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Measurements of wave characteristics have been conducted in a 0.0762 m internal
diameter (ID) pipe at inclinations of 0�, 10�, 20�, 45�, 60�, 75�, and 90� from horizon-
tal. Wave celerity and frequency are very strongly dependent on modified Lockhart–
Martinelli parameter, X*, and the inclination angle. Wave amplitude increases with
increasing liquid film thickness at the bottom of the pipe. Wave amplitude depends on
liquid film thickness for any pipe diameter, surface tension, and viscosity. Strouhal
number (dimensionless wave frequency) decreases with increasing X*. Effect of pipe
diameter, surface tension, and liquid viscosity on the liquid film Reynolds number,
ReLF, was studied. ReLF variation with X* is not sensitive to the surface tension and
less sensitive to the pipe diameter. However, ReLF is very sensitive to the viscosity of
the flowing liquid. Correlations for wave celerity, amplitude, frequency, and liquid film
Reynolds number are proposed. VVC 2011 American Institute of Chemical Engineers AIChE J,

58: 1018–1029, 2012
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Introduction

An annular flow pattern can exist at high gas velocities in
a pipe. In annular flow, liquid flows in a film along the pipe
wall and as droplets entrained in the gas core. There is a liq-
uid mass transfer between the film and the gas core, whereby
droplets deposit at the film and are formed by atomization at
the film–gas core interface. Because of gravity, the liquid
film at the wall is distributed asymmetrically for all configu-
rations except vertical. For air–water systems, the flow in the
film is characterized by the intermittent appearance of distur-
bances, which are a group of large amplitude waves that
could be considered as patches of turbulence. The irregular
waves are the source of drops that enter the gas phase.

The annular flow pattern is quite different for small diam-

eter pipes [less than 3 cm internal diameter (ID)] and large

diameter pipes (larger than 5 cm ID) in that the disturbance

waves for small diameter pipes are wrapped around the

whole circumference. The pattern resembles what is

observed in vertical pipes.1

Geraci et al.2 explained how the majority of drops in an-

nular flow are created from the wall film by the action of

flowing of the gas phase over it. However, drops are not cre-

ated from the entire liquid film interface, but particularly

they arise from disturbance waves.
Azzopardi and Whalley3 concluded that waves are the

source of drops. This conclusion was proved through the
experiment in which injecting small quantities of liquid into
a film flow whose flow rate was just below the flow rate for
the formation of waves, they were able to create waves on
demand. These experiments, which used an axial viewing
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technique, gave very strong proof that drops are only created
when waves are present.

Sutharshan et al.4 measured the liquid film velocity in hor-
izontal annular flow in a pipe with 0.0254 m ID. It was con-
cluded that the liquid is transported to the upper part of the
tube against the force of gravity by the disturbance waves
and not by the secondary gas flow or any other mechanisms.

Geraci et al.5 studied the effect of inclination on the dis-
turbance wave characteristics in 38 mm pipe diameter. It
was observed that in horizontal flow, the film interface is
covered by large disturbance waves only over the lower half
of the pipe, whereas at the top, there are only small ampli-
tude ripples. With increasing the inclination of the pipe
upward from the horizontal, the amplitude of the disturbance
waves decreases, but the fraction of the pipe circumference
over which disturbance waves occur increases. At inclina-
tions very close to vertical, disturbance waves are present
around the entire section.

The influence of entrained droplets in horizontal annular
flows is more complicated than that of the vertical orienta-
tion. The wave characteristics and liquid film distribution in
horizontal or slightly inclined pipes are different from those
in vertical or highly inclined pipes. The rate of droplet depo-
sition varies with gravitational settling that causes an asym-
metric distribution of droplets/film thickness and contributes
directly to the local rate of deposition. The influence of
gravity on deposition and the asymmetric distribution of
drops increases with increasing droplet size and pipe inclina-
tion from vertical to the horizontal orientation.

