66.55
65.80
66.34
65.66

* see Table B. 13

130



TABLE B.12 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS BEFORE
THE BEND (cont.)

GC 
(kg/m2s)

30

30

30

40

40
40

40
40

40

(kg/m2s)

90

110

IX

10

X
50

70
90

110

P
(bar)

1.3

U

L3

L3

1.3
1.3

1.3
1.3

U

PC
(kg/m3)

156

156

156

156

1.56
156

156
1.56

156

GIF 
(kg/m2s)

85.45
84.95
8443
85.45
83.03
84.61
85.33
84.19

105.12
1(6.17
105.14
104.58
10139
103.89
103.74
103.16
128J7
12628
128.15
125.97
124J7
0.89
126.10
126.13

9.10
9.35
9.10
9.42
953
9.12
9.41
9.21

plateau graph *
44.61
4456
44.75
4482

plateau graph *
79.88
79.88
80.04
80.08
97.76
99.24

100.93
97 .28

100.08
98.77
9623

* see Table B.13
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TABLE B.12 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS BEFORE
THE BEND (cont.)

GG 
(kg/m2s)

40

50

50

50

50

50

50

50

GL
(kg/m2s)

130

10

30

50

70

90

110

130

P
(bar)

U

u

U

U

U

1.3

L3

U

Qc 
(kg/m3)

L56

1.56

1,56

L56

1.56

1.56

156

1.56

GIF 
(kg/m2s)

115.64
122.23
122.01
115.76
118.08
122.27
118.14
117.88
118.80H8.97

8.76
9.10
9.23
8.42
8.71 070o./o 
8.93

2130
25.23
25.90
24.30
24.94
24.54
24.77
39.43
40.21
41.45
40.51
40.36
40.16
39.81
40.83
54.40 
56.00
5423
54.61
55.46
56.66
56.33
56.21
53.51
5i54
5183
70.69
AQIK03.00
72.85
72.46
71.69
72.11
71.34
71.23
72^3
8817oo i:00.19
88.27
87.73

104^1 
103.76
105.15
104.94
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TABLE B.12 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS BEFORE
THE BEND (cont.)

GG
(kg/m2s)

60

GO

60

60

60

60

70

70

(kg/m2s)

10

30

10

30

50

70

10

30

P
(bar)

U

1.3

1.4

1.4

L4

1.4

1.4

L4

PC,
(kg/m3)

1.56

L56

1.69

1.69

1.69

1.69

1.69

1.69

GIF 
(kg/m2s)

8$
8.62
8.78m w
8J7 

22.74m\
24.39
22.81
22.33
22.35
9.20
9.01
8.96m
Oflf0.00

8.99
2157
2181
2438
23.66
22,99
2148
23.32
2135
37.39 
36.62
36.11
3632
3633
36.04
36.72
36.54
49.11 
48.54
MMWJX)
48.91
47.33
48.41
50.00
48.91
8.92
9.01
8.78
OQAOJw
8.73
8.69

20.51 
$3!
21.13
2057
20.80
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TABLE B.12 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS BEFORE
THE BEND (cont.)

Gc 
(kg/m2s)

70

70

<*, 
(kg/m2s)

50

70

P
(bar)

1.4

1.4

PC,
(kg/m3)

1.69

1.69

GLF 
(kg/m2s)

31.53
32.04
31.79
31.96
3139
33.03
33.42
44.49
4557
44.68
44^4
44.$
44.63
4421
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TABLE B.13 INFLUENCE OF GAS TAKE-OFF RATE IN THE LIQUID FILM FLOW 
RATE EXTRACTION (FILM REMOVAL TECHNIQUE)

Go
(kg/m2s)

20

20

40

40

ft ,
(kg/m2s)

30

110

30

70

Gas Take-off
(%)

0
1.9
3.8
5.7
6.7
8.9
10.1
10.3
0

1.0
1.3
2.3
4.5
5.0
7.2
8.6
9.0
0

0.3
0.4
0.5
0.8
1.6
2.5
3.2
4.0
4.6
6.6
0

1.0
1.7
2.2
3.2
3.8
4.2
4.7
5.1

Liquid Take-off
(%)
96.0
96.1
98.3
95.6
97.0
97.5
96.1
98.6
49.8
92.9
93.4
95.0
97.2
97.5
97.2
97.8
97.3
90.9
91.0
90.8
90.4
90.7
91.1
91.5
91.1
90.5
91.8
91.3
86.9
88.4
88.6
88.6
89.4
88.9
88.4
88.0
88.1
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TABLE B.14 ENTRAINMENT MEASUREMENTS AFTER THE BEND

