
 Eindhoven University of Technology

MASTER

The onset of liquid loading in inclined tubes

Keuning, A.

Award date:
1998

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/b282d2bb-dfaf-450c-b010-74bfe747053c


The onset of liquid lo ding 
in inclined tubes 

,. 



The onset of liquid loading 
in inclined tubes 

Arjen Ketming 

November 1997 

Supervisors: Prof. dr. ir. M. E. H. van Dongen (TUE) 
ir. P. H. J. Verbeek (SIEP) 
dr. R. G. Smeenk (SIEP) 
dr. ir. M. C. A. M. Peters (SIEP) 



Abstract 

In this investigation the effect of tube inclination on the process of liquid loading has 
been studied. Knowledge of the effect of inclination is needed to optimize production from 
deviated wet gas wells and to be able to fully benefit from downhole processing. 

By means of experiments performed in an inclinable tube the reversal of the liquid flow 
direction and the effect of inclination on this process have been studied. The experiments 
revealed that reversal of the liquid flow direction takes place over a range of gas flow rates, 
which has been called the reversal zone. This reversal zone is shown to be affected by 
tube inclination. By inclining the tube from the vertical, the reversal zone appeared to 
shift to higher gas flow rates. At inclination angles larger than 45°, however, this trend 
reverses. Furthermore it has been observed that with inclination of the tube the reversal 
zone becomes smaller. 

The traditional Turner criterion was found to give a satisfactory preelietion of the onset of 
liquid loading in vertical tubes. However, the criterion can not accurately predict liquid 
loading in inclined tube flow. 
An alternative model is proposed that accounts for liquid transport both through a film 
along the tube wall and through drops entrained in the gas core. Liquid loading is novv 
related to the stability of the wallliquid film, taking into account the liquid mass transfer 
between film and droplets. The model has been validateel for vertical pipe flow and also 
shows good agreement with the experimental observation. In principle this model can be 
extended to inclined tube flow. 
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Chapter 1 

Intrad u ct ion 

Gas wells are underground reservoirs that contain gas phase hydrocarbons, usually at high 
pressure. To transport these gases to the surface a tube is connected to the reservoir. 
Traditionally the tube is vertical, but since the introduetion of deviated well drilling some 
years ago several wells exist where the tube is inclined. 

The bottam part of the tube is perforated and penetrates into the reservoir. Because the 
pressure in the reservoir is higher than the pressure at the surface the gas ent~rs the tube 
through the perforations and flows to the surface. Producing gas from the well reduces 
the pressure in the reservoir. Consequently, the pressure gradient over the tube decreases, 
which in turn causes a decrease in the gas flow rate. 

Wet gas wells contain liquid phase material as well as the gas phase hydrocarbons. This 
liquid can be water or liquid hydrocarbons from condensation of the gas. The amount of 
liquid in gas wells is generally low: typically 10-3 % of the volume. If the velocity of the 
gas is sufReient it transports the liquid phase material to the surface. 

Because of a phenomenon called liquid loading less gas is produced from a wet gas well 
compared to the potential production from the well if it were dry: In a depleted wet gas 
well the gas flow rate may not be sufReient to transport the liquid to the surface. In that 
case the liquid accumulates downhole. This downhole accumulation of liquid is called liquid 
loading. 

The accumulated liquid blocks off the perforations, soit has to leave the tube befare further 
production of the gas is possible. It is even possible that the production of gas is inhibited 
completely. In that case the well is said to be killed by the accumulated liquid. Liquid 
loading is one of the major problems that are encountered during the continued production 
of depleted wet gas wells. 

Liquid loading can be postponed, although it can not be avoided. A common drawback 
of the methods used to postpone liquid loading is the fact that less gas is produced daily 
when such a methad is applied. One of the methods used for that purpose, the installation 
of velocity strings, is described in the next section. Thereby liquid loading is postponed, 
but for economical reasans a high rate of gas production should be maintained as long as 
possible. To optimize production from a wet gas well a reliable predietien of the onset of 
liquid loading is needed. 

1 



2 The onset of liquid loading in inclined tubes 

Various models have been proposed to predict the onset of liquid loading, but none of them 
has been developed for inclined pipe flow. Either explicitly or implicitly the models are 
based on vertical tubes. To be able to predict the onset of liquid loading in deviated wells 
it is necessary to study how liquid loading is affected by inclination of the tube. 

It is the objective of this investigation to determine the effect of tube inclination on liquid 
loading. By means of experiments performed in an inclinable tube the process of liquid 
loading and the effect of inclination on this process are studied. Also an attempt has been 
made to develop a modelbasedon descriptions of film flow and droplet flow, which can be 
used to predict the onset of liquid loading in an inclined tube. 
The investigation has been initiated by Shell International, Research and Techical Services 
and it has been carried out in cooperation with the Eindhoven University of Technology 
as a graduation project for the faculty of applied physics. The project has been sponsored 
by NAM. 

This report consists of four parts. The first part is an introduction. The impact of liquid 
loading on the production of gas from a wet gas well will be illustrated and a survey will be 
given on the literature. Also the differences that may be expected when the tube is inclined 
will be discussed. In the second part the experimental part of this investigation will be 
discussed and the results of the experiments will be presented. In the third part the model 
will be presented and it will be compared to the experimental results. The report finishes 
with a general discussion and some recommendations will be given for further studies. 

Figure 1.1: Performance plot for a wet gas welt and a dry gas welt 

1.1 The impact of liquid loading 

The effect of liquid loading on the production from a gas well is clearly illustrated by the 
gas well performance plot of a wet gas well and that of a dry gas well, shown in figure 1.1. 
For (hypothetical) gas wells these plots show the gas production rate as a function of the 
presure in the reservoir. 
As has been mentioned in the introduction, the production of gas from the reservoir to the 
surface causes the reservoir pressure to decrease. The dry gas-curve in the performance 
plot shows that when the reservoir pressure decreases, the production rate of a dry gas well 
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Figure 1.2: Performance plot Jor a wet gas well producing gas through a 7" or a 3.5" tube 

decreases gradually until it reaches zero. At this point the production of gas stops because 
the pressure drop over the tube is equal to the hydrastatic pressure. 
At a high reservoir pressure the gas production rate of a wet gas well is only slightly lower 
than that of a dry gas well. Initially the wet gas-curve shows a gradual decrease, like the 
dry gas-curve, but below a certain reservoir pressure the wet gas-curve suddenly drops to 
zero. When no gas is produced to the surface anymore, the reservoir still contains gas 
which would have been produced if the well were dry. The well is said to be killed. 

Nowadays methods are used which enable further production of this spare gas. One of these 
methods is the use of so-called velocity strings. A velocity string is a smaller diameter tube 
that is inserted into the original tube. The principle this method is based on is illustrated 
by figure 1.2, which shows the wet gas-curve for both a 7" and a 3.5" tube. It shows that 
when a 3.5" tube is used liquid loading occurs at a lower reservoir pressure, which means 
that more gas has yet been produced from the well. 
Ho wever, figure 1. 2 shows another effect of using a veloei ty string: Wh en a smaller diameter 
tube is used the rate of gas production is significantly lower. Economical considerations 
therefore require that the instaBation of a velocity string is postponed untilliquid loading 
occurs, but not until the well is killed. This requires an accurate prediction of the onset of 
liquid loading. 

1.2 Literature survey 

Through a lot of research over several decades a considerable knowledge has beengainedon 
the subject of liquid flow reversal in wet gas wells. It is generally agreed that the prevalent 
flow pattem in a vertical wet gas well is annular dispersed flow. Annular dispersed flow 
is characterised by a liquid film flowing along the tube wall and liquid drops entrained in 
the gas that is flowing near the centre of the tube. The liquid in the film and the drops 
experience an interfacial shear stress that is exerted by the gas flow. As a result of this 
shear stress the liquid flows upward against gravity. In general the upward velocity of the 
liquid in the film is much lower than the velocity of the drops and the gas. 
The prevalenee of this flow pattem was affirmed by a video-recording from a camera that 
was lowered into a gas well at liquid loading conditions. This recording showed distinctly 
the existence of a liquid film and a mist of drops. Based on this flow pattem models have 
been developed for the prediction of liquid loading, some of which are mentioned below. 



4 The onset of liquid loading in inclined tubes 

1.2.1 The Turner criterion 

The Turner criterion is probably the best known prediction of the onset of liquid loading. 
It was presented in 1969 and even today it is used for most of the existing gas wells. In 
this section the investigation of Turner et al [THD69], which led to the criterion will be 
discussed shortly. 
It was recognised that liquid is transported as a liquid film and as drops. Although there is 
a continuous exchange of liquid between the film and the drops, the transport mechanisms 
were treated separately. For each mechanism a model was developed and the separate 
models were compared with experimental data. From an analysis of these two models it was 
concluded that the movement of liquid drops is the cantrolling mechanism for the remaval 
of liquid from gas wells. Furthermore it was found that the minimum flow conditions for 
liquid removal are those that will provide a gas velocity sufReient to remove the largest 
drop that can exist. 
This is the principle the Turner criterion is based on. The required velocity is calculated 
using drop break-up and partiele mechanics, which is described in more detail in section 
3.5.1, and leads to the following equation: 

I 

V = (40 (Pt- p9 ) ga) 4 

g c p2 D g 
( 1.1) 

This equation has been compared with field data, which showed that an upward adjustment 
of approximately 20 percent is needed to ensure the remaval of allliquid from a well. This 
yields the following equation: 

I 

V = k ( (Pt - P9 ) ga) 4 

gT T C 2 ' 
DPg 

( 1.2) 

with the constant kr = 2.91. The Turner criterion states that the minimum gas velocity 
that is needed for the continuous removal of liquid from a gas well is given by equation 1.2. 

