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This paper presents the results of a series of experimental studies conducted to investigate the character-
istics of churn and annular flows in an 11 m long riser with the internal diameter of 127 mm. A series of
experiments in churn-annular flow regime were performed for a range of gas superficial velocities (3.5-
16.1 m/s) and liquid superficial velocities of 0.02-0.33 m/s. Statistical analysis involving average, standard
deviation and skewness, dominant frequency and structure velocity of the time series data was carried
out as a quantitative approach to discriminate between churn and annular flows and to describe the
transition between them. The variation of average liquid film thickness against gas superficial velocity
showed a minimum at gas superficial velocity of 12.4m/s. This is in close agreement with the minima at
gas superficial velocity of 13 m/s reported in the literature. The results of the comparison between average
liquid film thicknesses from the conductance ring probes agree well with those obtained by using local
liquid film thickness probes and conductance ring probes in the literature. The results of the comparison
of dominant frequency obtained from the conductance ring probes agree well with those obtained by
using wire mesh sensor (WMS) in the literature. A comparative analysis of the current experimental data

with those previously published experimental results confirms good agreement.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

In the petroleum industry, two-phase gas-liquid flow occurs in
flowlines, risers, gas production systems and well tubing. Large di-
ameter pipes are often encountered in offshore production systems
involving large diameter risers connecting the seabed to a plat-
form or floating production, storage and offloading (FPSO) units.
Large diameter risers can also be employed during the simultane-
ous transportation of gas and liquid phases over a long distance
where the diameter of the pipe according to Sharaf et al. (2016) is
>75mm and its length according to Waltrich et al. (2013) is of
the order of thousands of pipe diameter before phase separation.
Consequently, this raises questions about the characterisation of
churn and annular flows since it may eventually lead to transi-
tions between the ensuing flow patterns. It is worth mentioning
that this characterisation has vital practical applications in the oil
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and gas industry. Unfortunately, much of the published work on
the characteristics of churn and annular flow patterns concentrates
on pipes with small internal diameter, 9-55mm (Brown et al.,
1975; Wolf et al., 2001; van Hout et al., 2001; Barbosa et al., 2001;
Hazuku et al., 2008; Kaji et al., 2009; Da Riva and Del Col, 2009;
Julia et al.,, 2009; Wang et al.,, 2012 and Waltrich et al.,, 2013). Fur-
thermore, the developments in a number of industries, from heat
exchangers to large internal diameter deep water risers require
the need for the knowledge of multiphase flow in larger diameter
pipes, in which the flow behaviour may be significantly different
from that in smaller diameter pipes.

The research on large diameter pipes is rare due to its challeng-
ing requirement. It entails high pumping power and long pipe for
flow development. When data are required for the design of large
diameter systems, engineers have to extrapolate the data obtained
in small diameter pipes. Many studies however show that the data
obtained in such manner possessed uncertain errors due to the
complexity arising from gas-liquid two phase interactions. This can
be attributed to inadequate understanding of the complicated flow
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Nomenclature

D pipe diameter (mm)

De distance between pair of electrode plates (mm)
s electrode width (mm)

De/D electrode spacing to pipe diameter ratio
s/D electrode width to pipe diameter

Ge* dimensionless conductance

L/D dimensionless axial location

Ust liquid superficial velocity (m/s)

Usg gas superficial velocity (m/s)

Um mixture velocity (m/s)

Ug actual gas velocity (m/s)

U actual liquid velocity (m/s)

Vgd drift velocity (m/s)

d drift coefficient

Co flow distribution parameter

g acceleration due to gravity (m/s?)

Uy slip ratio

M, Mg liquid and gas mass fluxes (kg/m?s), respectively
A cross sectional area (m?)

X gas quality

Datm atmospheric pressure (bar)

Dsystem  System pressure (bar)

S standard deviation of film fraction

Sk skewness of film fraction

PSD power spectral density

T time series period (seconds)

N number of data points in the time series
o1 pg  liquid and gas densities (kg/m?), respectively
6 inclination angle of the pipe

o surface tension (N/m)

€ void fraction

gL film fraction

behaviour in large diameter pipes (Kataoka and Ishii, 1987 and
Ohnuki et al., 1995). The unsatisfactory results from industrial ap-
plications have led to researchers questioning the validity of such
extrapolation. Thus, further research on larger diameter pipes is
needed to better understand the scale of the problems.

The major motivation of this work is to expand the rather scant
availability of experimental data for large diameter pipes. It pri-
marily focuses on churn-annular flow which is particularly rele-
vant to gas-oil transportation in pipelines.

2. Literature review
2.1. Gas-liquid flow in large diameter pipes

Omebere-lyari and Azzopardi (2007), Ali (2009), Van der
Meulen (2012) and Zabaras et al. (2013) have attempted to inves-
tigate the behaviour of two-phase flow in large diameter (D > 127
mm) vertical pipes. Some of these studies concerned with large di-
ameter pipes showed experimentally that churn flow is commonly
observed over a wide range of gas and liquid velocities. They also
observed, more importantly, that the behaviour of gas-liquid flow
patterns is significantly different in larger diameter pipes in com-
parison to smaller pipes. For instance, slug flow was not observed
in large pipe diameters when it was expected to occur in smaller
diameter pipes at the same flow conditions.

According to SPE (2015) the use of multiphase flow models for
large diameter (D> 100 mm) pipes is essential for the calculation
of Worst Case Discharge (WCD) for offshore wells. They claimed
that the extension of existing mechanistic models and flow corre-

lations, built based on experiments conducted using small diame-
ter pipes however, is still unreliable. They concluded that further
research on the behaviour of multiphase flows in large diameter
pipes is vital and that correlations applicable at high flow rates in
large diameter pipes are needed. Zabaras et al. (2013) also argued
on the need for two-phase flow models obtained from large diam-
eter pipes for gas-lift applications within offshore risers.