Entrainment occurs by the breaking up of the interfacial
waves.6 The description of the wave characteristics, namely,
celerity, wavelength, frequency, and amplitude are very
important for prediction and modeling the droplet entrain-
ment. The onset of entrainment is strongly dependent on the
wave celerity and amplitude.7 Wave modeling deals with the
prediction of the conditions at which waves are formed and
become unstable. In the past, several studies of the wave
characteristics based on the linear stability analysis have
been obtained.8–13 Several other studies have been attempted
with nonlinear analysis and shallow water theory.14–18

The entrainment fraction is strongly related to the waves
taking place at the gas–liquid interface. There is a large

amount of data and correlations for the prediction of
entrainment fraction in literature. However, the entrainment
predictions vary significantly with the different correlations
resulting in high uncertainties, which affect any calculation
and design that include entrainment. The correlations,
mostly, do not incorporate wave characteristics, which affect
significantly the entrainment fraction.19 In addition, there is
a lack of a complete mechanistic model with good confi-
dence level for the prediction of entrainment fraction.

The present study differs from the previous work on wave
characteristics in annular flows in that a larger pipe diameter
was used, a more careful study of the effect of inclination
angle from horizontal to vertical was carried out and the
influence of the pipe inclination angles on the wave charac-
teristics was identified.

The focus of this article is to examine the effect of pipe
inclination and diameter on wave characteristics in annular
flows. The present results were compared with Mantilla19

and Mantilla et al.20 at different pipe diameters for the
horizontal case. This information is critically important in
predicting the behavior of an annular flow and fraction of
entrainment prediction in large diameter pipes.

Experimental Setup and Procedure

Experimental facility

A schematic of the test facility is shown in Figure 1. The
76.2-mm ID facility is 17.5 m long and is inclinable from 0�

to 90� from horizontal. Air and water were used as the
working fluids. At standard conditions, the water density,
viscosity, and surface tension are 998 kg/m3, 0.001 Pa s, and
0.073 N/m, respectively. The compressed air was supplied
by dry rotary screw and two-stage compressors. Both gas
and liquid were metered using Coriolis type mass flow
meters. The water is pumped using a progressive cavity
pump. Both the air and water are relieved to atmosphere at
the outlet of the pipe section to decrease the back pressure
of the system and increase air velocities. The gate valve of
76.2-mm is located at the outlet to control the back pressure
of the system. The test section consisted of three major com-
ponents: a quick-closing valve section, film removal section,
and conductivity probe section.

Figure 1. Schematic of the test facility.
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Film removal section

The film removal section is located 13-m (L/D ¼ 172)
downstream of the inlet. The section consists of a film re-
moval device and film volume tank. The film removal device
is used to measure the liquid film flow rate. The device uti-
lizes a long porous section and inserted sleeve to separate
the liquid film from the entrained droplets. Figure 2 is a
schematic and a picture of the film removal device. The flow
passes through the porous section and the liquid film, travel-
ing at a lower velocity than the gas core, is pushed through
the porous section. The high inertia of the entrained droplets,
flowing close to the gas velocity, prevents them from being
removed through the porous section. To ensure no droplets
will escape, a long sleeve was inserted close to where the
liquid film dissipates. This sleeve is able to move in and out
in the pipe to make sure the liquid film passes under the
sleeve and only the gas core with droplets passes through
the test section. The film volume is collected in a small tank
with a capacity of 22 l. The volume of water from the liquid
film and sampling time (10 min) are measured to determine
the film flow rate. The measurement is repeated three times
for each test point to ensure the accuracy of the results.

Experimental range

One hundred and forty annular two-phase flow tests were
conducted for inclination angles of 0�, 10�, 20�, 45�, 60�,
75�, and 90� from horizontal. The test matrix conducted for
each angle in this work is shown in Table 1. For each test,
the pressure at the film removal device is held constant using
the gate valve at the outlet of the pipe. In addition, both
liquid and gas flow rates are held constant for each experi-
mental run. In Table 1, every group has common superficial
liquid velocity, VSL; every case has the same superficial
liquid and gas velocity and variable inclination angle from
0� to 90�.

Conductivity probe section

The conductivity section is utilized to obtain average
thickness and wave characteristics of the liquid film. Located
12.5-m (L/D ¼ 164) from the inlet, the conductivity probe
section consists of two probe assemblies, flush mounted

Figure 2. Film removal device.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 1. Test Matrix and Cases Studied

Group 1 Group 2 Group 3 Group 4

Case 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

VSL (m/s) 0.0035 0.0035 0.0035 0.0035 0.0035 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.04 0.04 0.04 0.04 0.04
VSG (m/s) 40 50 60 70 80 40 50 60 70 80 40 50 60 70 80 40 50 60 70 80

Figure 3. Conductivity assembly setup. Figure 4. Cross-correlation result example.
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conductance probes, and a conductivity meter printed circuit
board. To obtain the film height, the conductivity meter
board applies a DC voltage across the probes and reads the
resulting current between the two plates of the probe. This
current is then converted to an analog signal. This signal is
then recorded by a handheld Omega AD128 data logger at a
rate of 500 Hz.