1.2.2 Further research on liquid flow reversal 

With their study Turner et al provided a method to predict the onset of liquid loading 
which was not entirely empirical. As described in the previous paragraph it was based 
on a pysical analysis of the movement of liquid drops. However, the conditions for the 
onset of liquid loading according to Turner do not account for tube inclination nor for the 
water/ gas ratio. Therefore the accuracy of the prediction is not sufReient to postpone the 
killing of inclined wet gas wells optimally nor is it sufReient to fully benefit from so-called 
downhole processing, such as gas dewatering and gas compression at the bottorn of the 
tube ( downhole). 
From video-recordings and numerical simulations [P96] it became clear that at the onset 
of liquid loading the drops were still flowing upward, whilst the liquid in the film flowed 
downward. In contradiction to the mechanism advocated by Turner, this suggests that 
liquid loading is initiated by reversal of the flow direction of the film, rather than the 
drops. 
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Other investigators have concentrateQ. on the movement of the liquid in the film. Some 
considered the process of liquid loading [II81], but special interest was given to the subject 
of flooding [H96, R81, JN96]. Flooding is the opposite of the process that causes liquid 
loading: Liquid loading is a result of the transition from total upward liquid transport to 
downward liquid flow, while flooding is the transition from total downward liquid flow to 
the occurrence of upward liquid transport. In this investigation the onset of liquid loading 
is defined as the minimum gas flow rate resulting in total upward liquid transport. The 
flooding point is defined as the maximum gas flow rate without any upward flowing liquid. 
In the literature the difference between the onset of liquid loading and the flooding point is 
not very explicit, but between these two charaderistic gas flow rates a range of flow rates 
exists where part of the liquid is transported upward and part flows downward. This range 
of gas flow rates is called the liquid flow reversal zone, or simply: reversal zone. 
The analyses of liquid film movement provided metho~s to predict the location of the 
reversal zone which take the water/gas ratio into account. However, a consistent difference 
with the predictions of the Turner criterion did not come forth. Furthermore, the influence 
of tube inclination remairred unattended. 

The contribution of Oudeman et al (1990) to the knowledge on liquid loading and well 
killing is worth to be mentioned [090]. By carrying out specially designed field tests in gas 
wells all over the world they collected a vast amount of data concerning the critical gas 
flow rate for liquid loading and the period over which wells load up, until they are killed. 
These data have been analysed to identify which of the existing methods for predicting 
liquid loading were most accurate and to improve these if necessary. 

1.3 Inclination 

The expected effect on liquid flow reversal of tube inclination will be discussed in this 
section. The main effect of tube inclination is the change of the direction of the tube axis 
relative to the direction of gravity. In this section two considerations will be given on the 
way liquid flow reversal is influenced by this effect. 

Regarding the forces that are acting on the liquid in axial direction, liquid flow reversal 
should take place at ever lower gas flow rates when the angle of inclination from the vertical 
increases. Primarily the liquid in the tube experiences two forces: shear stress exerted by 
the gas flow in upward direction and a downward force due to gravity. When the tube is 
inclined the component of gravity along the tube axis, which is the opposing force to the 
shear stress, becomes smaller. Therefore a lower shear stress will be needed to overcome 
the gravitational force and "blow" the liquid out of the tube. This consideration suggests 
that in inclined tubes liquid flow reversal will take place at lower gas flow rates. 

Consiclering the effect of inclination on the flow pattern, liquid flow reversal should occur 
at higher gas flow rates if the tube is inclined. In a vertical tube the distribution of the 
thickness of the liquid film is uniform, because the forces acting on the liquid are directed 
along the tube axis and this symmetry is reflected in the distribution of liquid around the 
tube. In an inclined tube the distribution of the liquid film will not be uniform. Gravity 
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is no langer acting axially and this causes the liquid to accumulate at the bottorn side of 
the tube. With inclination of the tube the film thickness at the bottorn of the tube will 
grow and at the top of the tube it will become thinner [V96]. 
The shear stress that is exerted by the gas acts on the interface between the liquid film 
and the gas and the liquid in the film is dragged along as a result of the viscosity of the 
liquid. Therefore a thin film is transported upward more easily. lnclination of the tube 
causes the film to grow at the lower side of the tube. This means that a higher shear stress 
is needed for the upward transport of the entire film. Therefore liquid flow reversal may 
he expected to occur at higher gas flow rates when the tube is inclined. 

The experiments described in the next chapter of this thesis are carried out to determine 
the effect of inclination on liquid flow reversal. The above considerations each lead to an 
expectation concerning this effect. (Un- )fortunately these ~xpectations are contradictory: 
The first consideration suggests that liquid flow reversal in inclined tubes will take place 
at lower gas flow rates, while the second consideration suggests that it will take place at 
higher gas flow rates. 



Chapter 2 

Experimental work 

At Shell Research and Technica! Services in Rijswijk, The Netherlands, an experimental 
setup has been built, which has been used to study air-water flow in an inclined tube. 
Special interest was given to the conditions at which the direction of the liquid flow reverses 
and to the influence of inclination on these conditions. 
In this chapter the experimental setup will be described, as well as the experiments that 
have been performed. Following a description of the equipment the measuring methods 
and the results of the measurements will be discussed. 

2.1 The equipment 

The equipment that has been used in this investigation is shown schematically in figure 
2.1. The equipment consistsof a 12m long cylindrical test section with an inner diameter 
of 50mm, into which air and water are injected separately. The test section has been 
constructed of six perspex segments, ea.ch ha. ving a.length of 2m, which have been connected 
by fla.nges. The test section ha.s been a.tta.ched to a. rig which ca.n be inclined to a.ny a.ngle 
between horizontal a.nd vertica.l. At the top the test section is open to the a.tmosphere, at 
the bottorn air is injected axia.lly a.nd at 4m downstrea.m of the locus of gas injection water 
is injected through a. porous section of the tube wa.ll. The air lea.ves the test section at the 
top, the liquid ma.y lea.ve the test section either at the top or at the bottom. 
At the top of the test section a. facility ha.s been built to collect the liquid when it is 
tra.nsported upwa.rds. This fa.cility consists of a. bucket which is placéd on top of the test 
section and a. funnel, which ha.s been mounted upside down in the bucket, as indica.ted in 
figure 2.1. Liquid tha.t flows a.long the wa.ll of the test section flows directly into the bucket. 
Liquid drops are blown into the funnel a.nd flow a.long the inside of the funnel towa.rds its 
brim, where they drip into the bucket. The bucket is dra.ined a.nd the liquid is collected in 
a.nother bucket which is pla.ced on a. sca.le for weighing. 

7 
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Figure 2.1: The setup 
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Figure 2.2: The bottam fiange for air injection and liquid drainage 

The gas section The air is injected through a specially designed bottom flange, shown 
in figure 2.2. 
The air flows through the nozzle at the centre of the flange, which has an inner diameter 
of 27mm. Before the gas enters the test section, it is transported through a 36mm i.d. 
flexible tube between the gas supply and the test section. At the gas supply the gas flow 
rate is controlled using an adjustable valve. As shown in figure 2.1, downstream of the 
valve the flow rate, the pressure and the temperature of the gas are measured. Details of 
the measuring instruments are discussed in section 2.2. 
Besides injection of the air the bottorn flange allows liquid to drain from the tube. The air
injection nozzle penetrates lücm into the test section, so liquid that is flowing downwards 
can accumulate between the nozzle and the tube wall. Through a hole in the flange the 
accumulated liquid drains from the tube towards a reservoir. The flange has been mounted 
in such way that the hole is at the lowest point of the tube, even if the tube is inclined. 
To enable undisturbed liquid drainage the reservoir should be vented, but care should be 
taken not to loose any of the gas. Therefore the vented air from the reservoir is re-injected 
into the test section opposite to the liquid drainage hole. 

Physical properties of the gas The air that has been used in the experiments was 
supplied at a pressure of 8bar. Since the test section is open to the atmosphere the 
conditions in the test section are assumed to be atmospheric. The mass density and the 
dynamic viscosity of the air at atmospheric pressure and temperature (p0 = l.Olbar and 
T0 = 293K) are p9 = 1.21kg/m3 and f.lg = 1.82 · 10-5 Pas. 