In a comprehensive review on annular flow and its modelling,
Azzopardi (1997) reported, the majority of available experimental
data on disturbance wave properties were obtained using small di-
ameter pipes and at near atmospheric pressure conditions. In ad-
dition, very few of published papers on churn and annular flows
were obtained for liquid superficial velocity beyond 0.1 m/s and
several of the previous experimental studies employed subjective
methods for the estimation of these properties (Azzopardi, 1986).
Therefore, further studies are required to clarify the detailed char-
acteristics of churn-annular flow in large diameter pipes at above
atmospheric pressure and using more objective statistical analysis
methods.

2.2. Churn-annular gas-liquid flows behaviour

Brown et al. (1975) experimentally investigated the flow devel-
opment leading to hydrodynamic equilibrium in annular flow in
heated and unheated vertical 9.61 mm diameter pipes. They ob-
served that the wave spectrum took fairly long distances to de-
velop.

According to Hewitt et al. (1985), in churn flow, large waves are
typically created on the liquid film due to the drag force exerted
by the gas phase flowing upwards at a velocity higher than the
net-upward liquid film velocity. They concluded that large waves
frequently break up and a large fraction of the liquid can be en-
trained as droplets or lumps of liquid. Upstream to the large liquid
film waves, a thin liquid film flows downward, and part of this film
is carried upwards by subsequent large waves flowing upwards.

Sekoguchi and Takeishi (1989) reported that as the liquid flow
rate increased at a given gas velocity, wispy annular flow is ob-
served. They, however, failed to establish a transitional boundary
between the regular annular flow and wispy annular flow. Eleven
years later, Hawkes et al. (2000) reproduced the annular flow stud-
ies of Sekoguchi and Takeishi (1989) and reported similar observa-
tions.

According to Jayanti and Hewitt (1992) churn flow is regarded
as a transition between slug and annular flow. They observed that
a direct transition from slug or even from bubbly flow directly to
annular flow may happen at very high liquid flow rates. Some re-
searchers like Mao and Dukler (1993) do not recognise churn flow
as a separate flow pattern because of its similarity to annular flow.
Many other researchers believe that this flow pattern is simply a
transition regime. For instance, Taitel et al. (1980) and Dukler and
Taitel (1986) describe churn flow as an entrance phenomenon pre-
ceding a downstream stable slug flow for a pipe of enough length.

As far as churn flow is concerned, Hewitt and Jayanti
(1993), Jayanti et al. (1993), Azzopardi and Wren (2004) and
Waltrich et al. (2013) confirmed its existence as a separate flow
pattern. Many investigators like Govier and Aziz, 1972 Oshinowo
and Charles, 1974, Taitel et al., 1980 and Mishima and
Ishii (1984) have identified the existence of churn flow based
on visual observation of gas-liquid flow in transparent tubes and
from the study of simple conductance probe time series.

According to Ansari et al. (1994) and Shoham (2006), churn
flow is a very chaotic flow pattern. They also affirmed that the
physics of this flow pattern is very difficult to model and describe
owing to its complexity. According to Barbosa et al. (2001), churn
flow is similar to annular flow in that liquid films are present
around the pipe wall and a large gas core is positioned in the mid-
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dle of the pipe. However, in churn flow, the liquid film flows in
an oscillatory manner, upwards and downwards based on the fact
that the gas velocity is not high enough to levitate the liquid con-
tinuously.

Barbosa et al. (2001) and Wang et al. (2012) investigated
flow development and wave behaviour in churn flow. How-
ever, their work was limited to the region near the entrance.
Hazuku et al. (2008) measured the evolution of liquid film thick-
ness and wave characteristics in a vertical 3m long with 11 mm
diameter pipe by means of a laser focus displacement technique.
They concluded that the flow did not reach a developed state in
the test section based on the fact that neither the liquid film thick-
ness nor the wave frequency ceased to decrease as a function of
distance.

Wang et al. (2012) developed a model for predicting the
movement of huge waves. They claimed that when the gas
superficial velocity increases the wave amplitude decreases.
Sharaf et al. (2016) investigated the structures in gas-liquid churn
flow in a large 127 mm internal diameter and 11 m long pipe using
conductance wire mesh sensor (WMS). They extracted the time se-
ries data from the WMS output and examined the trends of mean
liquid film thickness, base film and wave peaks. They qualitatively
examined the occurrence of wisps and their corresponding fre-
quency. However, they did not report annular flow and did not
fully characterise churn and annular flows which have vital practi-
cal application in the oil and gas industry.

From the studies regarding the characteristic of churn and an-
nular flows, there emerges a clear need for more experimental data

on the evolution of gas-liquid flows in vertical pipes with larger
pipe diameters. This work therefore aims to experimentally investi-
gate the characteristics of periodic structure behaviour of film frac-
tion at a pressure of 3 bar (a). It will focus on liquid superficial ve-
locity of 0.02-0.33 m/s within the churn-annular flow in a 127 mm
internal diameter and 11 m long vertical riser using air-water as
the system fluid.