The conductance section consists of two octagonal shaped
probe assemblies spaced 0.15 m apart. Each assembly con-
tains five flush mounted probes installed from the bottom to
the top of the pipe, spaced 45� apart. The orientation of the
probes in each assembly can be found in Figure 3.

Flush mounted conductance probes were chosen for this
study because of the thin liquid films encountered at the
studied flow conditions. Liquid films from 4-mm down to
0.03-mm can be measured with this probe type. The flush
mounted probes consist of two parallel plates, 1.59-mm wide
and 10-mm long, spaced 1.5-mm apart. Brass is used in the
construction of the probes because of its high conductivity
and corrosion resistance.

The flush mounted conductance probes are calibrated
dynamically to avoid any complications encountered with
static calibration. Flow conditions produce a variation of
thick to very thin films were selected to develop the calibra-
tion curve. A Fowler depth micrometer model Mark IV with
an accuracy of 0.002-mm has been used to determine the
true height of the liquid film. The micrometer is attached to
a conductivity circuit with one lead in the flowing film and
the micrometer tip being used as the second lead. For each
superficial gas and liquid velocity, the mean film thickness is
found using the micrometer, conductivity circuit, and oscillo-
scope, more details can be found in Magrini.21

Wave measurements

Wave characteristics are recorded simultaneously with the
measurement of the liquid film flow rate. Each test is
recorded for 40 s at a rate of 500 Hz. The conductivity of
the fluid is measured during each test using an YSI conduc-
tivity meter model 30.

Quick-closing valves are used to measure the liquid
holdup. Because of the low volume of liquid holdup for the
given conditions, a syringe is used to extract the liquid.

The film thickness is measured using flush mounted con-
ductivity probes installed from the bottom to the top of the
pipe, spaced 45� apart. The average film thickness is deter-
mined by averaging a 40-s time trace for each probe.

Wave celerity

The wave celerity is calculated using the cross-correlation
between two conductivity probes spaced a known distance
apart. The time delay between signals is determined using
MATLAB and confirmed with a hand written VBA program
in Microsoft Excel. An example of the cross-correlation cal-
culation can be found in Figure 4 for flow conditions of VSL

¼ 0.04 m/s and VSG ¼ 80 m/s at horizontal.

Figure 5. A: MATLAB power spectrum.

B: Liquid film height time trace. [Color figure can be
viewed in the online issue, which is available at wileyonline
library.com.]

Table 2. Uncertainty Analysis Results

Parameter Instrument
Random

Uncertainty
Systematic
Uncertainty

Combined
Uncertainty

Liquid flow rate (%) Micro motion flow meter 0.23 0.05 0.46
Gas flow rate (%) Micro motion flow meter 0.37 0.04 0.74
Pressure (%) Rosemount pressure transmitter 0.41 1.10 1.37
Pressure drop (%) Rosemount differential pressure transmitter 0.22 1.00 1.10
Temperature (�C) Rosemount temperature transmitter 0.06 0.5 0.52
Liquid holdup (%) Quick-closing valve section 1.68 5.60 6.53
Liquid entrainment (%) Isokinetic sampling system 3.84 5.8 9.58
Liquid film height (mm) Flush mounted conductance probe 0.015 0.025 0.039
Diameter (%) – 0.01 0.07 0.07
Gas velocity (%) – 0.62 1.83 2.21
Liquid velocity (%) – 0.34 0.76 1.02
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Wave frequency

The wave frequency is determined using a combination of
the power spectrum method in MATLAB and manual count-
ing of the wave peaks from film holdup time traces. The
power spectrum gives the predominant frequency or range of
frequencies. The waves are then manually counted and
compared with the power spectrum value. For the case of
VSL ¼ 0.04 m/s and VSG ¼ 50 m/s at horizontal, the corre-
sponding power spectrum can be found in Figures 5A, B.
The time trace of the film height for the same flowing condi-
tions is shown in Figure 5A. As can be seen in Figure 5B,

the predominant frequency is 18 Hz, which matches the
number of waves in the time trace.