The liquid section The water is injected through a porous section of the tube wall, in 
order to create a liquid film and initially not too many drops. The injection section that 
has been designed for this purpose is shown in figure 2.3. 
The water is injected in an annulus on the outside of the porous tube wall and soaks into 
the test section. In order to obtain an equally distributed film thickness the water enters 
the annulus through four holes that are equally spaeed around the tube. 
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Figure 2.3: The liquid injection section 

Before the water enters the injection section it is transported through a .flexible hose. 
The liquid flow rate is controlled with an adjustable valve. Immediately upstream of this 
adjustable valve a hall valve has been placed, which can be used to switch the liquid flow 
on and off without changing the flow rate setting. Upstream of the valves is a flow meter. 
Technical details of the flow meter will be discussed in section 2.2. 

2.2 Measurements 

In this section the measurements and the measuring method will be discussed. The location 
of the measuring instrumentsis indicated in figure 2.1. The most essential measurements 
are the gas and the liquid flow rates. These will be discussed first. Thereafter the additional 
measurements will be discussed, which are mainly used for monitoring. Having discussed 
all measurements the measuring method is discussed. 

The gas flow rate A Foxboro E83W vortex flowmeter is used to measure the volumetrie 
gas flow rate. 
Since the gas is a compressible medium its volume, and consequently the volume flow, 
depends on the pressure and the temperature. An increase of the temperature or a decrease 
of the pressure causes the volume to expand and the volume flow rate to increase. Because 
the flowmeter is not calibrated for changes in pressure and temperature, the temperature 
and the pressure are measured as well, to enable correction for the volume expansion. 
The pressure at the location of the flowmeter is measured with a Translnstruments pressure 
transmitter. The temperature is measured using a TempControl temperature transmitter. 
For the correction the following relation has been used: 

PmTo 
Qg = -T Qg,m, 

Po m 
(2.1) 

where the subscript m indicates measured values; p0 and T0 are the atmospheric pressure 
and temperature. 
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The liquid flow rat es The injected liquid flow rate, mz, has been measured using a RS 
turbine flow sensor. This sensor measures the volume flow of the liquid. Because water 
is an incompressible medium changes in pressure and temperature do not affect the flow 
rate, so correction is not necessary. 
The flow rates of liquid that is flowing out of the test section have not been measured 
directly. The liquid which drains from the tube through the bottorn flange is collected in a 
reservoir, which is marked with a level indication. The flow rate of the drainage flow, mzd, 
is determined from the increase of the liquid level in a certain period of time. 
The liquid which is collected in the funnel at the top of the test section is transported to a 
bucket which is placed on a scale. The increase of the total mass on the scale in a period 
of time is used to calculate the rate of liquid flowing out of the test section at the top, mzu· 
This measurement is used as a consistency check since the sum of the liquid flow rates out 
of the test section should be equal to the injected liquid, flow ra te. 

Additional measurements In the test section two STS-ATM pressure devices have 
been installed, which have been used for monitoring. One of the pressure devices is placed 
in a small pipe branching off the test section at the bottorn immediately. below the brim 
of the air injection nozzle, the other is placed at the liquid injection section, upstream of 
the inlet to the annulus. 
The sensor at the liquid injection· site is placed at the outside of the porous tube wall, so 
if liquid is flowing into the test section the measured pressure exceeds the pressure in the 
tube. No information is available on the pressure drop over the porous material, so the 
quantitative output of this sensor is of limited value. 
The sensor at the bottorn of the test section is placed in a blind pipe branching off the 
test section. The liquid accumulated between the tube wall and the air-injection nozzle is 
likely to accumulate in this pipe branch, which might cause pressure deviations. 
Although the quantitative output of both pressure devices is limited, the qualitative infor
mation appeared to be useful as an indication of the pressure drop over the tube. In the 
next section it will be discussed how the behaviour of the pressure drop has been used as 
an indication of stability of the flow. 

2.2.1 Measuring method 

Having discussed all measuring devices and their location, this section will concentrate on 
the measuring method. 
All experiments have been performed at a fixed angle of inclination and at a constant 
liquid flow rate. Each measuring session started at a high gas flow rate. In that way the 
stabilisation of the flow appeared to be faster. Initially the gas flow rate was such that all 
of the injected liquid was transported upwards and left the test section at the top. During 
the experiment the gas flow rate was decreased untilliquid left the test section both at the 
top and at the bottom. When that situation was reached several measurements were taken. 
Between these measurements the gas flow rate was varied with very small differences, both 
towards higher and lower flow rates. Finally the gas flow rate is decreased until all of the 
injected liquid left the test section through the bottorn flange. 
When the gas flow rate is varied, a new equilibrium has to be established before the next 
measurement can be taken. The pressure drop over the test section is an indication of the 
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stability of the flow. A change in the gas flow rate causes a change in the pressure drop 
over the tube: a higher gas flow rate causes a higher pressure drop. The pressure drop is 
also affected by the presence of liquid in the tube: the more liquid exists in the tube, the 
higher the pressure drop will be. 
As has been told before, the pressure devices in the test section reflect the behaviour of the 
pressure drop over the tube. The flow is assumed to be stabie when the output of these 
pressure devices is approximately constant. Reaching stability after a change in the gas 
flow rate lasted typically up to 15min. 
Two considerations might explain why it takes time to reach stability. Entering the reversal 
zone the tube section below the locus of liquid injection has to be wetted. Near the onset 
of liquid loading sagging of liquid is slow. The liquid needed to establish the required 
film thickness is injected at a rather low flow rate (typically mt = 0.7/jmin during tghe 
experiments ). Also within the reversal zone and in case of tot al upward flow the volume . 
of liquid that is present in the tube strongly depends on the gas flow rate. After a change 
of the gas flow rate either the liquid volume has to be replenished by the 0.7/jmin water 
injection, or the superfluous water has to leave the test section, which is only possible 
through transportation by the gas or by drainage through the bottorn flange. 

2.2.2 Data acquisition 

The measured data are collected and analysed in a computer. The analog signals from 
the measuring instruments are converted into digital signals in an a/ d convertor ( adc ). A 
computer monitors the outputs of the adc and the measured data are stared at intervals 
of ls. The stared data are imported into EXCEL for analysis. 
The level of the liquid in the reservoir and the output of the scale could not be monitored 
by the computer, because these measurements are taken visually. These measurements are 
taken at intervals varying between 30s and lOmin, but only when the flow is assumed to 
be stable. The values had to be added to the stared data afterwards. 
After the reservoir level and the scale output have been added, the flow rate of the liq
uid in downward direction is calculated. The outputs of the adc are averaged over the 
corresponding interval between two measurements. 

2.3 Results 

The experimental setup has been described and the measurements and the measuring 
method have been discussed. The remainder of this chapter deals with the results which 
were obtained from the various measurements. It was the objective of the experiments to 
determine the liquid flow reversal zone and to study the effect of inclination on this reversal 
zone. 
Insection 1.2.2 the liquid flow reversal zone (or simply: reversal zone) has beendefinedas 
the interval of gas flow rates between the flooding point and the onset of liquid loading, 
where the liquid flow reverses its direction. 
The experimental data will be presented in flow reversal plots: At various values of the 
superficial gas velocity the flow reversal plot shows the percentage of the injected liquid 
that is flowing downward. Only in the reversal zone this percentage !?:!:.hl is between 0% and 

ml 

100%. 
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In section 2.3.1 the results of the experiments in a vertical tube wil.l be presented as a 
typical example of the liquid flow reversal zone. In section 2.3.2 it will be discussed how 
the flow reversal zone is affected by inclination of the tube. 

Figure 2.4: Liquid flow reversalplot for vertical tube 

2.3.1 Liquid flow reversal in a vertical tube 

A typical example of a flow reversal plot is shown in figure 2.4. The data in figure 2.4 are 
obtained from experiments in a vertical tube into which liquid is injected at a constant 
flow rate of m1 = 0. 71/min. 

The horizontal error bars indicate the standard deviation of the gas flow rate during the 
experiments. The variation in the gas flow rate is a result of the (in- )accuracy of the flow 
controL The vertical error bars indicate the observation-uncertainty (the level indication 
on the reservoir, cal i bration, time registration). 

Irrespective of the size of the error bars the data in the flow reversal zone appear approx
imately on a straight line. The solid line in figure 2.4 is a straight line fit through these 
data and it may be observed that this line lies inside the uncertainty limits of all data. 

The solid line reaches ~ = 100% at a flow rate of Ys9 = 12.1 +0.2m/ s. This flow ra te is 
mt -

identified as the (de- )flooding point in the vertical tube. At lower gas flow rates the tube 
above the liquid injection section remairred dry, since all of the liquid flowed downward. 

At a gas flow rate of Ys9 = 14.0+0.1m/ s the solid line reaches ~ = 0%. This flow rate is 
identified as the onset of liquid loading. At higher gas flow rates the tube between the air 
injection and the liquid injection remairred dry. 