3. Experimental arrangement
3.1. Experimental facility

The present experimental programme was carried out using
a large close loop facility shown schematically in Fig. 1. The fa-
cility is located within the Chemical Engineering Laboratories of
the University of Nottingham. It has been reported previously by
Abdulkadir et al. (2012, 2014). The technical details can be found
in the reported papers. However, for sake of comprehensiveness, a
brief description of the facility is presented here. The facility works
as follows: the liquid (water) is stored in the supply tank and is
transported by means of a centrifugal pump into the mixer posi-
tioned at the base of the riser. Two liquid ring pumps with 55 kW
motors were employed to compress and transport the air to the
mixer. The mixing device (Fig. 1F) consists of a 105 mm diameter
tube sited at the centre of the 127 mm internal diameter test sec-
tion, called an annular injection method. Air and water meet in the
mixer and afterwards begin its development along the length of
the 11 m high riser. The flow is then directed into the downcomer
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Fig. 1. Schematic diagram of the experimental facility showing (A) liquid storage tank (B) liquid pump (C) liquid flow meters (D) compressor (E) gas flow meter (F) air-water
mixing section and (G) the locations of the conductance probes on the transparent test section of the riser.
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Fig. 2. The conductance ring probes.

which is linked to the supply tank where the liquid is separated
from the gas. The flow rates of the air and water are controlled
by valves and measured using calibrated vortex and turbine me-
ters, respectively. The maximum uncertainties in the liquid and gas
flow rates according to Sharaf et al. (2016) are +0.6% and +0.5%,
respectively.

The pressure and temperature of the system were taken close
to the liquid and gas flow meters and at the base of the riser. This
permitted the inlet flow rates to the test section for both phases
to be determined precisely. The liquid and gas superficial veloci-
ties employed were in the ranges from 0.02 to 0.33 m/s and 3.5 to
16.1 m/s, respectively. In all of the experiments, air and mains tap
water at a temperature of 20°C were used as the test fluids. The
experiments were carried out at a system pressure of 3 bar(a). This
system pressure corresponds to a gas density of 3.55 kg/m3.

Downstream of the mixer, the two-phase mixture travels for
11 m along a 127 mm internal diameter vertical pipe in which an-
nular or churn flow is established. Here, the time varying cross-
sectional film fractions were measured using three identical con-
ductance ring probes Fig. 1(G) placed at distances of 8.1, 8.3 and
8.5m above the mixer section. These locations correspond to, 64,
65 and 67 pipe diameters above the mixer. Beyond the vertical
pipe test section, the two-phase flow travels for 2.34m horizon-
tally, a further 9.67 m vertically downwards and 1.47 m horizontally
to the separator.

3.2. Instrumentation

3.2.1. Film fraction measurement

In the present study the conductance technique is applied to
study air-water distribution. Air-water mixtures were considered.
An alternating current carrier voltage of 10 kHz frequency was ap-
plied across each pair of electrodes while an electronic device, ex-
clusively designed for this purpose, changed the alternating current
signal into a direct current signal proportional to the impedance
of the two-phase test section. The authors found that the fre-
quency of 10kHz is high enough to ensure the measured electri-

cal impedance is resistive. The frequency was verified to give the
resistive behaviour of the water by measuring both the amplitude
and phase shift of the applied voltage signal.

3.2.1.1. Conductance ring probe technique. The design of the con-
ductance ring probes as used in the present study was painstak-
ingly described by Omebere-lyari (2006). The flush mounted ring
probes shown in Fig. 2 are attractive to researchers based on the
fact that it provides non-intrusive measurements, can detect small
impedance and allows electric field to be effectively confined.

In the present study, it is worth mentioning that the probes
must be calibrated before the beginning of measurement. This ac-
cording to Fossa (1998) is to ensure better accuracy. The probes
employed in this work were calibrated by Omebere-lyari (2006) for
bubble, churn and annular flow regimes. The churn and annular
flows are simulated by inserting a non-conducting cylindrical plas-
tic rod with a known diameter inside the pipe and filling the an-
nulus between the rod and the pipe wall with a conductive lig-
uid. The probes give an output ranging from 0 to 0.32V, which is
proportional to the resistance of the air-water mixture. They were
cautiously designed so that the electrodes had the same diameter,
D as the test section (127 mm) to guarantee flush mounting with
the pipe wall. The distance between each pair of stainless steel
electrode plates, De, and width, s, are 25 and 0.3 mm, respectively.
The distances, D, and s can be observed in Fig. 2. This results in
electrode spacing to pipe diameter ratio (De/D) of 0.20 and elec-
trode width to pipe diameter ratio (s/D) = 0.024 (Abdulkadir et al.,
2012). By repeating this procedure with plastic rods of differ-
ent diameters according to Abdulkadir et al. (2012), void frac-
tion/dimensionless conductance relationship were obtained. Data
acquisition was carried out through a PC equipped with a National
Instrument (NI) DAQ card. An existing data acquisition programme
in Labview (Omebere-Iyari, 2006) was adapted. A third order poly-
nomial fit of the form:

Film fraction = a + b(Gex)? + c(Gex)? + d(Gex) (1)



254 M. Abdulkadir, U.P. Mbalisigwe and D. Zhao et al./International Journal of Multiphase Flow 113 (2019) 250-263

] [ A van der Meulen et al. (2009) ~-Omebere-Iyari (2006) |
0.8
5
5 0.6
e
=2 04
N ok
0 AA -}
A
AT
A
0
0 0.2 04 . 06 0.8 |
Ge?*

Fig. 3. Calibration relationships for conductance ring probes for churn-annular type
flow.

is used to obtain a distinctive calibration curve for each probe. It is
worthy of mention that Van der Meulen (2012) much later, follow-
ing the same procedure re-calibrated the probes wherein the ef-
fect of gas bubbles in the liquid film was taken into consideration.
Van der Meulen (2012) successfully simulated the gas bubbles in
the liquid film by adding a known volume of spherical glass beads
with different diameters ranging from 3 to 6 mm to the annulus
between the non-conducting rod and the pipe wall. Details on the
role of the glass beads during calibration can be found in Van der
Meulen (2012).

