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Measurements of the circumferentially resolved axial liquid film flow rate have been
obtained for a 38 mm internal dia. pipe at inclinations of 08, 208, 458, 70 and 858 from
the horizontal. The method employed is based on that used by Butterworth, and consists
of a film extraction technique which utilizes a unit with a wall that is porous over a sector
of the pipe. Liquid entrained fraction was determined from the total film flow rate. Results
show that the local liquid film flow rate is not symmetrical. Flow rates are higher on the
lower part of the pipe. As the inclination angle deviates from horizontal, the film flow rate
becomes systematically less asymmetric. There is not a strong dependence of the
entrained fraction on pipe inclination. For the case when the pipe is horizontal, the cir-
cumferential variation of film flow rate is well predicted by a horizontal annular flow
model. � 2007 American Institute of Chemical Engineers AIChE J, 53: 1144–1150, 2007
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Introduction

Gas-liquid flow occurs widely in the power generation and
hydrocarbon production industries. When a gas-liquid mixture
flows in a pipe, it has been observed that the interface between
the two phases can have different characteristics depending on
variables, such as inlet flow rates, fluid properties, pipe geome-
try and orientation of the flow. The various configurations of
interfacial distributions can be classified into flow patterns. An-
nular flow is one of the most common flow patterns encoun-

tered in natural gas well-bores and pipelines. It occurs at high-

gas and low to medium liquid flow rates, and at all pipe orien-

tations. In this configuration, some of the liquid travels as a

film on the channel walls, and the remainder is carried as drops

by the gas in the center of the channel. The fraction of liquid

travelling as drops can vary from zero to close to one. The

interface between the gas core and the liquid film is usually

very wavy, and entrainment and deposition of liquid droplets

occur through this interface.
The majority of pipes are mounted vertically or horizontally.

In some cases, such as oil/gas wells where deviated drilling has
been employed or risers from the sea bed to floating production
facilities, the pipes are inclined at angle between the vertical
and horizontal. Here, it is important to know the distribution of
liquid about the pipe cross-section so as to protect adequately
against erosion and corrosion. Although there have been stud-
ies of flow patterns, pressure drop and void fraction for gas/liq-
uid flow up inclined pipes, there have been few studies which
have provided more detailed information. Azzopardi and
Zaidi1 applied a laser diffraction technique to measure drop
size distributions in inclined annular flow. The work was
extended2 to determine drop concentrations, and, hence,
entrained liquid flow rates. Both measurements were averages
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across a diameter. There have been two studies which provide
circumferential film thickness measurements.3,4 These show
much thicker films at the bottom than at the top of the pipe.
Circumferentially resolved film flow rate measurements have
been obtained for annular flow in horizontal pipes.5,6 These
again show large differences between top and bottom. How-
ever, hitherto there have been no data on the circumferential
film flow variation for annular flow in inclined pipes.

There are a number of sources which provide values of the
fraction of entrained liquid in horizontal annular flow.7–12

There are no models currently available for annular flow in
inclined pipes. There have been a number models published for
horizontal annular flow. All allow for drainage of the liquid
around the sides of the pipe driving by gravity. They invoke
different mechanisms for the replenishment/retention of liquid
at the top and sides of the pipe. These include: entrainment
from the bottom and depletion onto the top; secondary flow in
the gas, caused by rougher film on the bottom than at the top,
providing an upward shear on the film; pumping action through
the waves on the film interface. Azzopardi13 has examined
these models, and has shown that they all give good predictions
of circumferentially varying properties, such as film flow rate
and film thickness.

Experimental Arrangements

Flow facility

The annular two-phase flow experiments were carried out on
an inclinable rig in the Chemical Engineering Laboratory of
the School of Chemical, Environmental and Mining Engineer-
ing, University of Nottingham. The arrangement is shown in
Figure 1. The 38 mm internal dia. pipe was mounted on an in-
clinable beam so that it could be positioned at any angle
between vertical and horizontal. The distance between the
injection point, where the liquid is introduced as a film, and the
test section was 132 pipe dia. Therefore, fairly well developed
annular flow was anticipated. The experiments reported here

concentrated on a small range of gas mass flow rates, moti-
vated by interest in wet-gas metering of which this project was
a part. Gas mass flow rates of 0.03 and 0.04 kg/s were exam-
ined which correspond to gas superficial velocities of 15 and
21.5 m/s. The liquid flow rates considered were 0.0079 and
0.0131 kg/s, which correspond to liquid superficial velocities
of 0.007 and 0.011 m/s. The pressure in the test section ranged
from 1.3 to 1.5 bars absolute. Air was supplied from the labora-
tory compressed air mains, and its flow rate was measured by
an orifice plate and controlled by valve V1, Figure 1. Water
was pumped from a 300 L supply tank and its flow was
metered by one of the three calibrated rotameters. After pass-
ing down the length of the inclinable beam, the water entered
into the main pipe through a porous wall section located 0.5 m
from the start of it. Valve V2 on the two-phase exit line
upstream of a disengagement tank allowed a constant pressure
to be set at the end of the pipe. The air/water mixture was sepa-
rated in a large vessel. Air was released to the atmosphere and
water was returned to the supply tank.