The data in figure 2.4 may be compared to the Turner criterion, which has been discussed 
in chapter 1. For air-water flow in a 50mm tube the Turner criterion prediets the onset of 
liquid loading at a gas velocity of Vgr = 14m/s, which is consistent with the experimental 
data. 
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(a) inchnation up to B = 45° 

(b) inchnation beyond B = 45° 

Figure 2.5: The effect of inclination on the flow reversal plot 

2.3.2 The effect of incHnation 

With the test section inclined to angles up to 60 degrees from the vertical similar experi
ments have been performed. The flow reversal plots obtained from these experiments are 
shown in figure 2.5. The data in figure 2.5( a) are obtaiiied at inclination angles of 0°, 15°, 
30° and 45°, figure 2.5(b) shows the data obtained at inclination angles of 45°, 52° and 60°. 
For a few data error bars are displayed. The plot would be blurred too much if all error 
bars were included. 

The data in figure 2.5 show that the reversal zone shifts towards higher gas flow rates when 
the angle of inclination is increased up to 45°, but when the in elination angle is increased 
beyond 45° the reversal zone appears to return to lower gas flow rates. 
Another effect that may be observed is a change in the width of the reversal zone (i.e. the 
distance between the on set of liquid loading and the flooding point). The wid th of the 
reversal zone becomes smaller when the angle of inclination is increased. At 60° the width 
of the reversal zone even becomes smaller than the variation of the gas flow rate during 
the experiments. In that situation a stabie flow which enables measurements to be taken 
was not reached. Therefore it was not possible to obtain data in the reversal zone. 
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Here a handicap of the equipment should be mentioned. The capacity of the drainage hole 
at the bottorn of the test section appeared to be insufficient. Therefore liquid that reached 
the bottorn of the test section accumulated in the cavity between the air injection nozzle 
and the tube wall. Although the nozzle penetrates lOcm into the test section, eventually 
the accumulated liquid even reached to the brim of the nozzle. When that happened this 
liquid was blown upward again in the form of drops. This effect caused data points to be 
measured lower than !!!:.Ld. = 100%, at gas veloeities below the flooding point. It can be 

mt 
seen in figure 2.5 that the handicap became more prominent at larger inclination angles. 
Inclination of the tube caused the height of the air injection nozzle to diminish, so the brim 
could be reached more easily. The handicap did not show up at inclination angles below 
() = 30°. 

Both effects of tube inclination (reversal zone shift and reversal zone shrinking) are clearly 
visible when the ftooding point and the onset of liquid loading are plotted as a function of 
the inclination angle (see figure 2.6). 

Figure 2.6: The effect of inchnation on the reversal zone 

The measured data may be compared to the Turner criterion. The Turner criterion does 
not take the inclination angle into account, so for all measurement series in figure 2.5 it 
prediets the samegas flow rate at the onset of liquid loading: VgT = 14m/ s. 
Figure 2.6 shows that the Turner criterion is valid for vertical tubes, but for inclined tubes 
it is not applicable. At an inclination angle of 45° it even underpredicts the onset of liquid 
loading by 20%. 

2.3.3 Interpretation 

The shifting of the reversal zone towards higher gas flow rates could not be explained by 
a theory based on the movement of liquid drops, such as the Turner criterion. However, 
the following considerations might explain both the shift towards higher gas flow rates 
and towards lower gas flow rates. Here the movement of liquid in the form of a film is 
concern ed. 
It has been discussed that the liquid in the tube is dragged along by the gas in the form 
of drops, but in addition to these drops a liquid film exists at the tube wall. In a vertical 
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tube this film will be uniformly distributed around the tube. However, when the tube is 
inclined the film will be thicker at the lower side of the tube and it will be thinner at the 
top, as a result of gravity. A thin film is more easily dragged upwards than a thick film, 
so if the film thickness grows a higher gas flow rate is needed for the upward transport Óf 
the film. 
This is an explanation of the shift towards higher gasflow rates, but inclination beyond 45° 
causes the reversal zone to shift towards lower gas flow rates. This effect may be explained 
by the fact that the effective component of gravity (i.e. the component in axial direction) 
decreases with inclination, according to cos 0. The effective component of gravity is the 
main opposing force to the force exerted by the upward flowing gas. If the effective gravity 
decreases, a lower gas flow rate will be needed for the upward transport of the film. 
These two effects are competing with each other and apparently the farmer is stronger up 
to an inclination angle of 45°, while beyond 45° the latter, is more profound. 

In the next chapter a model will be presented which is based on the movement of the liquid 
in the film. This model has been developed to enable inclination to be taken into account. 



Chapter 3 

A model for film flow 

A model has been developed which can be used to calculate the gas velocity at the onset 
of liquid loading in vertical tubes. With some adjustments the model may also be used for 
inclined tubes. This model is based on the movement of a liquid film and differs in that 
respect from the generally accepted Turner criterion, currently used to cé!--lculate the onset 
of liquid loading. 

3.1 Coordinate systems 

Throughout this chapter the following coordinates are being used to describe the liquid 
flow in inclined annular tubes (see figure 3.1): 

The inclination angle of the tube is referred to as 8. Fora vertical tube(} = 0. The symbol 
z is used for the position along the tube in axial direction. cp and y are used to indicate 
the position on a cross section of the tube. <p is the angular coordinate as shown in figure 
3.1, y is the distance to the tube wall. 

The axial components of vectorial quantities are defined in the positive z-direction. 

Figure 3.1: Coordinate systems 

17 
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3.2 Definitions 

A few typical terms for two-phase flow will be used in the next chapter. These terms might 
need some explanation. 

• The superficial velocity Ys9 (Yst) of the gas (liquid) is a unit for the volume flow. The 
superficial velocity is defined as the volume flow divided by the cross sectional area 
of the tube: 

(3.1) 

• The liquid volume fraction Àt is a fraction of flows. Àt is defined as the liquid fraction 
of the total volume flow: 

\ _ V~t 
/\[ -

Vst + Ysg 
(3.2) 

Since the velocity of the gas phase and the liquid phase are not equal, >.1 does not 
denote the instantaneous liquid fraction of a section of the tube. 

• The entrained fraction e is also a fraction of flows. It is the fraction of the totalliquid 
flow mt that is accounted for by the drops: 

ffidr 
e=-. 

mt 
(3.3) 

• The drop holdup is denoted by the symbol Ctdr· It is the instantaneous fraction of the 
core volume (Vcore) that is occupied by the drops: 

(3.4) 

Here d is the thickness of the liquid film. 

• The mass concentration of drops, Cdr, is the total mass of liquid drops per unit 
volume of the core. Sirree Ctt is the total volume of liquid drops per unit core volume, 
Cdr is simply given by: 

(3 .. 5) 

The fraction of liquid in the core is indicated both by e and by o 1. The relation between 
these two quantities can be approximated by the following equation (see appendix A): 

Ü'dr = . 
eYst + Vdr (3.6) 

The axial velocity of the liquid drops, Vdr, depends on the velocity of the gas. In section 
3.5.1 the axial motion of the drops will be discussed and an expression will be derived for 
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3.3 Assumptions 

For the development of the model the following has been assumed: 

1. A liquid film exists at the tube wall. 

2. This film is thin compared to the diameter of the tube, typically !}; < 0.01. This 
is true for low liquid volume fractions Àt. In the experiments Àt was of the order 
10-3-10-4. 

3. The onset of liquid loading is determined by reversal of the flow direction of the liquid 
in the film. 

4. The flow in the film is assumed to be laminar because its Reynolds number is not 
very large. The critical Reynolds number for larhinar flow in a liquid layer is .580. 
The Reynolds number of the liquid film is typically about 100 . 

. s. The liquid is an incompressible Newtonian fluid. 

6. For the liquid film the pressure drop is assumed to be negligible coinpared with the 
gravitational force. 

7. The flow is asssumed to be fully developed. 

8. Acceleration of the liquid is assumed to be negligible. 

3.4 Vertical tubes, film flow only 

In the remainder of this chapter the model will be presented. 
When gas and liquid phase material are flowing in a tube, a liquid film is observed. The 
model concentrates on the movement of the liquid in this film. 
In section 3.5 and in the current section the situation in vertical tubes is considered. 
Additionally, in the current section it will be assumed that all liquid which is present in 
the tube flows through the film. This is the easiest situation to describe with a model 
based on film flow. In section 3.5 the existence of drops will be taken into account as an 
improvement. Insection 3.6 some suggestions will be given to adjust the model for inclined 
tubes. 

3.4.1 The mass flow through a liquid film 

The model is based on the force balance for a liquid film. Several farces are acting on the 
film, such as gravity, pressure drop and shear stress exerted by the flowing gas. Because 
the fluid is assumed to be an incompressible Newtonian fluid, the balance of farces is given 
by the N avier-Stokes relation [SHD94 J: 

(3.7) 

where Pt and 1-lt are the mass density and the dynamic viscosity of the liquid. 
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The first equation is the definition of the so-called material derivative of the velocity ~
The material derivative is the rate of change, following an element of the fluid. The term 

?./t denotes the local acceleration, whereas (llz · v) Vz is the convective acceleration. 
The right hand side of the second equation summarizes the forces acting on the film. The 
first term represents the force due to viseaus effects in the fluid. The second term is the 
gravity term and the third term is the pressure drop over the tube. 
If multiplied with the volume of a small element of the fluid, the Navier Stokes relation 
can be interpreted as Newton's second law: The acceleration of the ,element, multiplied 
with its mass equals the total force acting on the element. 