Fig. 3 shows the calibration curves for churn and annular flow
types for the approaches of Omebere-lyari (2006) and Van der
Meulen (2012). Time varying cross-sectional film fraction measure-
ments was made with three identical ring probes at three locations
along the length of the riser.

In conclusion, tap water, which was used in the experiments,
was found to have conductivity between 491 and 600 uScm~!. If
not replaced the water quickly became contaminated and mineral
deposits begun to show, mostly on the wires. To avoid large vari-
ations of conductivity within the same experimental run and to
reduce fouling of the electrodes, fresh water was fed continuously
to the separator tank and discharged to drain. The conductivities
determined during the measurement were used to interpolate be-
tween the calibrations curves to obtain the liquid film thickness re-
lationship. Calibrations were repeated periodically without a clean-
ing of the electrodes. It was observed that the variations of the
calibration curves caused changes in the film fraction, which were
well within experimental error. The largest discrepancy recorded
was 4.5%. In addition, one of the pitfalls of the conductance probes
was that the liquid conductivity varies with temperature. The prob-
lem was solved by keeping the temperature constant during the
experiment.

4. Results and discussion

The range of liquid and gas superficial velocities is given in
Table 1. In total, 136 data points were obtained during the test
runs for all the experimental conditions. Fig. 4 shows the exper-
imental operating points of the present study described in a flow
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Fig. 4. Flow pattern map under current experimental conditions predicted by
Pereyra and Torres (2005).

pattern map (Fig. 4) generated using the FLOPATN computer code
developed by Pereyra and Torres (2005). They used the model of
Barnea (1987) for the transition criteria between different two-
phase flow regimes. From an analysis of the observations it is con-
cluded that the Pereyra and Torres (2005) model under-predicts
annular flow, it predicts both churn and annular flows as churn
flow.

The time series output of the 3 conductance ring probes gave
the footprint of film fraction in the riser. By statistically analysing
these data, the characteristic features of the flow behaviour such
as average film fraction, film roughness reflected by the standard
deviation of film fraction, skewness of film fraction, dominant fre-
quency and structure velocity can be derived. Statistical analysis
provides a quantitative tool to distinguish different flow patterns
and to reveal the transition from one to another. The results are
presented below.

4.1. Time series of film fraction

Fig. 5(a-c) presents the experimental results of film fraction as
a function of time obtained from three conductance probes placed
at three dimensionless axial distances L/D =64, 65 and 67 and for
gas superficial velocities of 3.5 and 16.1 m/s. It is worthy of men-
tion that the experiment was repeated three times to check for
repeatability and consistency. As can be seen, the film fraction de-
creases with an increase in gas superficial velocity. The oscillatory
nature, large wave height and high film fraction that are character-
istics features of churn flow become more evident at the low gas
superficial velocity of 3.5 m/s. Similar trend has also been reported
by previous investigators such as Almabrok (2013). At gas super-
ficial velocity of 16.1 m/s, it can be seen from the figure that the
peak of the film fraction decreases by about 60% for all the three
dimensionless axial locations considered. It can also be observed
that large amplitude variations cease to exist as gas superficial ve-
locity increases to 16.1 m/s. This is in agreement with the observa-
tions of Wang et al. (2013) that when the gas superficial velocity
increases, the wave amplitude decreases. At gas superficial velocity

Table 1

The range of variables.
Usg (m/s) Us; (m/s) Film fraction = Absolute error  Relative error (%)  Resg Reg;
3.5-16.1 0.02-0.33  0.05-0.2 0.018-0.027 1.8-5 86,413-402,000  2535-41,826
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of 16.1 m/s, the time series shows a very low average value of film
fraction. These are representative characteristics of annular flow.

The observed trend in the time series of film fraction as de-
picted in Fig. 5(a) shows a minor difference in comparison to
Fig. 5(b-c). Fig. 5(b) shows almost the same trend in the variation
of film fraction with respect to time in comparison to Fig. 5(c).

Fig. 6 shows a comparison of average film fraction ob-
tained from two conductance probes placed at two dimensionless
axial locations L/D=64 and 65. The result from the film fraction
data presented in Fig. 6 shows that most of the data from the
two dimensionless axial locations agree well with each other and
lie on a straight line. Similar trend was observed by Omebere-
Iyari (2006) and Abdulkadir et al. (2012) at L/D=64 using the
same pipe diameter.

The result of the comparison depicted in Fig. 6 shows that for
film fraction <0.04, there is a noticeable over-departure within
+40%. An error of 4 10% is achieved for 0.04 < film fraction <0.1.

4.2. Average film fraction

The average film fraction can be obtained from Eq. (2);

1 15N
(exr) = T/T'Skdt =N > ek (2)
n=1

()t represents the average over the entire time series period (T)
and N stands for the number of data points in the time series.

The average film fraction calculated using Eq. (2) from the
time series data obtained from the conductance probes is plotted
against gas superficial velocity as shown in Fig. 7.

The data is obtained for a series of liquid and gas superficial ve-
locities of (0.02-0.2) m/s and (3.5-16.1) m/s, respectively. The fig-
ure illustrates that the average film fraction depends on both the
gas and liquid superficial velocities. It is also clear from the plot
that the average film fraction generally decreases with gas superfi-
cial velocity for all the liquid superficial velocities considered.