Wave amplitude

The wave amplitude is determined by averaging the wave
heights of a film height time trace that are larger than the
average film thickness plus 2 standard deviations.

The uncertainty analysis for the parameters in this study
can be found in Table 2.

Results and Discussion

Wave characterization in an annular flow will be
explained based on wave celerity, C, frequency, f, and am-
plitude, DhW(0) and the liquid film thickness at the bottom
of the pipe, hL(0), the liquid film Reynolds number, ReLF,
and liquid film velocity, VLF.

Wave celerity

Wave celerity, C, is a strong function of the superficial
liquid, and gas velocities. The celerity is also dependent on
the inclination angle. The wave celerity increases with
increasing superficial gas and liquid velocities. As can be
seen in Figure 6, starting from the horizontal case, wave
celerity increases as the pipe is inclined. The wave celerity
reaches a maximum point between the 10� and 20� inclina-
tion angle. After this maximum, the wave celerity will
decrease until it reaches the minimum and approximately
constant value near vertical. For constant superficial veloc-
ities, the variation in the wave celerity is almost negligible
between 70� and 90� of pipe inclination, therefore, the effect
of pipe inclination on the wave celerity is substantial over

Figure 6. Wave celerity variation with pipe inclination angle at different gas and liquid superficial velocities (cases
are listed in Table 1, for each figure or group increasing the number of the case means increasing the
VSG at same VSL).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7. Normalized wave celerity vs. X* for different
pipe inclinations and diameters, and liquid
viscosity and surface tension.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the range of inclinations from 10� to 20� in the range of VSL

and VSG of this study.
In general, wave celerity and entrainment fraction are very

strongly dependent on modified Lockhart–Martinelli parame-
ter, X*, or the Froude number ratio based on the superficial
liquid and gas velocities and pipe inclination angle. X* can
be defined as

X� ¼
ffiffiffiffiffiffi
qG
qL

r
_mL

_mG

¼
ffiffiffiffiffiffi
qL
qG

r
VSL

VSG

¼ FrSL
FrSG

;

FrSL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qLV
2
SL

ðqL � qGÞgD cos h

s
; FrSG ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qGV

2
SG

ðqL � qGÞgD cos h

s

(1)

Al-Sarkhi and Sarica22 used the parameter X* for the first time
to correlate the multiphase flow pressure drop. X* is somewhat
different from Lockhart–Martinelli parameter. Lockhart and
Martinelli23 related the two-phase flow pressure drop to single-
phase pressure drops with Lockhart–Martinelli parameter XLM,
where the square of XLM is equal to the ratio of the single-
phase pressure drops DPl/DPg. X* parameter is similar to
XLM

ffiffiffiffiffiffiffiffiffi
fg=fl

p
, where fg and fl are the single-phase gas and liquid

friction factors, respectively. Using X* for the analysis will
combine the ratio of superficial velocities and densities of
liquid and gas in a single parameter. Figure 7 shows the wave
celerity normalized by the superficial liquid velocity plot
against the X*. Increasing X* will decrease the C/VSL.

The similarity in the behavior or the grouping of low and
high inclination angles can be noticed from Figure 7. It is
clearly seen that from 10� to 20� the celerities are higher
than the horizontal and the rest of the inclination angles due
to the changes in the wave structure within the range of the
operational condition of this study. This behavior motivated
us to investigate group of low and high angle of inclinations
in the analysis of the characteristics of the waves.

The wave celerity can be correlated with very good
accuracy for the horizontal, the inclination angles of 10� and

Table 3. Properties of Fluids Used in Mantilla19

Parameter Value

Water
Density (kg/m3) 997
Viscosity (Pa s) 0.00102
Surface tension (N/m) 0.073

Water–5% butanol
Density (kg/m3) 989
Viscosity (Pa s) 0.00122
Surface tension (N/m) 0.035

Water–47% glycerin–salt
Density (kg/m3) 1130
Viscosity (Pa s) 0.0071
Surface tension (N/m) 0.061

Figure 8. Wave celerity variation with X* in horizontal
pipes.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 9. Wave frequency variation with inclination angle.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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20�, and the inclination angles of 45� and up to 90� cases,
respectively, as

C=VSL ¼ 2:379X��0:9 (2)

C=VSL ¼ 2:323X��0:94 (3)

C=VSL ¼ 1:942X��0:91 (4)

Figure 8 shows the comparison for the horizontal case of the
present study and Mantilla.19 These are different results from
different laboratories in different pipe diameters at different
viscosity and surface tension. The last case in the legends is for
Mantilla19 for air–water–glycerin–salt has a viscosity of seven
times higher than other cases. Almost all cases follow similar
behavior except the high viscosity case at low values of X*.