St~ady flow is characterized by the fact that the velocity does not change with time: 

?./t = 0. It has been assumed that the acceleration of the liquid is negligible, so ( Vz · \7) Vz = 
0. Tagether with the assumption that the pressure dro~ is negligible compared to the 
gravitational term, the following expression remains for the force balance on the film: 

(3.8) 

In general the velocity and gravity terms can he split in an axial component and a compo
nent perpendicular to z. For vertical tubes though, gravity acts in the axial direction. In -
that case the direction of gravity (§) is opposite to the direction of the velocity (Vz) and 
only the axial component of the force balance remains: 

(3.9) 

The minus sign of equation 3.8 disappears because gravity acts in the negative z-direction. 
This force balance is a differential equation which can be used to calculate the local axial 
velocity in the film. At the tube wall (y = 0) and at the interface between the film and 
the core (y = d) boundary conditions should be satisfied: no-slip at the tube wall and 
continuity of the shear stress at the interface: 

V I -0 l,ax y=O - , 

a V/ ax I f.ll~ =Ti. 
uy y=d 

The shear stress Ti is imposed by the flowing gas on the liquid film and is assumed to be 
independent of the film motion. This will he discussed in section 3.4.3. With these bound
ary conditions the force balance (3.9) can he integrated to obtain the so-called velocity 
profile in the film: 

T f ( ) Pt9 ( 2 d) Ti V/,ax Y = -
2 

Y - 2y + -y. 
f.ll f.ll 

(3.10) 

With das the film thickness and Ti as the shear stress at the interface (y = d), the velocity 
profile gives the local axial velocity of the liquid in the film. 
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If the velocity of the liquid is known, the net mass flow can be calculated. Integration of 
the velocity over the film and multiplication with the mass density yields the mass flow 
through the film m film: 

d 

mfilm = Pt1rD J Vl,axdy. 
0 

Substituting equation 3.10 in 3.11 gives the following relation for m film: 

D [ 
r; d2 pzgd3] mfilm = pz7r - -- · 

2f.lt 3f.lt 

(3.11) 

(3.12) 

This is a relation between the mass flow in the liquid film and its thickness for any given 
shear stress . 

Intheir analysis of film flow [MD84] Maron and Dukler have used a dimensionless equivalent 
of equation 3.12. To obtain this dimensionless equation they used two different reference 
states, as described subsequently. 
The first reference state is that of a free falling film (i.e. no gas flow relatlve to the liquid 
flow). The liquid is injected at a mass flow rate mz and all of the injected liquid flows 
downward through the film (mfilm = -mt). Fora free falling film the shear stress at the 
interface is zero. In that case the film thickness can easily be calculated from 3.12: 

(3.13) 

If upward gas flow takes place counter to the falling film, the velocity profile is distorted 
in such a way that the local downward velocity near the interface is reduced due to the 
shear stress exerted by the gas. With sufiicient opposing shear stress, the velocity at the 
interface approaches zero. 
The second reference state is the falling film with zero velocity at the interface. Still, in 
that situation, all of the liquid in the film flows downward. From the velocity profile 3.10 
it can be found that the interfacial shear stress in case of zero interfacial velocity, r;0 , has 
to satisfy: 

with d0 the corresponding film thickness. 
Using this, an expression for d0 is obtained from equation 3.12: 

( 
mt f.Lt ) t 3/A do= 12-D-2- =v4dN, 

7r pzg 

so for Tio we find: 

(3.14) 
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Now the film thickness for an arbitrary mass flow m1 can he defined in terms of dN and 
the shear stress at the interface can be normalized with Tio: 

With these definitions equation 3.12 can he presented in dimensionless form: 

where a= ~04. 

Rt- aFR~ + mfilm = 0, 
mt 

(3.15) 

(3.16) 

(3.17) 

This is the relation that has been used by Maron and Dukler. In practice the ratio m t.tm 
mt 

varies between m~;m = -1 (all liquid flows downwards) and m~;m = 1 (all liquid flows 
upwards). Again it should he noticed that the reference states Tio and dN correspond with 
different conditions. 
The approach of Maron and Dukler will be discussed in the next section. 

3.4.2 The analysis of Maron and Dukler 

In this section an analysis of film flow will be presented which has been performed by 
Maron and Dukler. The liquid was assumed to be injected somewhere along the tube 
length and all of the injected liquid was assumed to flow through the film, either upward 
or downward. For a given value of the total liquid mass flow m1 they explored the film 
thickness at various values of the shear stress. 

Figure 3.2: Solutions of the dimensionless film thickness for upward liquid flow through the 
film 

Situation A: upward flow. 
If the shear stress exerted by the gas is sufficient, all of the liquid will be lifted upward. 
No liquid will exist below the injection point, so mfilm = mt. In that situation the dimen
sionless film thickness above the injection point can be solved from 

Rt - aF R~ + 1 = 0. (3.18) 
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Figure 3.3: Typical velocity profiles 

This equation has one negative real root, which is a non-physical salution for the film 
thickness. Two positive solutions exist if F exceeds a critical value F*, as shown in tigure 
3.2. At the critical value of the dimensionless shear stress F* these solutions come tagether 
and for lower values of F there is no positive salution of equation 3.18. Apparently it is 
impossible to lift all of the injected liquid with a shear stress lower than F*. For lower 
shear stresses downflow must occur! 
The highest value of RN (the dotted line in figure 3.2) corresponds with a velocity profile 
showing downward veloeities near the tubewalland upward veloeities close to the interface 
(profile (b) in tigure 3.3). In that case the shear stress at the tube wall (Tw = 11/~Yax ly=o) 
is negative. 
This salution is unstable, since at the same value of the shear stress a second salution 
exists at a smaller film thickness. This lower value of RN corresponds with a velocity 
profile showing only upward veloeities (profile (a) in tigure 3.3). In that case the shear 
stress at the tube wall is positive Tw > 0. 
At the critica! value F* the two solutions are equal. This is a special situation, because it 
is the limit for total upward flow through the film. In this situation the shear stress at the 
wall is zero ( Tw = 0) and the curve in tigure 3.2 is vertical a:f ---? oo. The condition of 

zero shear stress at the tubewallis satisfied when a~Yax ly=O = 0. Using the velocity profile 
(3.10) this leads to the following condition: 

R* 2 * N =-aF. 
3 

(3.19) 

The condition a:; ---? oo leads to the same expression. lf this is substituted in equation 

3.18 a value of F* is found for the case that drops are absent: F* = ij-4. 
lf the dimensionless shear stress is lower than F* there is no real, positive salution of 
equation 3.18. 
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Figure 3.4: Solutions of the dimensionless film thickness for upward and downward liquid 
flow through the film 

Situation B: downward flow. 
At low shear stresses all of the injected liquid will fall down. In that case no liquid exists 
above the injection point, so ffiJilm = -m1. The dimensionless film thickness below the 
injection point can be solved from 

R't - aF R~ - 1 = 0. (3.20) 

For this equation only one real root exists, which is positive for all positive values of the 
dimensionless shear stress. The salution of this equation has been inserted in figure 3.2 
(see figure 3.4). For values of F lower than 1 the velocity of the liquid is downward in the 
entire film. If the dimensionless shear stress is higher than 1 the velocity of the liquid close 
to the interface is upward. In that situation it can no langer be assumed that all liquid is 
falling down. For that reason the solutions for F > 1 are shown as a dotted line. 

Between the two situation described above a range of shear stresses exists (1 < F < V/4) 
where upward flow as wellas downward flow take place. In that region, previously termed 
the reversal zone, mfilm has a value between -1 and 1, depending on the way the injected mz 
mass flow is separated into an upward and a downward flowing fraction. Maron and Dukler 
have presented a salution for this situation as well. Their results are shown in figure 3.5. 
The arrows in Figure 3.5 indicate the behaviour of the film thickness when the shear stress 
decreases: The film thickness increases if the shear stress decreases, until the unstable 
point is reached at F = F*. At F = F*, a jump in the film thickness is predicted. Further 
decreasing the shear stress causes the film thickness to decrease. 

Summarizing the above analysis: 

• It is impossible to lift all of the injected liquid with a shear stress lower than F = F*. 
This point is characterized by R'N = ~aF*. 

• If F is lower than 1 all of the injected liquid is falling down. 

• If 1 < F < F* part of the injected liquid may flow upward, but downward flow must 
occur. 
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Figure 3.5: Variation of dimensionless film thickness with dimensionless shear stress 

Throughout this report the onset of liquid loading has been defined as the lowest possible 
gas velocity at which all of the liquid is lifted upwards. According to the above analysis 
liquid loading occurs at the unstable point of the upward flowing liquid film. If all liquid 
flows through the film, the dimensionless shear stress at the onset of liquid loading is 
F* = ij4. 

3.4.3 Shear stress and gas velocity 

Until now the model has been described in terms ofthe shear stress at the interface. This 
shear stress is exerted by the flowing gas and depends on the velocity of the gas. In this 
section the shear stress will be related to the velocity of the gas. 
The properties of the mixture in the core are refiected in the following quantities which 
will be used as the mixture density Pm, the mixture viscosity f-lm and the mixture velocity 
\i;.n: 

Pm = O:tPI + (1 -at) p9 , 

f-lm = O:tf-ll + (1- a,)p9 . 