(kg/m2s)

20

30

40

50

60

60

70

(kg/m2s)

30

50

70

90

110

130

10

30

50

70

90

110

130

10

30

50

70

90

110

130

10

30

50

70

90

110

130

10

30

10

30

50

70

10

30

50

70

P
(bar)

1.3

1.3

1.3

1.3

1.3

1.4

1.4

ec
(kg/m3)

1.56

1.56

1.56

1.56

1.56

1.69

1.69

Vsc
(mis)

12.8

19.2

25.6

32.0

38.4

35.6

41.5

GLF
(kg/m2s)

28.40

48.14

67.49

87.29

106.74

128.08

9.15

28.40

47.74

66.16

85.47

105.85

126.70

9.13

27.83

46.22

64.73

83.36

104.31

125.44

9.01

26.94

44.30

62.46

80.78

101.52

121.54

8.83

26.14

8.82

26.06

43.16

60.84

8.53

25.02

41.78

60.65

std (GLF) 
(kg/m2s)

0.08

0.30

0.73
1.47

0.41

1.27

0.11

0.18

0.53

0.62

0.88

0.86

1.12

0.18

0.14

0.54

0.32

1.40

0.56

0.63

0.14

0.30

0.25

0.24

2.33

1.54

1.21

0.07

0.13

0.19

0.28

0.29

0.13

0.29

0.18

0.58

0.63

OLE 
(Kg/m2s)

1.40

1.86

2.51

2.71

3.26

1.92

0.85

1.60

2.26

3.84

4.53

4.15

3.30

0.87

2.17

3.78

5.27

6.64

5.69

4.56

0.99

3.06

5.70

7.54

9.22

8.48

8.46

1.17

3.86

1.18

3.94

6.84

9.16

1.47

4.98

8.22

9.35
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TABLE B.15 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS AFTER
THE BEND

Go
(kg/m2s)

20

20

20

20

20

20

90

90

90

30

90

(kg/m2s)

90

50

70

90

110

190

10

90

50

70

90

P
(bar)

U

L3

U

U

U

1.3

U

1.3

U

U

1.3

Qc, 
(kg/m3)

1.56

1.56

L56

1.56

1.56

L56

L56

156

1.56

1.56

1.56

GIF 
(kg/m2s)

28.49
4QCCaxo 
28.56
28.70
48.18
48.50
47.66

68.44
66.19
67.56
67.66
673
8182
89.75
86.87 -
87.10
89.61
85.67
87.06
86.45

106.52
106.80
107.38
106^6
128^5
127.61
12&82
126.33
128.46
125.96
129.42

8.99
9.11
9.90

28.57
28.26
28^7
28.19
47.17
47^48
47.72
65.23
65.61
66.47
65^2
65.68
66.76
67J7
66.47
84.89
84.75
8528
86.95
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TABLE B.15 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS AFTER
THE BEND (cont.)

GC 
(kg/m's)

30

30

40

40

40

40TV

40

40

40

<*,
(k£/m2s)

110

130

10

30

50

70

90

no

130

P
(bar)

U

u

U

1.3

U

U

L3

L3

U

PC,
(kg/m3)

1.56

1.56

1.56

1.56

L56

1.56

1.56

1.56

136

GLF
(kg/m2s)

104.79
107.96
105.90
105.55
105.68
105.60
105.90
1(6.45
124.55
128.22
127.06
125.73
126.93
127.04
127.94
126.14
W
9.34
9.16

27.70
27.81
27.75
28.06
45.73
47.12
45.92
46.12
65.25
64.41
64.69
6iS5
84.39
82.52
83.76
80.26
85^5
W.05
8132
8134

103.15
HUMIWJx
104.37
10171
104^3
10199
104^5
125.43
126.75
125J2
124.74
125.34
12538
124.53
125.77
125.08

138



TABLE B.15 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS AFTER
THE BEND (cont.)