The fluid properties of the fluids used in Mantilla19 are given
in Table 3.

It can be concluded from the trends of the plots in Figure
8 that the effect of surface tension on wave celerity (for the
range of operational conditions under consideration) could
not be noticed. Almost all points follow the same trend. The
scattered data points are mainly for air–water–glycerin–salt
which has a much higher viscosity.

Wave frequency

Wave frequency at different pipe inclination angles is
shown in Figure 9. Wave frequency increases with increas-
ing superficial gas velocity. The increase in the superficial
liquid velocity results in an increase in the wave frequency.
At low VSL (Cases 1–5, VSL ¼ 0.0035 m/s), there is a slight
increase in the frequency at high VSG for angles between 10�

and 60�. It seems that there is no inclination effect on wave
frequency at low VSG.

A relationship between the Strouhal number (dimension-
less wave frequency) and the Lockhart–Martinelli number,
X*, has been proposed by Azzopardi24 for disturbance
waves. Figure 10 shows all present work data and data
from Mantilla.19 As suggested by Mantilla19 for his results
only data for VSG [20 m/s in the 2-in. pipe and VSG [ 10
m/s in the 0.1524 m pipe were used (annular flow beyond
the onset of entrainment) show a linear relationship when
plotted on log–log coordinates. Most of the data have simi-
lar behavior. The scattered points are mainly for the case
of air–water–glycerin–salt of Mantilla’s data and at low in-
clination angles (0�, 10�, and 20�) from the present work
at X* ¼ 0.026.

There seems to be no inclination effect on the Strouhal
number except that the low inclination angle data points start
to deviate from the straight line at the highest value of X*
and few points for the case of air–water–glycerin–salt data.
The trend of St–X* curve is in line with the results of Geraci

Figure 10. Strouhal number variation with X*.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 11. Variation of wave amplitude with pipe inclination angles (cases are shown in Table 1).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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et al.5,25–27 The Strouhal number can be correlated reason-
ably for all inclination angles as

St ¼ 1:1X��0:93 (5)

where Strouhal number is defined as St ¼ fD/VSL. f is the wave
frequency in Hz, D is the pipe diameter, and VSL is the
superficial liquid velocity.

Wave amplitude

Wave amplitude and liquid film thickness are strongly
dependent parameters. The wave amplitude and liquid film
thickness have an opposite behavior compared with wave
celerity with respect to the superficial gas velocity. As super-
ficial gas velocity increases, wave amplitude and average
film thickness decrease as the film evenly distributes around
the pipe. Similarly, increasing the inclination angle promotes
the symmetry of the film, decreasing the average film thick-
ness at the bottom of the pipe, hL(0), and the wave ampli-
tude, DhW(0) (see Figure 11).

Figure 12 shows a very interesting relationship between
wave amplitude and the liquid film thickness at the bottom
of the pipe. For all operational conditions, the wave ampli-
tude has similar behavior when plotted vs. the liquid film
thickness at the bottom of the pipe.

The inclination effects are clear in which the wave ampli-
tude, DhW(0), for the same range of VSL and VSG could not
match the same liquid film thickness at the bottom of the
pipe, hL(0), for all angles of inclination. Wave amplitude
and liquid film thickness reach higher values at lower incli-
nation angles than at higher inclination angles for the same
operational conditions. Figure 13 shows the variations in the
maximum liquid film thickness and maximum wave ampli-
tude points with the angle of inclinations. On the same
figure, a plot of liquid film Reynolds number, ReLF, which
will be explained later, is also presented. Maximum liquid
film thickness, hL(0), and Reynolds number, ReLF, decrease
with increasing the pipe inclination angles. The decrease in the
maximum liquid film thickness, hL(0), and the maximum wave
amplitude, DhW(0), is steeper after 45�. However, the maxi-
mum value of wave amplitude stays almost constant up to 45�

then decreases sharply with increasing the inclination angle.
Figure 14 shows a comparison between the present work

data and Mantilla19 for air and water in different pipe diame-
ters. All plots show similar behavior in which the wave am-
plitude increases with increasing the liquid film thickness at
the bottom of the pipe.