Vm = V~9 + eVst. 

If the mixture of the gas and the liquid drops is regarcled as a homogeneaus mixture, the 
shear stress at the interface of the film is given by the following relation: 

(3.21) 

Here ftp is a friction factor for two-phase flow. In general the friction in multiphase flow is 
significantly higher than the friction in single-phase flow. For the case of two-phase pipe 
flow the American Gas Association have developed an empirical correlation fora normalised 
friction factor Jy as a function of the liquid volume fraction >.1• This correlation is shown 
in figure 3.6. 
For very low values of Àz (>., < 0.01) this correlation can be approximated by: 

(3.22) 

with b1 = 667 and b2 = 1.23. 
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Figure 3.6: Normalized two-phase friction factor 

The (simplified) single-phasefriction factor f which normalizes the two-phase friction factor 
is determined from the following correlation, developed by Shell Oil for turbulent flow: . 

(3.23) 

with c1 = 0.636, c2 = 0.355 and c3 = 0.0072. Rem is the Reynolds number of the mixture, 
defined as: 

When the existence of drops is not taken into account e = 0 and 0:1 = 0, so Pm = p
9

, 

f.Lm = f.Lg and Vm = Vs9 . In that case for low liquid volume fractions Àt the shear stress is 
given by: 

(3.24) 

The experiments have been performed in a 50mm tube, at a constant liquid flow rate of 
m 1 = O.Olkgj s. For this situation the shear stress has been calculated from equation 3.24 
at various values of the gas flow rate. In tigure 3. 7 the dimensionless equivalent of this 
two-phase shear stress is plotted as a function of the superficial gas velocity. Notice that 
the data in this plot are only applicable to air-water flow in a 50mm tube and they are 
only valid in absence of drops. 

Figure 3. 7: Shear stress as a function of the superficial gas velocity 
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3.4.4 Comparison with the experiments 

As has been discussed in section 3.4.2 the onset of liquid loading is predicted at F = \14. 
I t is now possible to determine the corresponding gas velo city. Figure 3. 7 shows that the 
corresponding gas velocity is Vs9 ,p = 33m/ s. This velocity should be compared to the 
measured gas velocity at the onset of liquid loading in a vertical tube. The measured gas 
velocity is l~g,m = 14m/ s, and is indicated in figure 3. 7. 
The predicted gas velocity Vs9 ,p is significantly higher than the measured velocity Vs9 ,m. 

This might be explained by the fact that the existence of drops has been neglected. 

Figure 3.8: The effect of the existence of drops on F* 

3.4.5 A consideration to improve the model 

In this section it will be shown that the model can be improved if the existence of drops is 
taken into account. It will be shown that F* decreases when e increases. 
As has been discussed before, the flow direction of the liquid in the film starts to reverse 
at a critica! value of the dimensionless shear stress, F = F*. At this critica! shear stress 
the curve of RN as a function of F is vertical. The relation between RN and F has been 
derived in section 3.4.2: 

Rt- aFR~ + mfilm = 0. 
mi 

(3.25) 

If drops do exist, the injected liquid mass flow m1 separates into two mass flows: mdr 

through the drops and m film through the liquid film. Mass conservat ion requires that 

Since the entrained fraction e has been defined as a fraction of fluxes, this relation can be 
written as 

mfilm = 1- e. 

mi 

This can be used tagether with equation 3.17 to obtain the following relation: 

Rt - aF R~ + 1 - e = 0. 

(3.26) 

(3.27) 
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For various values of the entrained fraction e this relation has been plotted in figure 3.8. 
The curve for e = 0 (no drops) is the same as the curve in figure 3.2. Here we find the 
familiar value F* = -v4, but the figure shows that F* decreases when the entrained fraction 
increases. This means that the flow direction of the liquid in the film reverses at lower gas 
flow rates. For that reason it is expected that the model can be improved by taking the 
existence of drops into account. 

3.5 Vertical tubes, film and dropiets 

The model that has been presented is based on a force balance for the liquid film and 
on the assumption that all of the injected liquid flows through the film. The analysis of 
the model led to a prediction of the onset of liquid loadil}g in a vertical tube. However, 
this model is not satisfactory, since it underpredicts the gas velocity at the onset of liquid 
loading by a factor 2. In section 3.4.5 it was suggested that introducing drops into the 
model would be a useful modification. 

Liquid drops move in axial direction because they are dragged along with the gas. Radial 
movement of drops occurs as well, since liquid is extracted from the film to create drops 
and drops deposit on the film. Therefore it may be expected that the existence of the 
drops affects the interaction at the interface between the film and the core.-

In this section the model will be modified by taking the existence of drops into account. The 
modified model is also based on the force balance for the film, but it is no langer assumed 
that all of the injected liquid flows through the film. This assumption will be replaced by 
the assumption that equilibrium exists between the creation and the deposition of drops. 
If this equilibrium exists the film will be of a constant thickness. 

At first, in section 3.5.1, the axial motion of the drops will be discussed. Then, in section 
:3 .. 5.2 the interaction of the drops with the film will be examined. The modifications to the 
description of the liquid flow through the film will be discussed in section 3.5.3. 

3.5.1 The axial drop transport 

The liquid drops are dragged along by the gas, but their upward velocity is somewhat lower 
than the velocity of the gas. The motion of liquid drops relative to a gas flow has been 
treated by Turner et al [THD69] and will be discussed in this section. 
By a transformation of coordinates, a drop of liquid being transported by an upward 
rnaving gas flow becomes a free falling particle. A free falling drop in a fluid medium will 
reach a terminal velocity relative to the gas. This terminal velocity, Vterm is the maximum 
velocity it can attain under the influence of gravity and is reached when the drag farces 
equal the gravitational force: 

(3.28) 

Here ddr is the diameter of the drop and CD is a drag coefficient. 

The left hand side of this equation is the gravitational force on a partiele falling in a fluid 
medium of density p9 . The right hand side of this equation represents the drag force. The 
drag force depends on the cross sectional area of the drop, rather than .on its volume. 
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Figure 3.9: The drag coefficient for spheres 

The drag coefficient Cn is influenced by the drop shape a.nd the drop Reynolds number. An 
empirica! correlation of Cn for spheres is shown in figure 3.9. It shows that for Reynolds 
numbers between 102 and 105 the drag coefficient is relatively constant. Basedon the drop 
size prediction of equation 3.35 the drop Reynolds number ranges from 104 to 105

• This is 
the range where the drag coefficient is approximately constant at a value of 0.5. 
From equation 3.28 a relation is found for the terminal velocity of a drop.: 

(3.29) 

Vterm is the maximum velocity of the drop relative to the gas and unhindered by other 
drops. If the gas velocity is Vg, the axial velocity of the drop Vdr is given by: 

(3.30) 

The velocity of the drops is a parameter in the relation between the entrained fraction e 
and the liquid holdup in the core O:t (equation 3.6). However, Vdr depends on the size of 
the drop. Because the drops vary in diameter there is no unique drop velocity. Therefore 
a mean drop size will be used in the relation between e and Of. 

If the velocity of the gas equals the free fall terminal velocity of the drop, Vdr = 0: the drop 
will neither fall nor will it be lifted. Any further increase in the gas velocity would make 
the drop move upward. Therefore the minimum gas velocity for upward drop movement is 
equal to the terminal velocity of the free falling drop: 

Vg,min = Vterm · (3.31) 

Equation 3.29 shows that for large drops the terminal velocity is higher than for smaller 
drops. Hence the larger the drop, the higher the gas flow rate that is needed to lift the 
drop. The largest drop that exists in the flow therefore determines the minimum gas flow 
rate that is needed to lift all of the drops. 

Now we have found an expression for the velocity of the drops Vdr and for the minimum gas 
velocity that is needed to lift all of the drops that are present in the tube, Vg,min· However, 
the expression for Vdr is only useful if a charaderistic drop size is known, and for \1~,min 

the maximum drop size should be calculated. 
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The characteristic drop size An empirical relation for the Sauter mean drop diameter 
in two-phase pipe flow has been developed at KSLA [895]. The following relation was 
found from an analysis of drop size measurements in a 50mm vertical tube with water and 
a1r: 

with ddro = 250f1m, c1 = 4m/ s, c2 = 41.3m/ s and c3 = 0.09m/ s. 
Using this drop size the velocity of the drops is given by: 

(3.32) 

(3.33) 

This drop velocity will be used in the relation between the entrained fraction e and the 
drop holdup adr ( equation 3.6). 