GG 
(kg/m2s)

50

50

50

50

50

50

50

ff\w

60

(kg/m2s)

10

30

50

70

90

110

130

10

30

P
(bar)

L3

L3

L3

1.3

U

L3

L3

L3

L3

PC,
(kg/m3)

1.56

1.56

136

136

136

136

136

136

136

GLF 
(kg/m2s)

9.11 
8.86
9.35
836
831 
836

27.54 
26.64
26.68
26.69
27.04
27.08
27.18
26.69
44.72 
44.09
44.17
44.24
6230
MAOoz.uo 
62.73
6235
8L66 
75.21
8410
80.85
81.41
8033
81.03
81.03
98.09 

101.82
101.66
103.79
102.78
101.07
101.40
10134
119.04 
12235
121.54
122.73
121.69
121.71

8,78
8.90
8.73
830

26.10 
26.32
26.19
2537

139



TABLE B.I5 RAW DATA REFERRING TO FILM FLOW MEASUREMENTS AFTER
THE BEND (cont.)

cc
(kg/m2*)

60

60

60

60

70

70

70

70

GL
(kg/in2*)

10

30

SO

70

10

30

50

70

P
(bar)

1.4

1.4

1.4

1.4

1.4

1.4

1.4

1.4

CG , 
(kg/m3)

1.69

1.69

1.69

1.69

1.69

1.69

1.69

1.69

GIF
(kg/in2*)

8.89
8.75
8.50
9.06m

23.86
25.80
26.07
26.51
43.04
42.76
43.52
4133
60.89
OTQflW.X
60.63
60.87
8.26
8.24
OQJO.SM
8.67

24.99
24.74
25.16
25.18
42.72
41.16
41.71
41.55
60.94 
61.72
60.37
59.49
CAJWwJOi
60.41
60.77
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TABLE B.16 DROP SIZE MEASUREMENTS BEFORE THE BEND

GG
(kg/m2s)

40
40
40
40
40
40
50
50
50
50
50
50
55
55
55
55
60
60
60
60
65
65
65
65
70
70
70
70

GL
(kg/m2s)

30
40
50
70
90
110
30
40
50
70
90
110
20
30
50
70
20
30
50
70
20
30
50
70
20
30
50
70

P
(bar)

1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4

QG 
(kg/m3)

1.56
1.56
1.56
1.56
1.56
1.56
1.56
1.56
1.56
1.56
1.56
1.56
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69
1.69

VSG
(m/s)

25.6
25.6
25.6
25.6
25.6
25.6
32.0
32.0
32.0
32.0
32.0
32.0
32.6
32.6
32.6
32.6
35.6
35.6
35.6
35.6
38.6
38.6
38.6
38.6
41.5
41.5
41.5
41.5

*>J2
(fim)

118.73
117.33
113.51
111.67
110.33
104.77
79.48
76.08
72.96
74.84
78.22
79.96
76.51
77.24
79.08
79.09
73.06
72.55
73.46
75.64
63.19
63.83
65.96
67.54
60.38
59.82
63.19
65.35

std(Dj2) 
(|im)

4.31
3.10
3.51
2.91
3.48
1.31
1.42
0.36
0.52
1.99
0.58
1.49
1.29
0.82
0.72
0.21
1.23
0.58
0.27
0.51
1.43
0.62
0.25
0.67
0.35
0.31
0.81
0.52

DvO.S
(Urn)

175.62
170.81
172.01
165.06
164.44
153.71
118.73
113.86
106.37
110.38
116.45
124.07
118.08
113.45
112.72
116.67
104.53
102.33
104.61
112.60
91.21
91.89
97.61
103.57
86.90
88.50
94.39
101.31

stcKA*^) 
(M

7.98
5.32
5.16
5.89
5.71
2.02
1.48
0.77
1.02
2.33
0.98
0.67
1.30
1.30
0.47
1.04
2.98
0.99
0.73
0.35
1.29
1.02
0.58
0.34
0.67
0.17
1.37
0.31
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TABLE B. 17 RAW DATA REFERRING TO DROP SIZES BEFORE THE BEND

GG
(kg/m2s)

40

40

40

40

40

40

50

50

GL
(kg/m2s)

30

40

50

70

90

110

30

40

P
(bar)

1.3

1.3

1.3

1.3

1.3

1.3

1.3

1.3

GG , 
(kg/m3)

1.56

1.56

1.56

1.56

1.56

1.56

1.56

1.56

Lens Focal 
Length
(mm)

1000
1000
1000
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000

300
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000
1000

300
300
300
300
300
300
300

1000
1000
1000
1000

1000
1000
1000
1000
1000
1000

Log. Diff.