As can be seen in Figure 14, over the studied range of
operational conditions, the wave amplitude is mainly function
of the film thickness at the bottom of the pipe, regardless of
the pipe diameter and fluid properties. The wave amplitude
increases with increasing the average liquid film thickness.

Liquid Film Thickness at the Bottom of the Pipe,
hL(0) and Liquid Film Reynolds Number, ReLF
Average liquid film thickness at the bottom of the pipe,
hL(0)

As shown in Figure 15, the average liquid film thickness
decreases with increasing pipe inclination angles from

Figure 12. Wave amplitude as a function of liquid film
thickness at the bottom of the pipe for all
operational conditions.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 13. Maximum wave amplitude, liquid film thick-
ness at the bottom of the pipe, and maxi-
mum liquid film Reynolds number variation
with pipe inclination angle.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 14. Normalized wave amplitude variation with
the normalized liquid film at the bottom of
the pipe.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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horizontal. The film distribution will be symmetric at vertical
orientation. Because of the gravitational effect, the increase
in pipe inclination promotes the symmetrical distribution of
the liquid film around the pipe perimeter. The same result
will be achieved with increasing the gas velocity. At the
very high gas velocity, the liquid film thickness at the bot-
tom of the pipe does not change much with pipe inclination
especially at high angle of inclination ([60�). The average
liquid film thickness, hL(0), increases with increasing superfi-
cial liquid velocity.

Liquid film Reynolds number, ReLF

Liquid film Reynolds number, ReLF, is very important pa-
rameter for determining the liquid film wall shear stress and
the interfacial friction factor in an annular flow.28 Liquid
film Reynolds number can be calculated as in Eq. 6

ReLF ¼ 4WLF

lLpD
(6)

where WLF is the liquid film mass flow rate (kg/s)

WLF ¼ WLð1� FEÞ (7)

where WL is the liquid mass flow rate (WL ¼ qLVSLAP), FE is
the fraction of droplet entrainment (FE ¼ (WL - WLF)/WL), qL
is the liquid density, and AP is the pipe cross-sectional area.

The liquid film Reynolds number can be correlated with
X* as shown in Figure 16. Effects of inclination angle
appear after 45� in the form of scattered points from a
straight line and only when X* [ 0.015. The behavior for
inclination angles of 0� to 45� is the same for all range of
X* of this study.

Figure 16 also shows that the liquid film Reynolds number
variation with X* for angle of inclinations 0–45� follows a

Figure 15. Average liquid film thickness at the bottom of the pipe (units in mm) variations with pipe inclination
angles (semi-log scale).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 16. Liquid film Reynolds number variation with X*
for all inclination angles (note inclination angle
effect becomes apparent after X*5 0.015).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 17. Liquid film Reynolds number variation with
pipe inclination at VSL 5 0.0035 m/s (legends
are VSG in m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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straight line. The liquid film Reynolds number for inclination
angles of 0–45� can be well correlated by the straight line
equation shown below (the R2 value for this fit is 0.983)

ReLF ¼ 82; 331X� (8)

ReLF deviates from the straight line of Eq. 8 for values of X*[
0.015. For angles 60–90�, the liquid film Reynolds number
variation with X*, which is shown in Figure 16, can be well
correlated by the power trend line of the form (the R2 value for
this fit is 0.975)

ReLF ¼ 28; 233X�0:785 (9)

Figures 17–19 show the variation with pipe inclination angles
at certain superficial gas and liquid velocities. At low VSL, the
variation of ReLF is not significant with pipe inclination.
However, as the VSL increases the effect of pipe inclination on
the ReLF is pronounced specially at low superficial gas
velocities. At the highest VSG, the effect of pipe inclination on
ReLF is not very significant.

Figures 20 shows very interesting behavior of ReLF
variation with X*. ReLF variation with X* is less sensitive
to the pipe diameter. ReLF is not sensitive to the surface
tension. However, ReLF is very sensitive to the viscosity

of the flowing liquid. The ReLF is low at higher liquid
viscosity.