Measurement method

The film extraction technique employed to determine the liq-
uid film flow rate was similar to that used by Butterworth5 and
Butterworth and Pulling.6 The basic concept was to allow a
partial section of the liquid film and an amount of gas to be
drawn off from the pipe into a phase separator. The liquid rate
was determined by timing the flow. A partial liquid take off de-
vice was built in brass and equipped with a porous sintered
wall over a limited sector of the pipe wall. The unit is shown in
Figures 2 and 3 and was made of two components. The first
was an external cylinder with an exit for the fluids extracted.
The second was an internal cylinder equipped with a porous
wall over a limited sector. This latter cylinder had an internal
dia. of 38 mm. There were two 9.5 mm high fins positioned
along the two sides of the porous wall section to prevent liquid
being sucked in from beyond the sector. The internal cylinder
containing the fins was arranged so that it could be rotated

Figure 1. Arrangement of the inclinable flow facility.
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without rotating the rest of the unit. Leakages were prevented
by appropriately placed O-ring seals. The fluids taken off was
led by flexible tubing via a control valve to a small cyclone
separator.

During the measurements, it was essential to ensure that all
the liquid in the film was taken out through the porous wall. To
do this, the fins were dimensioned to be just higher than the
tallest waves expected. A compromise was reached between
the height of the films and the highest flow rate studied.

To check the symmetry about the vertical plane, both sides of
the section were studied and one side was distinguished from the
other by positive and negative values of the angle, y. Zero is at
the bottom of the pipe. The unit was operated at eight different
positions of the porous wall around the circumference identified
in Table 1. At each flow condition and position, the air and water
taken off through the porous wall were separated and their flow
rates metered for a number of settings of the take-off control
valve. The gas flow was metered using a rotameter while the liq-
uid flow rate was determined by timing the discharge of known
volumes of liquid. In the original work using this type of device,
Butterworth and Pulling6 showed that straight lines could be fit-
ted to the data and used to determine the intercept value. Extrapo-
lation to zero gas take off gives a value of liquid flow rate which
can be assumed to be the film flow over the perimeter between
the fins. As with Butterworth and Pulling, it is argued here is
that, at this intercept, where there is no air removed, and, hence,
neither the droplet flow nor the film flow elsewhere can be
dragged out by the air. With the earlier assumption, the local film
flow rate per unit width of surface is given by

G ¼ ol=b (1)

Figure 2. Partial take-off device for the pipe.

Figure 3. Internal cylinder used for the pipe.

Unit in mm.

Table 1. Positions of the Porous Sintered Wall Unit Window

Position
Angular

Position, y (Deg)

1 �77
2 �122
3 �167
4 148
5 103
6 58
7 13
8 �32
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where ol is the rate of the liquid film taken off at the intercept,
and b is the perimeter between the fins. The value of G was cal-
culated for eight positions of the porous wall sector. As the cir-
cumferential width of the sector was equal to 1/8th of the pipe
perimeter, the film flow rate, _MLF, was obtained by summing
the eight measurements

_MLF ¼
X8
x¼1

G � b (2)

Once the total liquid take off is known, the entrained fraction E
can be calculated from Eq. 3

E ¼
_ML � _MLF

_ML

¼
_MLE

_ML

(3)

where _ML is the total liquid flow rate, and _MLE is the flow rate
of liquid travelling as drops.

Results and Discussion

Film flow rates were measured at inclinations of 08, 208,
458, 70 and 858 from horizontal with gas and liquid mass flow
rates as listed in Table 2.

In all cases studied the flow pattern observed was annular.
At the lowest gas and liquid flow rates examined in the hori-
zontal case, the film thickness on the top part of the pipe was
very thin. These observations have been compared with the
prediction of published models. For the horizontal case, the
data are plotted on the flow pattern map of Taitel and Dukler,14

Figure 4. This shows that the two points at the lowest gas mass
flow rate are expected to be in the wavy stratified flow region.
However, the measurements showed that there was a film on
the top of the pipe even at the lowest gas and liquid flow rates.
The axes in Figure 4 are a gas Froude number and the Lock-
hart-Martinelli parameter. These are defined by

Fr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

u2gsrg
gDtðrl � rgÞ

s
(4)