The largest drop size Depending on the gas flow rate a maximum drop size exists for 
the drops in the flow. The largest drop that exists in the flow determines the minimum 
gas flow ra te that is needed to lift all of the drops. As discussed in section 1. 2.1 the Turner 
criterion is based on the movement of the largest drop that is likely to be present. 
Drops moving at a velocity Yret relative to a gas are subjected to forces that try to shatter 
the drop. On the other hand the surface tension acts to hold the drop together. An 
important parameter in this process is the Weber number. The Weber number represents 
the ratio of the dynamic pressure p9 Vr!t and the pressure due to surface tension Ja : 

dr 

We = ddrPg l;;_~l 
a 

(3.34) 

If the Weber number exceeds a critica! value a liquid drop will shatter. For free falling 
drops the value of the critica! Weber number is about 30. With this critical value of the 
·weber number arelation between the maximum diameter of a drop and its velocity relative 
to the gas is obtained: 

30a
ddr,m= ~· 

pg rel 
(3.35) 

If for the relative velocity the terminal velocity is used (Yret = Vferm), substituting the ex
pression for the maximum diameter into equation 3.29 yields an expression for the terminal 
velocity of the largest drop that exists in the flow: 

l 

. (40(pt-pg)ga-) 4 

Vferm,m = Vg,min = C 2 , 
DPg 

(3.36) 

which is the same as equation 1.1. As has been discussed, Vg,min is the mm1mum gas 
velocity to lift all of the drops in upward direction. 
Equation 3.36 was derived by Turner e.a. in 1969 and after calibration with a vast amount 
of field data it became known as the Turner criterion, as discussed in section 1.2.1. 
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Figure 3.10: Empirica/ data of the en,trainment flux 

3.5.2 The interaction of the drops with the film 

Besides the axial motion described in the previous section interaction exists of the drops 
with the film: liquid is extracted from the film to create drops and on the other hand drops 
deposit on the film. The extraction of liquid from the film is called entrainment. 
The rates of entrainment and deposition are expressed as the entrainment flux and the 
deposition flux. The entrainment ( deposition) flux <I>e ( <I>d)is the total mass of liquid that 
is entrained from (deposits on) the film per unit time, per unit area of the tube wall. 
In this section empirica! relations will be presented for entrainment and deposition. 
Stability of the flow requires that the rates of entrainment and deposition are in equilib
rium. At the end of this section this requirement willlead to a dimensionless condition for 
equilibrium in radial direction. 

Entrainment Liquid is extracted from the film as a consequence of the shear stress 
exerted by the gas. A higher value of the shear stress causes more liquid to be entrained. 
The entrainment flux also depends on the thickness of the film. Empirica! data obtained 
by Whalley et al [WHH74] show that the entrainment flux increases with increasing film 
thickness (see figure 3.10). A straight line fit through these data led to the following 
correlation for the entrainment flux: 

<I> _ k (Tid) 2 

e- e ' a 
(3.37) 

with ke the entrainment constant: ke = .52.2kg/m2 s. 

Deposition It is commonly accepted that the deposition mass flux depends on the con
centration of drops (see for instanee [FP78] or [BH79]). Usually the following relation is 
used for the deposition flux: 

(3.38) 

Here kd is the so-called deposition constant. For water drops in air at atmospheric pressure 
kd has the value of 0.15mjs. The drop velocity, Vdr, has been discussed insection 3.5.1. 
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In the literature [FP78] a slightly different formula may be found for the concentration of 
drops. In these studies it is assumed implicitly that the velocity of the drops is equal to 
the gas velocity, which is a reasonable assumption in their region of interest, but not at 
gas veloeities close to the reversal zone. 

Equilibrium Stability of the flow requires that the entrainment flux and the deposi
tion flux are equal. Using relations 3.37 and 3.38 the following relation is obtained for 
equilibrium: 

k ( 
Tid) 

2 
_ k el-~1 

e - dPI V. Tl • a e s/ + Vdr 
(3.39) 

In section 3.4 the film thickness d has been expressed in terms of dN, dN being the film 
thickness in the typical situation of zero shear stress and all liquid flowing through the 
film: 

, with 

The shear stress T; has been normalized with Tio, the shear stress needed to obtain zero 
interfacial velocity if allliquid flows through the film: 

T 
F=-' 

T;o 
, with 1 ( m 1 f-lt ) t Tio = -p g 12--

2 g 7r D PT9 

Using these definitions the dimensionless equivalent of equation 3.39 is obtained: 

, with (3.40) 

This is the dimensionless condition for equilibrium in radial direction. It is a relation 
between the dimensionless shear stress, the film thickness and the entrained fraction. 

3.5.3 Modifications to the description of film flow 

In the description of film flow only a minor modification has to bemadein order to account 
for the existence of drops. In section 3.4.1 the axial mass flow through the film has been 
discussed. This led to the following relation: 

Rt- aFR~ + mfilm = 0. 
mz 

In section 3.4.5 it has been shown that mfilm = 1- e. Therefore this relation becomes: 
ml 

Rt - aF R~ + 1 - e = 0. (3.41) 

This equation is a second relation between RN, F and e. 
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3.5.4 The modified model 

It is useful to summarize what we have obtained so far. 
We have found two relations (3.40 and 3.41) between RN, 
condition at the onset of liquid loading has been derived: 

R* 2 F* N =-a ; 
3 
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(3.42) 

In section 3.4.3 the effect of the gas velocity on the shear stress has been discussed and in 
section 3.5.1 the velocity of the drops "~r is related to the gas velocity. 
These relations can be used in an iterative procedure to calculate the gas velocity at the 
onset of liquid loading. But at first a few equations can be combined to reduce the number 
of equations: 
The condition at the onset of liquid loading can be useä to eliminate RN from equations 
3.40 and 3.41. Both equations can be rearranged to obtain expressions for the entrained 
fraction e as a function of the dimensionless shear stress F* at the onset of liquid loading: 

(:3.43) 

4 3p*3 e = 1- -a . 
27 

(3.44) 

These values of e should be equal, so 

(:3.45) 

Both the shear stress and the velocity of the drops depend on the gas velocity. The shear 
stress has been discussed in section 3.4.3, the velocity of the drops has been discussed in 
section 3.5.1. It is now possible to construct an iterative procedure for the calculation of 
the gas velocity at the onset of liquid loading. 

3.5.5 Iteration method and comparison with the experiments 

The following iterative procedure has been used to calculate the gas velocity at the onset 
of liquid loading: 

1. Choose Y.u:. = 1. 
V si 

2. Solve equation 3.4.5 for F*. 

3. Calculate e from equation 3.44 

4. Determine the gas velocity conesponding with F* and e. 

5. Calculate Y.u:.v for that gas velocity. 
si 

6. Repeat steps 2-5 until ~ does not change anymore. 
si 
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Table 3.1: The relevant physical parameters 
quantity symbol value unit 

gas mass density Pg 1.21 kgjm3 

liquid mass density PI 1000 kgjm3 

liquid dynamic viscosity /11 w-3 Pas 
liquid mass flow rate m, 0.01 kgjs 

tube diameter D 0.05 m 

Table 3.2: Results of the iteration 
F* 0.537 
e 0.961 
~ 2.5. 103 
V, 
~ 0.84 
Vsq 

For the experimental settings the modified model has been evaluated in this way. The 
experimental settings are summarized in table 3.1. The results of the iteration are shown 
in table 3.2. In table 3.3 the measured value of the gas velocity at the onset of liquid 
loading is compared to the predictions of section :3.4 and the current section. 
It was found tliat the onset of liquid loading is predicted by the modified model at a gas 
velocity Vs9 ,p = 15.lm/ s. This value is much closer to the measured gas velocity than the 
value that was predicted without taking the existence of drops into account. 

Table 3.3: Predicted and measured values of Vs9 at the onset of liquid toading 
prediction without drops 33mjs 

prediction with drops 15mjs 
measured val ue 14m/s 

3.6 Inclined tubes 

So far the model could only be used for vertical pipes where gravity acts in the axial 
direction. In inclined pipes the model loses its validity because gravity is not acting in 
axial direction. This gives rise to a secondary flow in the film: the liquid flows along the 
wall towards the lower side of the tube cross section. The secondary flow would terminate 
when all of the liquid in the film were accumulated at the lower side of the tube. However, 
because of the existence of drops the secondary flow is kept alive: drops that deposit on the 
wall create a liquid film, even at the top of the cross section. This results in an asymmetrie 
distribution of liquid in the film, in accordance with the effects that were mentioned in 
section 2.3.3 to explain the shift of the reversal zone towards higher gas flow rates. 
In this section some suggestions will be given for adjustments to the model which would 
extend its validity to inclined tubes. The principles on which the model is based remain 
the same: The axial mass flow of liquid through the film is determined from a force balance 
and it is assumed that equilibrium exists between the total entrainment and deposition of 
drops. 
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Figure 3.11: non-uniform film thickness and secondary flow 

3.6.1 The secondary flow 

In an inclined tube the liquid in the film flows along the tube wall towards the lower side 
of the pipe. This secondary flow is initiated by gravity. As a result of the secondary flow 
the film thickness will not be uniform around the tube. At the top of a cross section the 
filni will be thinner than at the bottorn (see figure 3.11). · 
In this section the secondary flow will be discussed in more detail. For that reason we 
will glance back to section 3.4, where the force balance for a sheared liquid film has been 
derived: 

The velocity profile of the secondary flow can be obtained from the tangential component 
of this equation. The tangential component is the component perpendicular to z, but 
tangent to the tube wall. 
Since the gas flows in axial direction the secondary flow is perpendicular to the gas flow, 
which means that in tangential direction the shear stress is zero. Keeping this in mind, 
the velocity profile of the secondary flow is easily obtained analogous to section 3.4.1: 

Vl,tan = !!..!_g sin() sin r.p (y2 
- 2yd) . 