3.842
3.768
3.748
3.081
3.100
3.233
2.806
2.729
3.043

2.375
2.303
2.187
2.514
2.613
2.719
2.719
2.526
2.773
2.666

3.719
2.885
2.911
3.022
2.6%
2.877

3.960
2.185
2.420
2.629
2.040
2.351
2.224

2.420
2.309
1.669
2.044
2.119
2.446
2.559
2.517

2.566
2.809
2.326
2.442
2.497
2.731
2.485

3.120
3.075
2.961
2.764
3.204
2.711
2.832
3.616
2.714
2.605
2.408

2.706
2.724
2.537
2.552
2.483
2.698

D32
(Jim)

123.29
120.59
122.85
112.72
112.53
113.21
119.69
121.22
122.46

123.98
115.88
114.07
116.48
118.24
115.00
118.28
121.36
116.40
113.57

119.81
113.49
115.09
110.34
113.46
108.87

110.40
113.02
113.40
117.11
108.28
108.25
111.25

112.74
114.01
112.64
111.24
114.08
106.51
105.63
105.80

103.82
105.68
104.77
105.91
104.30
102.40
106.52

79.39
79.94
80.37
78.42
78.15
80.01
80.80
8154
77.55
77.68
79.39

75.96
76.71
76.17
76.15

1 75.99
75.50

DvQ.5
(jim)

183.52
178.78
184.80
165.21
165.77
164.20
174.85
179.98
183.45

181.14
167.46
163.76
169.74
171.69
165.54
170.83
178.68
172.87
166.35

181.65
168.09
170.70
167.56
175.88
168.15

162.09
167.69
167.61
175.89
157.86
158.00
166.27

170.47
171.32
166.11
164.25
170.34
158.81
157.44
156.78

151.24
155.77
152.47
154.90
151.24
153.61
156.73

119.82
119.46
117.93
117.10
117.19
118.14
119.54
117.98
118.40
117.93
122.54

113.35
115.18
114.03
113.66
114.23
112.70
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TABLE B.17 RAW DATA REFERRING TO DROP SIZES BEFORE THE BEND (cont.)

GG
(kg/m2s)

50

50

50

50

55

55

55

55

55

GL
(kg/m2s)

50

70

90

110

20

30

30

50

70

P
(bar)

1.3

1.3

1.3

1.3

1.4

1.4

1.4

1.4

1.4

QG 
(kg/m3)

1.56

1.56

1.56

1.56

1.69

1.56

1.69

1.69

1.69

Lens Focal 
Length
(mm)

1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000
1000
1000

1000
1000
1000
1000
1000
1000

300
300
300
300
300
300

300
300
300
300
300
300

300
300
300
300
300
300

300
300
300
300
300
300

300
300
300
300
300
300

300
300
300
300
300
300

Log.Diff.

1.866
1.463
1.321
2.098
2.231
2.029

2.003
1.949
1.919
2.246
2.242
2.384
2.343
2.160

2.453
2.080
2.253
2.566
2.607
2.362

3.532
3.550
3.572
3.547
3.566
3.556

3.646
3.584
3.617
3.117
2.997
2.966

3.173
3.231
3.213
3.743
3.951
3.739

3.067
3.233
3.095
3.328
3.339
3.436

3.655
3.641
3.623
2.919
3.057
2.933

2.938
2.838
2.959
3.015
2.954
2.957

D32
(Hm)

72.63
72.34
7166
73.92
73.30
7192

74.39
74.04
74.75
78.27
77.82
73.04
7131
74.12

78.85
77.61
79.11
77.56
78.18
77.99

81.39
81.65
81.17
77.85
79.09
78.61

75.54
76.28
74.74
76.10
78.20
78.18

7116
7129
7160
71.29
70.19
70.73

76.70
78.90
76.77
77.22
77.47
76.39

79.72
79.61
79.99
78.67
78.24
78.22

79.03
79.05
78.75
79.14
79.45
79.09

DvO.5
((Am)

107.44
106.77
107.58
106.28
105.28
104.86

108.64
108.41
109.00
114.49
113.75
109.59
108.07
111.06

116.99
116.75
117.95
114.74
115.97
1 16.-28

124.70
125.00
123.70
122.98
124.25
123.79

119.47
119.11
116.53
116.07
118.65
118.67

98.84
99.34
99.48

101.35
99.74

100.07

112.56
116.12
113.12
113.07
113.72
11110

113.12
112.66
113.16
113.17
11113
112.09

117.61
117.74
117.61
115.19
116.26
115.59
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TABLE B.17 RAW DATA REFERRING TO DROP SIZES BEFORE THE BEND (cont.)