Fig. 7(a-b) shows that for liquid superficial velocity ranging
from 0.02 to 0.05m/s, the slope of the points is higher at gas su-
perficial velocity up to about 8.0 m/s after which, the average film
fraction remains relatively uniform at higher gas superficial veloc-
ities. The relative uniformity of average film fraction may be as a
result of annular flow regime existing at higher gas superficial ve-
locities. According to Azzopardi (1986), disturbance waves become
more regular and reach more uniform velocity when the waves be-
come very close to each other without coalescence of the succes-
sive waves. A similar trend in the plot of average film fraction with
gas superficial velocity can be observed at liquid superficial veloci-
ties of 0.07 and 0.2 m/s. Although, the average value of film fraction
for liquid superficial velocity of 0.2 m/s is always higher than that
for liquid superficial velocity of 0.07 m/s.

A similar trend can be observed at liquid superficial velocities
of 0.07 and 0.08 m/s. At liquid superficial velocity of 0.08 m/s, the
film fraction decreases with gas superficial velocity. This decrease
signifies smoothing of the interface and also a thinning of the film.
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At higher liquid superficial velocity of 0.1 m/s, the film fraction de-
creases from 0.096 to 0.056. It thereafter recovered to 0.062 and
then decreased finally to 0.038. The decrease could be attributed to
the thinning of the interface due to the action of interfacial shear
stress leading to thinning of the film. The increase on the other
hand can be attributed to the presence of liquid entrainment in
the gas core and as a consequence brining about thickening of the
film.

At liquid and gas superficial velocities of 0.2 and 3.5m/s, re-
spectively, a maximum film fraction of 0.1 can be seen in Fig. 7f.
When the liquid superficial velocities are 0.08 and 0.1 m/s, there is
a continuous decrease in average film fraction as the gas superficial
velocity increases. This decrease could be attributed to the pres-
ence of churn flow within the range of gas and liquid superficial
velocities considered. An interesting feature that can be deduced
from Fig. 7(a-f) is that the peak value of film fraction occurred at
the lowest gas superficial velocity except for liquid superficial ve-

locity of 0.08 m/s where the peak film fraction is seen at 6.0 m/s.
From the result, it can be observed that the liquid and gas super-
ficial velocities have considerable effect on the film fraction, al-
though to a varying degree. Also, the film fraction decreases more
rapidly at lower gas superficial velocity up to a point and then re-
main steadily uniform at higher gas flow rates, similar observations
were reported by Abdulkadir et al. (2012) and Almabrok (2013).

4.3. Liquid film thickness

The liquid film thickness is calculated from film fraction us-
ing Eq. (3). Similar method has been used by Kaji and Az-
zopardi (2010), Van der Meulen (2012), Zangana (2011) and
Abdulkadir et al. (2012). The calculated liquid film thickness is then
plotted against gas superficial velocity. This can be found in Fig. 8.

5D
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where D is the pipe diameter and is the average void fraction.

From Fig. 8, it can be seen that at liquid superficial velocity
ranging from 0.02 to 0.05m/s, there is a sharp decrease in liquid
film thickness as gas superficial velocity is increased up to 9.2 m/s.
Beyond this gas superficial velocity, the liquid film thickness is rel-
atively steady up to a gas superficial velocity of about 13.2m/s. It
can be observed that beyond gas superficial velocity of 13.2m/s,
the liquid film thickness increases and then decreases, the sharp
increase and decrease could be an indication of a transition point
between churn-annular flows. It can be generally observed that
the minima in liquid film thickness occur at around gas superfi-
cial velocity of around 12.4m/s. This is in close agreement with
the value reported by Van der Meulen (2012). He reported that the
general minimum liquid film thickness occurred at gas superficial
velocity of 13 m/s using same experimental rig and same conduc-
tance ring probes. As expected, the maximum liquid film thickness
can be observed at the lowest gas superficial velocity of 3.5m/s.
Fig. 9, on the other hand, shows a comparison of the present work
against the results reported by Zangana (2011) using same experi-
mental facility and conductance ring probes but with different lo-
cal liquid film thickness pin probes at constant liquid superficial
velocity of 0.05m/s.

It can be observed from Fig. 9 that the average values of liquid
film thickness from the conductance ring probes are visibly higher
at low gas superficial velocity of 3.5m/s. In contrast, at higher
gas superficial velocities 10-16.1 m/s, a reasonably good agreement
can be seen from the values of liquid film thickness obtained us-
ing the local film pin probes and conductance ring probes. The
best explanation for this tendency is that the local pin probes can
measure liquid film thickness accurately up to 1.5mm according
to their calibration curves. Therefore, at low gas superficial veloc-
ity where the liquid film thickness is expected to be thicker than
1.5 mm, the average values of liquid film thickness obtained locally
are lower than those obtained from the conductance ring probes.
The observed little difference in conductance ring probe data from
the present work and that acquired from Zangana (2011) at lower
gas superficial velocity may be attributed to the difference in ax-
ial positions from which both conductance ring probe data were
gotten.

4.4. Experimental data versus the values from empirical correlations

Chisholm (1972) proposed a correlation for predicting void frac-
tion (Void fraction = 1 — film fraction) using a slip ratio, which was
substituted in the homogeneous void fraction equation to obtain
void fraction. It is worth mentioning that the Chisholm (1972) cor-
relation was empirically developed for heat exchanger applications.
Sixteen years later, Hassan (1988) proposed a correlation for pre-
dicting void fraction for churn flows. They achieved this feat by
putting into cognisance the fact that an accurate estimate of the
flow distribution parameter, Cy, is important for predicting void
fraction in churn flow and that the bubble concentration profile is
unlikely to be similar to that for slug flows because of the churning
motion characteristics of this flow pattern. From their data, they
made a linear plot of actual gas velocity, U% against mixture ve-
locity, Up,, and obtained a slope which is analogous to Cy of 1.15.
Cioncolini and Thome (2012) developed a correlation for predicting
void fraction by incorporating the Hill function. Woldesemayat and
Ghajar (2007) studied the performance of 68 void fraction correla-
tions based on 2845 data points. The data set covered a wide range
of parameters. They developed a void fraction correlation that they
claimed has the best predictive capability of all the correlations
considered in their work regardless of flow pattern and pipe incli-
nation angle.