2/11 
(3.46) 

In this expression g sin() sin r.p is the tangential component of gravity ( see figure 3.12). 

Figure 3.12: The tangential component of gravity 
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Integration of the velocity profile over the film thicl,mess and multiplication with the mass 
density yields an expression for the secondary mass flow msec: 

2 

P1 · () . d3 ( ) msec =-gsm smr..p r..p . 
3/-ll 

(3.47) 

msec is the mass flow in tangential direction per unit tube length. 
As can he seen in equation 3.47 msec depends on the inclination angle and on the film 
thickness. Both explicitly (sin r..p) and implicitly ( through the film thickness) msec depends 
on e.p. 

3.6.2 Suggestions for adjusting the model 

The model is based on a force balance for the liquid film. Analogous to section 3.4.1 the 
axial velocity profile is obtained from this force balance: ' 

TI - Plg cos () ( 2 2 d) Ti 
Vl,ax-

2 
Y - Y + -y. 

1-l 1 1-l 1 
(3.48) 

In this expression g cos() is the axial component of gravity in a tube that is inclined to an 
angle 0. By integration of the velocity profile over the film and multiplication with the 
liquid mass density the mass flow through the film m film is found, which by definition is 
equal to (1 - e)m1: 

!
2

11" D [ Ti 2 P1g cos e 3 ] 
1TI~film = (1- e)ml = Pl - -d (r..p)- d (r..p) dr..p. 

2 2/11 3/-ll 
0 

( 3.49) 

However, integration over r..p requires knowledge on the film thickness distri bution d( r..p). 

The film thickness distribution might be determined from a mass balance on a section 
of the liquid film: Liquid flows contributing to this mass balance are the local rates of 
entrainment and deposition, the secondary flow and the axial motion of the liquid in the 
film: 

_1_dmsec dmfilm =(<I> -<I>) 
D /2 dr..p + dz d e · (3.50) 

If the flow is assumed to be fully developed, m film does not change in the axial direction, 
dm,;J~ O 

SO~=. 

As a first approximation, correlations 3.37 and 3.38 can be used for the local entrainment 
and deposition fluxes. In that case the deposition flux is still uniform around the tube, but 
the entrainment flux depends on r..p through the film thickness: 

This means that the rate of entrainment is higher at the bottorn of the tube cross section 
than at the top. Deposition is also affected by gravity. Since the drops fall towards the 
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lower tube wall the deposition flux at the bottorn of the tube cross section will exceed the 
deposition flux at the top of the cross section. However, as a first assumption this effect 
might be neglected. 
The secondary flow has been discussed insection 3.6.1, where it is shown that msec is given 
by: 

2 
Pt . () . d. 3( ) m sec = -
3 

g Sin Sin c.p c.p . 
/-ll 

These relations can be substituted into equation 3.50 to obtain: 

d [ Pf . . 3 l D [ 1 (Tid(c.p)) 2

] -d -g Sin() Sin c.pd ( c.p) = - Ptkd V - ke . 
c.p 3J-Lt 2 1 + ~ a 

(3.51) 

These are the changes that appear when inclination is introduced into the model. 
In a vertical tube a force balance and mass conservation in axial direction led to equation 
3.41. Equilibrium in radial direction led to equation 3.40. Together with the condition at 
liquid loading ( equation 3.42) these equations could be solved in an iterat!ve procedure. 
In an inclined tube the force balance and mass conservation in axial direction lead to 
equation 3.49. Equilibrium in radial direction leads to equation 3.51. There is no general 
condition at the onset of liquid loading, because at different values of c.p the liquid flow 
direction will not be equal. A more complex iterative procedure with equations 3.49 and 
3.51 is needed to obtain a salution for m film· 

The above suggests how a liquid loading model may be developed for inclined tubes. A lot 
more work is needed to complete such a model and to validate against measured data. 
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Conclusions and recommendations 

This chapter contains some concluding remarks on the investigation and recommendations 
for future work. 

It has been shown that reversal of the liquid flow direction takes place over a range of gas 
flow rates, the so-called I'eversal zone, limited by the onset of liquid loading and by the 
flooding point. 
The reversal zone is shown to be affected by tube inclination. Experiments revealed that 
the reversal zone shifts to higher gas flow rates by inclining the tube. This trend reverses 
at inclination augles larger than 45°. Furthermore it has been observed that the width of 
the reversal zone becomes smaller with inclination of the tube. 

The traditional Turner criterion gives a satisfactory prediction of the onset of liquid loading 
in vertical tubes. However, this criterion can not accurately predict liquid loading in 
inclined tube flow. 
The observations have been explained qualitatively by a model that accounts for liquid 
transport both through a film along the tube wall and through drops entrained in the gas 
care. In this model liquid loading is related to the stability of the liquid film, taking into 
account the liquid mass transfer between the film and the droplets. 
The model has been validated for vertical pipe flow and shows good agreement with the 
experimental observations. In principle this model can be extended to inclined tube flmv. 
Same suggestions for the necessary adjustments have been given. 

Further work is needed to develop a quantitative predictive methad for liquid loading in 
inclined tubes. 

39 
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Appendix A 

The relation between adr and e 

In this appendix a relation will be derived between the drop holdup D'dr and the entrained 
fraction e. 
The drop holdup in a section of the tube is defined by equation 3.4: 

Vdr Vdr 
Ü'dr :::'::: -- = 

Vcore Vdr + Vg' 
(A.l) 

where Vdr is the volume occupied by the drops and V 9 is the volume occupied by the gas. 
When the volumes are divided by the lengthof the section and multiplied with the velocity 
of the drops, this equation can be rewritten in terms of the voumetric flow rates: 

Qd,· 
D'dr = -Q--.!éih:.-:-;v-Q-, 

dr + v g 
9 

or, using the definition of the entrained fraction (equation 3.3): 

(A.2) 

eQ1 
Û'dr = V · (A.3) 

eQ1 + ~Q9 
9 

For low liquid volume fractions >.1, the gas velocity Vg may be approximated by the super
ficial gas velocity Vs9 = 7r~2 • In that case the epression for the drop holdup becomes: 

eQt 
Ü'dr = · 

eQ/ + 7r D2Vdr 
(A.4) 

Which can be rewritten to obtain equation 3.6: 

(A.5) 
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Appendix B 

List of variables 

Greek symbols 

Û'dr drop holdup 
e inclination angle 
Àt liquid volume fraction 

f.lg dynamic viscosity of the gas 

f.ll dynamic viscosity of the liquid 
Pg gas mass densi ty 

PI liquid mass density 
a surface tension 
T t interfacial shear stress 

T;o shear stress causing zero interfacial velocity 
Tw shear stress at the tube wall 

'P angular coordinate 
<I>d deposition mass flux 
<I>e entrainment flux 

Other variables 

a constant in film thickness relation 
b constant in equilibrium condition 

Cn drag coefficient for spheres 
Cdr mass concentration of drops 
d film thickness 
d0 film thickness at T; = T;o 
ddr drop diameter 
ddro reference drop diameter 
dN thickness of a free falling film 
D tube diameter 
e entrained fraction 
F dimensionless shear stress ..Ii_ 

r.:o 

0 

Pas 
Pas 

kgjm3 

kgjm3 

Njm 
Pa 
Pa 
Pa 
rad 

kgjm 2s 
kgjm2s 

F* dimensionless shear stress at the onset of liquid loading 
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kgjm3 

m 
m 
m 
m 
m 

m 



List of variables 

1Tidr 

mfilm 

mg 

mt 

mtd 

1TI[u 

msec 

p 

Po 
Qg 
RN 
R* N 

Ta 
Vdr 

Vg 
Vgy 

'~ 
Vt,a:>: 
V/,tan 
Vsg 
Vst 

Vterm 

We 
y 
z 

gravitational acceleration 
entrainment constant 
deposition constant 
constant in the Turner criterion 
mass flow rate through the drops 
liquid mass flow rate through the film 
gas mass flow rate 
injected liquid mass flow rate 
downward liquid mass flow rate 
upward liquid mass flow rate 
secondary liquid mass flow rate 
pressure 
atmospherit pressure 
volumetrie flow rate of the gas 
dimensionless film thickness d~ 
dimensionless film thickness at the onset of liquid loading 
reference temperature 
axial velocity of the drops 
velocity of the gas 
gas velocity at liquid loading according to Turner e.a. [THD69] 
velocity of the liquid in the film 
axial component of Vt 
tangential component of ';I 
superficial gas velocity 
superficialliquid velocity 
terminal velocity of a drop 
Weber number 
distance to the tube wall 
axial coordinate 

kgjs 
kgjs 
kgjs 
kgjs 
kgjs 
kgjs 
kgjs 
bm· 
bar 

m3/s 

[{ 

mjs 
mjs 
mjs 
mjs 
mjs 
mjs 
mjs 
mjs 
mjs 

m 
n~, 
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