GG
(kg/m2s)

60

60

60

60

65

65

65

65

70

70

GL
(k£/m2s)

20

30

50

70

20

30

50

70

20

30

P
(bar)

1.4

1.4

1.4

1.4

1.4

1.4

1.4

1.4

1.4

1.4

6°,
(k£/m3)

1.69

1.69

1.69

1.69

1.69

1.69

1.69

1.69

1.69

1.69

Lens Focal 
Length
(mm)

300
300
300
300
300
300
300
300
300

300
300
300
300
300
300

300
300
300
300
300
300
300
300
300
300
300
300

300
300
300
300
300
300

300
300
300

300
300
300
300
300
300

300
300
300

300
300
300
300
300
300

300
300
300
300
300
300

Log. Diff.

3.736
3.748
3.715
3.777
3.828
3.827
3.423
3.285
3.193

3.829
3.893
3.902
2.986
2.853
2.797

3.268
3.392
3.562
3.389
3.292
3.211
3.130
3.005
3.143
3.107
3.176
3.150

3.334
3.297
3.295
3.290
3.299
3.237

3.155
3.135
3.155

3.023
3.046
2.992
3.005
3.038
3.022

2.918
2.973
2.703

3.380
3.412
3.356
3.068
3.098
3.177

2.795
2.783
2.798
2.730
2.715
2.821

D32
((Am)

75.61
73.03
74.59
73.47
7153
7153
71.76
7112
71.88

7114
7174
71.81
7134
73.65
7162

73.87
73.18
73.71
73.41
73.49
73.12
75.45
75.73
75.20
74.93
76.18
76.35

61.91
61.33
6130
63.88
65.22
64.50

63.28
63.52
64.69

66.04
66.01
66.42
65.80
65.64
65.85

67.65
68.30
66.68

60.39
60.43
60.27
61.09
60.01
60.09

59.78
60.09
60.04
60.14
59.61
59.27

Aft5
(fim)

109.92
106.45
109.00
103.09
101.15
101.83
102.69
103.51
103.14

102.86
103.80
102.46
100.81
102.72
101.35

105.51
104.28
105.55
104.33
104.49
103.47
112.35
113.03
112.29
112.24
112.56
113.12

90.27
89.26
91.23
91.02
93.30
9117

90.72
91.73
93.21

98.02
97.85
98.56
97.07
96.92
97.25

103.45
104.04
103.23

87.01
87.66
86.98
87.65
85.79
86.33

88.47
88.72
88.44
88.71
88.43
88.22
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TABLE B.17 RAW DATA REFERRING TO DROP SIZES BEFORE THE BEND (cont.)

GG
(kg/m^s)

70

70

d
(kg/mas)

50

70

P
(bar)

1.4

1.4

QC 
(kg/m3)

1.69

1.69

Lens Focal 
Length
(mm)

300
300
300
300
300
300
300
300
300

300
300
300
300
300
300

Log. Diff.

3.029
2.969
2.996
4.370
4.642
4.969
3.417
3.443
3.381

2.780
2.946
2.724
3.540
3.518
3.551

D32
(Hm)

63.94
63.99
64.36
63.10
62.45
61.53
63.03
63.04
63.28

65.06
64.76
64.72
65.88
65.77
65.91

Drt.5
(jim)

95.59
95.74
96.23
95.22
94.54
94.36
92.52
92.51
92.80

101.45
101.57
101.75
101.15
100.84
101.11
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TABLE B.18 DROP SIZE MEASUREMENTS AFTER THE BEND

Gc
(kg/m2s)

40
40
40
50
50
50
60
60
60
70
70
70

GL
(kg/m2s)

50
70
90
50
70
90
30
50
70
30
50
70

p
(bar)

1.3
1.3
1.3
1.3
1.3
1.3
1.4
1.4
1.4
1.4
1.4
1.4

Qc 
(kg/m3)

1.56
1.56
1.56
1.56
1.56
1.56
1.69
1.69
1.69
1.69
1.69
1.69

VSG 
(kg/m3)

25.6
25.6
25.6
32.0
32.0
32.0
35.6
35.6
35.6
41.5
41.5
41.5

D32
(Urn)