The film fraction correlations proposed by Chisholm
(1972), Hassan (1988), Cioncolini and Thome (2012) and
Woldesemayat and Ghajar (2007) Egs. (4), (7), (8) and (11),
respectively are as follows:

1
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1+ Up (135) (%)
where
05
Ug 4]

Up=—=|[1—-x[1-— 5

T [ ( pg)} )
and
X Mg UscpgA Usc g 6)

- Mg+ M, - UscpgA + Us 0 A - Uspg + Us 0



258 M. Abdulkadir, U.P. Mbalisigwe and D. Zhao et al./International Journal of Multiphase Flow 113 (2019) 250-263

‘ A Chisholm (1972) % Cioncolini and Thome (2012)
025 O Hassan (1988) - 0O Woldesemayat and Ghajar (2007))
(o]
o QOO "

] o
g 02 x¥
S 6.8 I\
: & :
o= 0.15 P
= QD a8
B 0.1 ~
3 =
=
L
& 0.05

0

0 0.05 0.1 0.15 0.2 0.25

Experimental film fraction

Fig. 10. Comparison between experimental film fraction and calculated film frac-
tion from some empirical models.

Usg
1.15U,, 4+ 0.345 %’(p, — Pg)

er=1-¢=

(7)

where Uy, = Usg + U, and Ug and U, are the actual gas and liquid
velocities, respectively.
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Fig. 11. A plot of variation of standard deviation of film fraction with gas superfi-
cial velocity at various liquid superficial velocities. Standard deviation here is the
deviation of real film fraction.

The Woldesemayat and Ghajar (2007) does not agree well with
the experimental film fraction for 0.08 <¢; <0.12.However, the pre-
dicted film fraction values begins to agree well with experimental
film fraction when ¢ <0.08 within 4+ 16%. The correlation is also
able to predict film fraction within +20% for 0.1 <¢ <0.14.

On the other hand, Hassan (1988) empirical correlation shows
a significant variation with the current data. The disparity could
be attributed to two facts namely, (1) the Hassan (1988) empirical
model was originally developed for churn flow in smaller diame-
ter pipes and (2) the Hassan (1988) empirical model is a drift flux
model which depends on the accuracy of the values of Cy and the
drift velocity (Vgd). The drift velocity on the other hand depends
on the drift coefficient (d). The assumed values of Cy and d are
1.15 and 0.345, respectively, based on his equation may not be ap-
propriate for present work and thus could be responsible for the
over-prediction.

In general, the Woldesemayat and Ghajar (2007) shows better
prediction capability in comparison to the other three empirical

(11)

Use 1+(@>(@)m 1+ 2.9( 80 +cosO)
Usc/\ pi o2
where 6 is the inclination angle of the pipe, ois surface tension,
Patm and psyseem are the atmospheric and system pressures, ¢ is the
void fraction and ¢; is film fraction.

Fig. 10 shows a comparison between experimentally deter-
mined film fraction against film fraction determined from em-
pirical correlations of Chisholm (1972), Hassan (1988), Cioncolini
and Thome (2012) and Woldesemayat and Ghajar (2007). In or-
der to have a better understanding of how each of the 4 pub-
lished empirical correlations agree well with the present exper-
imental data, a cross-plot is presented in Fig. 10. It can be ob-
served from the figure that the Chisholm (1972) empirical corre-
lation agree reasonably well at low values of experimental film
fraction, E; <0.1 and on the other hand fail to predict interme-
diate film fraction (0.1 <E; <0.19) values within =+ 16%. Interest-
ingly, the Cioncolini and Thome (2012) correlation used in pre-
dicting film fraction, follows the same trend to the correlation
of Chisholm (1972). Since, both correlations were specifically de-
signed for cases where annular flow is the dominant flow pattern.
Therefore, both correlations agree well with the data when the lig-
uid superficial velocity is low. This corresponds to film fraction,
e =< 0.1

_ ) 0.25
pg) (122 +1.225sing)-Pam

sysem

correlations whilst on the other hand, the Hassan (1988) is the
poorest.

4.5. Standard deviation (S) of film fraction

In this section, the variation of standard deviation (S) with gas
superficial velocity is investigated. The standard deviation is cal-
culated from Eq. (12). Here, S which is the deviation of real film
fraction can be used to determine the degree of roughness of film
fraction.

Fig. 11 shows a plot of variation of S of film fraction time se-
ries data with gas superficial velocity at different liquid superficial
velocities.

In Fig. 11, a general decreasing trend of averaged S of film frac-
tion with increasing gas superficial velocity can be clearly seen. At
low liquid superficial velocity, there is an initial sharp decrease fol-
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Fig. 12. A plot of variation of skewness of film fraction with gas superficial velocity at various liquid superficial velocities.
lowed by a more or less constant value as the gas superficial veloc- liquid flow.
ity increases. This observation could be as a result of more or less . 3
steady ripple waves associated with annular flow. As the liquid su- 7 |<9Li - SLi’
perficial velocity is increased beyond 0.02m/s, the flow becomes Sk = = (13)

more oscillatory leading to an alternating increase and decrease as
the gas superficial velocity is increased. At liquid superficial veloc-
ity of 0.1 m/s, the degree of haphazardness of S of film fraction be-
comes even more marked. This could be ascribed to churn-annular
flow transition boundary.