X ¼ uls
ugs

ffiffiffiffiffiffiffiffiffi
rl
rg

fl
fg

s
(5)

where ugs and uls are the superficial velocities of the gas and
liquid, rg, rl are the gas and liquid densities, g is the gravita-
tional acceleration, Dt is the pipe diameter, and fg, fl are the
friction factors, based on superficial velocities and pipe diame-
ter. For the equivalent vertical case, the transitions to annular
flow suggested15,16 have been considered. Taitel et al.14 pro-
posed a critical Kutatedladze number given by Eq. 6. This

indicted a superficial gas velocities of 12.6 m/s at the transition
between churn and annular flow

Ku ¼ ugs
ffiffiffiffiffirgp

ð½rl � rg�gsÞ
1
4

¼ 3:1 (6)

where s is the surface tension. In contrast, McQuillan and
Whalley16 used a criterion of the dimensionless gas velocity,
ug* ¼ 1. This parameter is exactly equal to the Froude number
defined in Eq. 4. From this, it was determined that the transi-
tion superficial gas velocity was 14.7 m/s. Therefore, for these
experiments the flow might be expected to be annular border-
ing on churn.

Figures 5 to 8 show the variation of the axial film flow rate
with the inclination from horizontal. The abscissa refers to the
angular position of the center of the sector while the ordinate
refers to the partial liquid film mass flow rate divided by the

Table 2. Mass Flow Rates and Superficial Velocities Employed

Gas mass Flow Rate (kg/s)
Gas Superficial
Velocity (m/s)

0.03 15
0.04 21.5
Liquid mass
flow rate (kg/s):

Liquid superficial
velocity (m/s)

0.0079 0.007
0.0131 0.011

Figure 4. Conditions studied plotted on the flow pattern
map of Taitel and Dukler.14

Figure 5. Liquid flow rate variation with the angle of in-
clination from the horizontal.

Gas superficial velocity ¼ 21.5 m/s, liquid superficial velocity
¼ 0.007 m/s.
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width of the window given in Eq. 1. The axial film flow rate
plotted is not the true local value, but an average over perime-
ter b. The figures show that profile of is asymmetric with
higher flow rates at the bottom of the pipe. They also show that
the profile becomes less asymmetric with increasing inclination
from horizontal. For the horizontal case, the liquid is almost
entirely present around the bottom side of the pipe. On the
upper side of the pipe, the flow rate is very close to zero with a
vestige of film present. For higher inclinations, the liquid
spreads out and there are finite film flow rates on the upper part
of the pipe. Examination of the data presented in these figures
shows that there is very little effect of the gas flow rate on the
film flow rate over the small range of gas flows examined. A
larger effect might be expected at higher gas flow rates.

Figure 9 shows the variation of the entrained fraction with
the angle of inclination. It is evident that, at the liquid flow
rates studied, the orientation of the pipe has only a small effect
on the liquid entrainment with a small decrease as the inclina-
tion increases except at angles very close to the vertical. To
understand the reasons for this, it is essential to examine the
process of drop creation. In annular flow, the majority of drops
are created from the wall film by the action of gas flowing over
it. However, drops are not created from the entire film inter-
face, but very specifically they arise from disturbance waves.
The most conclusive proof that waves are the source of drops
was provided by Azzopardi and Whalley.17 By injecting small

Figure 6. Liquid flow rate variation with the angle of in-
clination from the horizontal.

Gas superficial velocity ¼ 21.5 m/s, liquid superficial velocity
¼ 0.011 m/s.

Figure 7. Liquid flow rate variation with the angle of in-
clination from the horizontal.

Superficial-gas velocity ¼ 15 m/s, liquid superficial velocity
¼ 0.007 m/s.

Figure 8. Liquid flow rate variation with the angle of in-
clination from horizontal.

Superficial gas velocity ¼ 15 m/s, liquid superficial velocity
¼ 0.011 m/s.

Figure 9. Entrained fraction variation with angle of incli-
nation from horizontal and gas mass flow rate
in the main section.

Open symbols: Superficial-gas velocity ¼ 21.5 m/s; closed
symbol: gas superficial velocity ¼ 15 m/s. Data indicated by
l, � are from Azzopardi et al.2—gas superficial velocity ¼
15 m/s.
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quantities of liquid into a film flow whose flow rate was just
below the flow rate for formation of waves, they were able to
create waves on demand. These experiments, which employed
an axial viewing technique, gave very strong proof that drops
are only created when there are waves present. Geraci et al.4

investigated the effect of inclination on the disturbance wave
characteristics. They noticed that in horizontal flow the film
interface is covered by large disturbance waves only over the
lower half of the pipe, while at the top there are only small am-
plitude ripples. As the inclination from the horizontal is
increased, the amplitude of the disturbance waves decreases,
but the fraction of the pipe circumference over which disturb-
ance waves occurs increases. At inclinations close to vertical,
disturbance waves are present around the entire section. The
interaction between the waves and the gas at the upper half of the
pipe balances the lower wave activity at the bottom. Therefore,
although there is a greater area of entrainment activity in the 858
inclined pipe it is less intense as the waves as not so big, the total
entrained material would be similar to other inclinations.