195.80
204.42
192.21
135.54
134.53
129.40
126.73
110.46
109.65
104.62
100.06
87.25

Std(D32)
(H"i)

8.96
5.60
5.27
2.04
1.99
1.23
0.98
5.64
1.82
5.39
5.11
1.40
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TABLE B.19 RAW DATA REFERRING TO DROP SIZES AFTER THE BEND

Gc
(kg/m2s)

40

40

40

SO

50

50

60

60

60

70

70

70

<*, 
(kg/m2s)

50

70

90

50

70

90

30

50

70

30

50

70

P
(bar)

1.3

1.3

1.3

1.3

1.3

1.3

1.4

1.4

1.4

1.4

1.4

1.4

Qc 
(kg/m3)

1.56

1.56

1.56

1.56

1.56

1.56

1.69

1.69

1.69

1.69

1.69

1.69

D32
(Hm)

195.7
186.71
185.27
203.02
208.29

199.59
212.26
201.4

188.55
199.67
188.42

132.76
137.6

136.26

131.69
134.27
133.61
135.35
137.73

127.66
130.36
130.18

125.1
125.88
127.27

126.6
127.78
127.73

117.44
117.16
104.46
106.47
106.76

108.16
108.59
112.21

110.73
109.24
99.07
99.44

96.32
94.37
94.28
105.3

104.81
105.26

86.71
85.87
89.17
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Appendix C

USE OF A CLASS HIA LASER IN THE HORIZONTAL TWO-PHASE
FLOW RIG

CONTENTS

C.I. Scope

C.2. Laser Characteristics

C3. Location

C.4. Laser Responsible Officer

C.5. Laser Operator

C.6. Laser Safety

C.6.1. Designated Laser Area (DLA)

C.6.2. Interlocked Access to DLA

C.6.3. Safety Features of Malvern 2600 Particle Sizer 

C.6.3.1. Labelling 

C.6.3.2. Key Control

C.6.4. Training

C.6.5. Laser Goggles 

C.7. References
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C.I. Scope

This document is concerned with the laser safety precautions that should be undertaken when 
using the Malvern 2600 Particle Sizer to measure drop sizes in the Two-Phase Flow Rig.

C.2. Laser Characteristics

The Malvern 2600 Particle Sizer uses a 2 mW Helium/Neon laser, with output wavelength of 
633 nM, having a 9mm beam expansion, collimation and spatial filtering for TEM 00 mode. 
This laser is considered of Class niA according to BS 4803.

For the Long Bed Option the beam expansion is 18 mm, so the output power of the laser is 
reduced.

C3. Location

The Malvern instrument will be operated with the Two-Phase Flow Rig, situated at the 
balcony of Building 392. The laser instrument does not affect the rig performance or operating 
instructions.

C.4. Laser Responsible Officer

The Malvern 2600 Particle Sizer is under the responsibility of Dr. P. Birchenough.

C.5. Laser Operator

The apparatus will be operated by Ms. Albina Ribeiro. The proposed laser operator has 
received previous training which includes:

• Watching a video about laser safety.

• Previous operation of a Malvern Particle Sizer in the Double Closed Loop Rig, 
Building 10.4-Bay D (rig no longer in operation).

C.6. Laser Safety

This section deals with the safety precautions required when operating the Particle Sizer (a 
Class IHA laser).

C.6.1. Designated Laser Area (DLA)

Operation of the laser must be inside a complete cubicle, whose walls define the designated 
laser area. All the walls and the door were checked to ensure that they are opaque to laser 
radiation.
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Warning signs carrying the laser classification are displayed at access points of the DLA, and 
and the access of unauthorised persons is prohibited while the laser is in operation.

Also, warning lights are installed at the entrance of the area. An amber warning light will 
operate with the laser power supply, and a red warning light will indicate when the laser is 
emitting or has the potential to emit.

C.6.2. Interlocked Access to DLA

The entrance of the DLA is interlocked such that it is not possible for anyone to enter the area 
without preventing the laser from emitting light by activating a shutter. If the DLA door is 
opened by an unauthorised person while the laser is in operation, a shutter which blocks the 
laser beam is automatically released. The shutter system is preferable to an interlock on the 
laser power switch since it is not recommended the laser should be switched on and off.

C.6.3. Safety Features of Malvern 2600 Particle Sizer

C.6.3.1. Labelling

The laser system is labelled according to BS 5378 and the SAFETY CODE CLM-SC17. 