It can also be seen from Fig. 11 that the peak value of S of
film fraction occurs when the liquid superficial velocity is 0.07 m/s.
The irregularities in S of film fraction at liquid superficial velocities
of 0.07, 0.11 and 0.2m/s can be attributed to wispy annular flow
occurring around the transition point. In wispy annular flow, the
gas core contains larger liquid structure compared to the smaller
droplets in annular flow.

It can also be observed that the higher values of S occurs at
higher liquid superficial velocity and is quite higher than that at
low liquid superficial velocity. This is expected because high liquid
superficial velocity results in larger liquid film waves which lead to
high degree of roughness in the liquid film.

4.6. Skewness of film fraction

Skewness of film fraction (S;) is used to determine the degree
of asymmetry of the gas-liquid flow distribution. For instance, for
a bell-shaped probability distribution, S, will be zero. If there is a
shift in the bell-shaped curve to the right, it means that the film
fraction is higher and the function gives negative S,. On the con-
trary, when there is a shift to the left of the bell-shaped curve,
the film fraction is lower, hence the function gives a positive Sj.
This parameter has been successfully used by Shen et al. (2005),
Qi et al. (2012) and more recently Kanu (2013) to distinguish be-
tween core peak and wall peak distribution pattern in two-phase
bubbly flow. From their works, they noted that when S, has neg-
ative values, it indicates a core peak phase distribution pattern. A
wall peak phase distribution pattern occurs when the skewness is
positive. An S, value of zero represents a transition between the
wall peak and core peak phase distribution.

The variation of skewness (S;) with gas superficial velocity
shown in Fig. 12 is investigated. S, is calculated from Eq. (13). S;
can be used to quantitatively analyse phase distribution in gas—

o3

In Fig. 12, the S of film fraction are plotted against gas super-
ficial velocity with liquid superficial velocity as a parameter.

It follows from the explanation given above that as the gas su-
perficial velocity increases, S; also increases and the phase distri-
bution of the film fraction tends to become more wall peaking or
less core peaking.

It can be observed from Fig. 12 that the absolute value of S,
of film fraction is less than 1.5 within the experimental range. It
can also be noted that the value of S, generally increases when
the gas superficial velocity is 10.9m/s within the prevailing lig-
uid superficial velocities considered under this study. This increase
in S, under these conditions may be attributed to a region where
transition from churn-annular flow occurred. A general trend in
Fig. 12 is that as gas superficial velocity increases, S, of film frac-
tion and the corresponding phase distribution become more wall
peaking and less core peaking.

Since S, is also dependant on liquid superficial velocity, there is
a drift towards core peaking when the liquid superficial velocity is
increased at constant gas superficial velocity, this is illustrated in
Fig. 13. Fig. 13 shows an increase in S, when the liquid superficial
velocity is less than 0.05m/s at constant gas superficial velocity.
The increase in S; is particularly most noticeable at low gas super-
ficial velocity. It can also be observed from Fig. 13 that when the
liquid superficial velocity is increased beyond 0.05m/s, S, shows
an alternating increase followed by a decrease.

Since the film fraction shows this clear trend, a more detailed
analysis is performed on the time series of film fraction data ob-
tained from the conductance probes.

4.7. Spectral analysis

Spectral analysis of the time series data in the frequency do-
main has been employed in order to further investigate the peri-
odicity of the interfacial structures. The spectral analysis in form
of power spectral density (PSD) is used to quantify the strength of
the time series signal across different frequency bands. It is worth
mentioning that in the plot of spectrum of auto correlation func-
tion, a frequency corresponding to the tallest peak in the plot gives
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Fig. 13. A plot of variation of skewness of film fraction with liquid superficial ve-

locity at various gas superficial velocities.

the dominant frequency of disturbance waves. Fig. 14 shows the
PSD calculated from the film fraction measurements shown in the
time series data, Fig. 5. This approach has been used by several
previous investigators (Azzopardi, 1986) for calculation of domi-
nant or disturbance wave frequency. Azzopardi (1986) noted that
this approach is the most objective approach available for the mea-
surement of disturbance wave frequency.

To obtain the PSD, the Fourier transform of the time se-

ries signal is initially carried out and the equation is defined in
Kanu (2013):

F(x) = [ " e (t)e -2 ot (14)

The PSD function is then obtained by taking the Fourier
transform of the auto covariance function (ACF) as given in
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Kanu (2013):

T-t
Cu(kAT) = Tlft/() (eL(t) —€p).(er(t+kAT) —¢ép)dt; T <T

(15)

where T is the duration of sampling, kAt is the time delay, 7 is
the interrogating time delay. The PSD is given by;

-1
Px(f) = AT %CXX(O) + ) CGu(kAT)W(kAT)cos(2m fkAT)
k=1
(16)
In Eq. (16), a cosine windowing function w(kAt) is used to sup-

press the spectrum leakage, Kaji et al. (2009) and Kanu (2013) have
also used a similar method, Eq. (17), in their work;

w(kAT) = cos(nkAt>

27 (17)
Because it is not easy to quantify the effect of variation of fre-
quency on a linear scale, a logarithmic scale is being used on the
frequency axis to easily access the effect of frequency and gas su-
perficial velocity variation.

The PSD variation with frequency is shown in Fig. 14 for a con-
stant liquid superficial velocity of 0.33m/s and at various gas su-
perficial velocities of 6.06-14.2 m/s. The figure shows that at gas
superficial velocity of 6.06 m/s, a well-defined peak can be ob-
served. As the gas superficial velocity increases, the profiles re-
main clearly defined but with the position of frequency shifting
to higher frequencies. The peaks decrease by about 66%.