The wave frequency is another variable that plays an impor-
tant role in the formation of liquid droplets. In fact, the higher
it is the number of the waves passing through the channel in a
certain time, the greater the rate of atomization. Geraci et al.4

showed that wave frequency is not influenced by inclination at
low-liquid superficial velocity (< 0.0317 kg/s). The fact that
both friction between waves and gas, and wave frequency are
not varying considerably, with inclination is the reason of the
trend of the entrained fraction shown in Figure 9. Liquid
entrained is not influenced by pipe orientation, and shows a
horizontal linear profile at the gas and liquid mass flow rates
considered. Higher values of liquid velocity could give more
significant variations of liquid entrainment. However, the char-
acteristics of the porous sintered wall unit were not suitable for
higher liquid mass flow rates.

The entrained fraction increases slightly with the liquid su-
perficial velocity and decreases slightly with inclination.

Azzopardi et al.2 carried out light scattering measurements
to determine entrained liquid flow rates in inclined annular
gas-liquid flows. Data have been obtained for vertical upward
flow and horizontal, as well as inclined flow at 108 intervals in
between. Figure 9 illustrates a comparison between these data
and those of Azzopardi et al.2. It might be expected that a
decrease in entrainment, and, hence, of the entrained fraction
with increasing inclination would occur, due to the decrease in
film flow rate at the bottom as shown in Figures 5–8. However,
it is seen that the larger film flow rates occur over a wider part
of the pipe circumference as inclination increases. The combi-
nation is best seen through the rate of entrainment. Published
methods propose that the rate of entrainment is proportional to
the film flow rate above a critical film flow rate raised to the
power of either 0.736 or 0.925. The critical film flow rate was
obtained from the correlation found in Azzopardi,13 and can be
expressed in terms of the equivalent Reynolds number ReLFC
¼ 204. Assuming that this approach from vertical flow can be
applied locally around the circumference in inclined flows, and
converting local film flow rate to a Reynolds number (¼ 4G/
ZL), the entrainment flux can be taken as proportional to

P
(ReLF � ReLFC)

n. If ReLF < ReLFC, the term in brackets is set
equal to 0. The resulting values are plotted in Figure 10, where
it can be seen that there is a tendency for the flux to diminish
with inclination, but only slightly. The rate of entrainment
increases with increasing inlet liquid flow rate. It should be
noted that with more liquid about a corresponding increase in
the rate of deposition is expected. Consequently, the fact that
there is little effect of inlet flow rates on the entrained fraction
should not be surprising. The trend of entrained flux to
decrease with increasing inclination mirrors the behavior of
entrained fraction seen in Figure 9.

As no models are available for annular flow in inclined
pipes, data for the limiting case of horizontal flow have been
compared with prediction the model of Fukano and Ousaka.18

As can be seen in Figure 11, the predicted film flow variation
gives a good fit to the experimental results. However, it is
noted that the corresponding prediction of circumferential vari-

Figure 10. Effect of inclination on entrained flux parame-
ter.

Gas superficial velocity—open symbols ¼ 15 m/s; closed
symbols ¼ 21.5 m/s.

Figure 11. Comparison of predictions of model of
Fukano and Ousaka18 and experimental
data.

Gas superficial velocity ¼ 21.5 m/s, liquid superficial ve-
locity ¼ 0.011 m/s. Horizontal.
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ation of film thickness shows much poorer agreement with the
experimental data as shown by Geraci et al.4

Conclusions

The first data for circumferentially resolved film flow rate
in pipes inclined at angles from the horizontal to the nearly ver-
tical are presented. These show strong asymmetry when the
pipe is horizontal. The asymmetry persists for most inclina-
tions, but decreases systematic with increasing inclination.

At the flow rates studied, the entrained fraction is only very
slightly influenced by pipe orientation, and shows little effect of
gas and liquid flow rates considered. This is due to the combina-
tion of two opposing trends, which are the expected decrease of
the entrained fraction with increasing inclination due to the
decrease in film thickness at the bottom, and the increase in
wave activity as the pipe orientation moves from horizontal to-
ward vertical, which probably results in a liquid entrainment
from a large area of the film. The combination of these two
trends might balance out and result in the insensitivity of
entrained fraction with inclination as reported by this work.

The model of Fukano and Ousaka18 predicts the circumfer-
ential film flow rate distribution for the horizontal case.
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