The following labels (Figure C.I) are displayed on the laser unit:

i) A hazard label and a supplementary yellow label bearing the following words in black 
letters:

'LASER RADIATION
CLASS 3A LASER PRODUCT

Max. output 5mW CW
He-Ne 632.8 nM'

ii) A prohibition label and a red supplementary label bearing the following inscription in white 
letters:

'DO NOT STARE INTO BEAM'

iii) A mandatory label and a blue supplementary label bearing the following words in white 
letters:

'OBTAIN SAFETY OFFICERS APPROVAL FOR USE OF OPTICAL INSTRUMENTS' 

iv) The protective housings have a warning label affixed with the following inscription:

'CAUTION 
Laser radiation when panels open and interlocks overridden'
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Laser radiation
CLASS 3A 

Laser product

Do not stare 
into beam

Obtain safety officer's 
approval for use of 
optical instruments

Figure C.I Labels on the laser unit.



C.6.3.2. Key Control

The Malvern Drop Sizer is provided with a keyswitch for authorised control of power input.

C.6.4. Training

The operation of the laser system must be made only by persons who have received training 
to an appropriate level.

C.6.5. Laser Goggles

The use of appropriate laser goggles is not mandatory with Class mA lasers. However, laser 
goggles are optionally provided which filter out the light of wavelengths related to the laser 
light.

C.7 References

BS 4803, Guide on Protection of Personnel against hazards from Laser Radiation, 1972.

CLM-SC17 SATETY CODE, Safety in the Use of Lasers in the Laboratory, 1982, UKAEA. 

Instruction Manual-System 2600, Issue 2.1, 1991, Malvern Instruments Ltd.
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Appendix D

STILL PHOTOGRAPHS OF THE HORIZONTAL TWO-PHASE
FLOW

CONTENTS

Figure D. 1 Flash photographs of air-water flow taken upstream of the bend. 

Figure D.2 Flash photographs of air-water flow taken from the inside of the bend. 

Figure D.3 Flash photographs of air-water flow taken from above the bend. 

Figure D.4 Flash photographs of air-water flow taken from the outside of the bend. 

Figure D.5 Flash photographs of air-water flow taken from under the bend. 

Figure D.6 Flash photographs of air-water flow taken downstream of the bend.
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GL = 10 Kg/n^s GL = 30 Kg/m2s GL = 50kg/m2~s GL = 70 Kg/m^ GL = 90 Kg/m2s GL = HO Kg/m2s

GL = 10

GL = 130 Kg/m2s

GL = 10 Kg/m2s

GL = 10 Kg/n^s

GL = 30 Kg/rn^ GL = 50 Kg/m2s GL = 70 Kg/n^s GL = 90 Kg/m2s

GL = 150 Kg/m2s GL = 170 Kg/m2s

GL = 30 Kg/m2s GL = 50 Kg/m2s GL = 70 Kg/m^ = 90 Kg/m2s

1~o

O
O

GL = 30 Kg/m2s GL = GL = 70 Kg/m^

GL = HO Kg/m2s

GL = 10 Kg/m

DO

Ocs

oo

Figure D. 1 Flash photographs of air-water flow taken upstream of the bend 
(flow from right to left)
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GL = 110Kg/m2s

GL = 10 Kg/m2s

Figure D.2 Flash photographs of air-water flow taken from the inside of the bend 
(flow from right to left)
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Figure D.3 Flash photographs of air-water flow taken from above the bend (flow 
from left to right)
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Figure D.4 Flash photographs of air-water flow taken from the outside of the 
bend (flow from left to right)

GL = 10 Kg/m2s
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Figure D.5 Flash photographs of air-water flow taken from under the bend (flow 
left to right)
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Figure D.6 Flash photographs of air-water flow taken downstream of the bend 
(flow from right to left)



Appendix E

CALCULATION OF LIQUID FILM THICKNESS IN HORIZONTAL
ANNULAR FLOW

Laurinat et al (1984) proposed that a convenient method to calculate film thicknesses in 
horizontal tubes could be given by the relation:

m _ 6.59 FH 
dt " [2.3 5 + (90 Ftf

The horizontal flow factor FH is defined as:

,, _FH ~

where RCQ is the gas Reynolds number. The function YH(^LF) is given by:

= [(0.566 Re^)2-5 + (0.0303 Re^)25] 04 (E.3)

is the liquid film Reynolds number.