Liquid Film Velocity, VLF

Liquid film area was estimated from the measurement of
the liquid film height at five locations (0�, 45�, 90�, and
180� from the bottom of the pipe) as shown in Figure 21.
The half of the film can be unfolded to form a trapezoidal
shape as shown in Figure 21.

The arc length between the five measured locations is L0,
L1, L2, L3, which are equals, and can be calculated from

L0 ¼ L1 ¼ L2 ¼ L3 ¼ D

2

45p
180

(10)

However, the liquid film internal side arc lengths are not
necessarily equals (l0 = l1 = l2 = l3) as the inner side is not
absolutely circle, Thus

a1 ¼ sin�1 h0 � h1
L1

8>: 9>; (11)

l0 ¼ L0 cosða1Þ (12)

Then, A0 is the area of the trapezoid that can be calculated as

Figure 18. Liquid film Reynolds number variation with
pipe inclination at VSL 5 0.02 m/s (legends
are VSG in m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 19. Liquid film Reynolds number variation with
pipe inclination at VSL 5 0.04 m/s (legends
are VSG in m/s).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 20. Variation of liquid film Reynolds number
with X* in different pipes, with different sur-
face tension and viscosity (figure’s legends
are inclination angle, y, in degree; surface
tension, r, in N/m; dynamic viscosity, l, in
Pa s; and pipe diameter, D, in m).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 21. Liquid film measurement locations and dis-
tribution of the unfolded liquid film area.
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A0 ¼ h0 þ h1
2

8>: 9>;l0 (13)

Similarly, A1, A2, and A3 are obtained.
Thus, the total liquid film area will be ALF ¼ 2 � (A0 þ

A1 þ A2 þ A3) and the liquid film velocity will be VLF ¼
WLF/(qLALF). The hydraulic diameter of the liquid film and
Reynolds number can be calculated as

DhLF ¼
4ALF

pD
; ReLF ¼ qLVLFDhLF

lL
(14)

Plots of VLF variation with pipe inclinations are illustrated in
Figures 22–24. Liquid film velocity is a function of the
superficial liquid and gas velocities and the pipe inclination
angle. VLF increases with increasing the VSL and VSG. The
plots of the VLF vs. the inclination angle show a peak value for
VLF at certain angle for certain condition. This peak is shifted
toward the higher angles as the superficial gas velocity
increases.

Concluding Remarks

Wave characteristics are very crucial for understanding
and modeling of any annular flow. Pipe inclination effects
on wave characteristics have been studied in this article.

Measurements of wave characteristics have been conducted
in a 0.0762 m ID pipe and compared with measurement of
Mantilla19 for different pipe diameter and surface tension.

Most interestingly, wave amplitude may be presented as a
function of liquid film thickness at the bottom of the pipe
for any pipe diameter, surface tension, and viscosity. Wave
amplitude increases sharply with increasing the liquid film
thickness at the bottom of the pipe.

Liquid film Reynolds number for horizontal and low incli-
nation angle cases is strongly dependent on the modified
Lockhart–Martinelli parameter X*. ReLF for different surface
tension, viscosity, and pipe diameter is presented in this work
as a function of X*. Increasing X* will increase ReLF. ReLF is
less sensitive to the change in pipe diameter and surface ten-
sion and very sensitive to the change in liquid viscosity.

Dimensionless wave celerity (C/VSL) is also well corre-
lated with X*. Increasing X* will decrease the C/VSL. The
grouping of low inclination and higher inclination angles
was clearly noticed on the plots of C/VSL vs. X*. The low
inclination angles have higher C/VSL than the higher inclina-
tion angles. The effect of surface tension, viscosity, and pipe
diameter was presented in this work. The effect of pipe
diameter of the behavior of C/VSL vs. X* was insignificant.
The effect of the surface tension was also insignificant. The
effect of liquid viscosity was pronounced only at lower val-
ues of X*. The dimensionless wave frequency (Strouhal
number) is well correlated with X*. Strouhal number for dif-
ferent pipe diameter, viscosity, and surface tension at differ-
ent inclination angles is presented in this article as a function
of X*. The larger the X*, the smaller the Strouhal number.

Maximum value of liquid Reynolds number and liquid
film thickness at the bottom of the pipe decreases with
increasing the angle of inclination. The maximum value
of the wave amplitude decreases sharply with increasing
the angle of inclination only at higher inclination angles
(large than 45�).
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