In Fig. 15, dominant frequency obtained from the conduc-
tance ring probes is compared against dominant frequency ob-
tained from the work of Sharaf et al. (2016) using wire mesh
sensor (WMS) at same liquid and gas superficial velocities.
Sharaf et al. (2016) used the same experimental rig as present
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Fig. 14. A plot of variation of Power Spectral Density (PSD) with frequency at constant liquid superficial velocity of 0.33 m/s. Gas superficial velocity (m/s): (a) 6.06 (b) 9.2
(c) 12.7 and (d) 14.2.
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study, same pipe length and diameter and fluid properties. The
sampling frequencies of the conductance ring probes and WMS
measurement transducers were 1000 and 1000Hz, respectively.
Fig. 15a shows a plot of average frequency against gas superfi-
cial velocity recorded by the conductance ring probes and WMS
measurement transducers. The data presented on the figure illus-
trates good agreement between the two methods of measurements
within +10% as shown in Fig. 15b. Some of the insignificant dif-
ferences may be due to the fact that the conductance ring probes
is not intrusive while the WMS is intrusive.

4.8. Structure velocity

The time series of film fraction is examined further to extract
the velocity of periodic structures, also known as structure ve-
locity. Structure velocities from the conductance probes are ob-
tained by cross correlating the signals from the two consecutive
axially positioned conductance probes. This technique of structure
velocity measurement is objective and it has been utilised by sev-
eral previous investigators (Nicklin et al., 1962; Azzopardi, 1986;
Sawant et al., 2008). Structure velocities for various liquid super-
ficial velocities are plotted against mixture superficial velocity as
illustrated in Fig.16.

Fig. 16 shows the variation of structure velocity with mixture
velocity in the upstream (between Probes 1 and 2). From the fig-
ure, it can be observed that the trend earlier suggested by previous
investigators is seen in the present data. Sawant et al. (2008) sug-
gested that in order to increase the accuracy of structure velocity

calculation, the two probes should be located as close as possible.
It is in view of this recommendation that the probes used in the
present work were placed as close as possible to each other.

From Fig. 16, it can be observed that the structure velocity
is negative for liquid superficial velocities ranging from 0.02 to
0.07 m/s and at mixture velocities of between 8.8 and 14.5m/s and
become positive at the highest mixture velocities. The change in
sign from negative to positive in the value of structure velocity
could be as a result of a change in churn to annular flows. This
may also imply that there are possible features of counter and co-
current flows.

For liquid superficial velocities of 0.1 and 0.33m/s as depicted
in Fig. 16, the structure velocity is almost uniform. This is ex-
pected because at high liquid superficial velocities, the distur-
bance and ripple waves are more uniform. This is in agreement
with the conclusions of Azzopardi (1986) that when the waves are
very close to each other without coalescence with the successive
waves, the structure velocity becomes almost uniform. According
to Fukano et al. (1997) the disturbance waves occurring in annu-
lar flow become stable as they move along the length of the pipes
where the probes are located. The region where there is a decrease
in structure velocity could be due to the region where churn flow
occurs.

4.9. Comparison between present study and that of
Skopich et al. (2015)

A comparison between the present study and that of
Skopich et al. (2015) will be made based on average film fractions.
Skopich et al. (2015) carried out experimental work on vertical
pipe with an internal diameter of 50.8 mm. The fluids employed
were air and water at a system pressure of 0.9 bar absolute.

The results of the comparison presented in Fig. 17 were car-
ried out at the same liquid superficial velocity of 0.05 m/s. The plot
shows the same tendency, though the values of average film frac-
tion obtained from the work of Skopich et al. (2015) are higher
than those of present study. This might be attributed to the fact
that the amount of entrainment of liquid drops in the gas core in
large diameter pipes is greater than that of smaller pipes. Hence,
there is less liquid in the film in the large diameter case.

5. Conclusion

Experimental data are presented and discussed on characteris-
tics of churn and annular air-water flows in an 11 m long riser
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with 127 mm internal diameter using conductance ring probes. The
film fraction data obtained from the conductance ring probes were
analysed using more objective statistical analysis methods. In the
present study only annular and churn flows occurred. Power spec-
tral density (PSD) for each run was examined and plotted against
frequency to obtain the dominant frequency. A cross-correlation
was performed between the time varying film fraction data mea-
sured by the ring probes located at 8.1 and 8.3 m above the mixer
section at the base of the riser. This allows the determination of
the time for individual waves to travel between every two ring
probes, and hence the calculation of the structure velocity. From
this data analysis, the following conclusions can be drawn:

o The plot of time series of film fraction at L/D =64, 65 and 67
showed similar trend and exhibited an insignificant variation in
film fraction. The oscillatory nature and high film fraction be-
comes more evident at low gas superficial velocity of 3.5 m/s. At
the highest gas superficial velocity of 16.1 m/s, the peak heights
of the film fraction decreases by about 60%.

The film fraction data from the present work was further
compared with that obtained from correlations of proposed
by Chisholm (1972), Hassan (1988), Cioncolini and Thome
(2012) and Woldesemayat and Ghajar (2007). The result
from the comparison indicates that Woldesemayat and Gha-
jar (2007) correlation performed better than other correlations
particularly at lower and intermediate film fraction.

The results of the comparison of dominant frequency obtained
from the conductance ring probes against those obtained from
the published work of Sharaf et al. (2016) using wire mesh sen-
sor (WMS) showed good agreement between the two methods
of measurements within 4 10%.

The structure velocity was found to be almost uniform at high
liquid superficial velocities. The work also confirms the conclu-
sions of Azzopardi (1997) that disturbance waves become more
regular and achieve more uniform velocity when the waves be-
come close to each other without coalescence of the successive
waves.

The comparison between the results of the plot of average
film fraction obtained from the present study and those of
Skopich et al. (2015) showed the same tendency.
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