Equations (E.I) and (E.2) can be solved by successive substitution for m in (E.I) and Res in 
(E.2), starting with the estimate of m - 0.

This method was employed to calculate the average height of the film around the pipe 
circumference for the 0.032 m tube used in this investigation, allowing finally the calculation 
of actual velocities of the gas phase
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Appendix F 

TIME FLIGHT OF A DROP

Once a drop is released from the liquid film, it is accelerated by the moving gas stream. To 
calculated the time required for a drop to reach a given velocity, a simple method was used. 
It was based on the same principles followed by Gibbons (1985), but modified accordingly, 
so it could be applied to horizontal conditions. The magnitude of the drag force is given by:

n n d vDz _ CD , m „ ^i nQL ~~6"~ ~~dT ~ T QG ( G ~ Dz)

where D is the drop diameter, UG is the gas velocity, VQZ is the axial drop velocity and CD is 
the drag coefficient.

The drag coefficient was given by a correlation proposed by Lapple and Shepherd (1941), as:

CD = ET + a44 (F- 2)

and the particle Reynolds number is defined by:

= (UG - vDz) - (F.3)

Substituting equations (F.2) and (F.3) into equation (F.I):

d vDz _ IS H G 0.33 QG _ .2" (u _ 
d Z ( G

If X = UG - VDZ , and UG is a constant, then:

(F.5) dt dt

Substituting (F.5) in equation (F.4), gives:

aXl + bX (F.6) at
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where

a = 0.336 Qc (F.7)

b = 18

By integration of equation (F.6):

(F.8)

I 
b (F.9)

If the initial velocity of the drop is considered to be negligible, then XQ = UG, the time flight 
of a drop from the moment of its creation (70) can be finally calculated as:

(F.10)

where a and ft are given by (F.7) and (F.8), respectively.

A drop with a diameter of 0.5 mm travelling in a gas stream of GG = 20 kg/m2s at a pressure 
of 1.2 bar (QG = 1.44 kg/m3) will take 0.67 s to reach a velocity of 12.5 m/s (= 0.9 Lfc). In this 
case, the gas velocity was considered to be close to the superficial gas velocity (Ucs =13.9 
m/s).
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Appendix G 

EXPERIMENTAL RESULTS FOR VERTICAL TWO-PHASE FLOW

CONTENTS

Table G.I Film flow rate measurements in vertical flow. 

Table G.2 Drop size measurements in vertical flow.
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TABLE G. 1 - LIQUID FILM FLOW RATE MEASUREMENTS IN VERTICAL FLOW

GG

60

80

100

120

GL

40
60
80
100
120
40

60
80
100
120
40
60
80
100
120
40
60
80
100
120

GIF
kg/m2s

37.35
56.96
75.89
94.86
114.97

36.81
52.45
70.44
86.77
103.08
35.02
49.13
64.04
78.32
91.70
31.71
42.96
57.58
71.19
81.22

GLE

2.65
3.04
4.11
5.14
5.03
3.19

7.55
9.56
13.23
16.92
4.98
10.87
15.96
21.68
28.30
8.29
17.04
22.42
28.81
38.78

Datum*

39.19
57.94
75.23
93.11
111.96
37.33

53.26
69.77
85.49
102.41
33.73
49.05
61.55
75.41
89.15
32.28
45.26

—
—
—

PD
%

-4.93
-1.72
+2.62
+1.84
+2.62
-1.41
-1.54

+0.95
+1.47
+0.65
+3.68
+0.16
+3.89
+3.71
+2.78
+1.80
-5.35

—
—
—

* Calculated liquid film flow rate from Table 1 in Jepson et al (1989)
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TABLE G.2 - DROP SIZE MEASUREMENTS IN VERTICAL FLOW

GG GL
kg/m2s

80

100

120

40
60
80
100
120
40
60
80
100
120
40
60
80
100
120

*>32 Datum*
Jim

45.18
42.54
41.50
40.76
41.02
34.39
34.23
34.21
34.66
33.26
26.37
27.50
28.49
29.11
30.48

43.59
41.41
43.12
42.57
44.38
32.93
31.76
33.53
34.66
35.76
26.49
26.92

—
—
—

PD 1

%
+3.52
-2.66
-3.90
-4.44
-8.19
44.24
+7.22
+2.00

0
+7.52
-0.45
+2.11

—
—
—

* Results from Table 1 in Jepson et al (1989)
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