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Abstract

Accurate measurements of the interfacial wave structure of upward annular two-phase flow in a vertical pipe were per-
formed using a laser focus displacement meter (LFD). The purpose of this study was to clarify the effectiveness of the LFD
for obtaining detailed information on the interfacial displacement of a liquid film in annular two-phase flow and to inves-
tigate the effect of axial distance from the air–water inlet on the phenomena. Adiabatic upward annular air–water flow
experiments were conducted using a 3 m long, 11 mm ID pipe. Measurements of interfacial waves were conducted at 21
axial locations, spaced 110 mm apart in the pipe. The axial distances from the inlet (z) normalized by the pipe diameter
(D) varied over z/D = 50–250. Data were collected for predetermined gas and liquid flow conditions and for Reynolds
numbers ranging from ReG = 31,800 to 98,300 for the gas phase and ReL = 1050 to 9430 for the liquid phase. Using
the LFD, we obtained such local properties as the minimum thickness, maximum thickness, and passing frequency of
the waves. The maximum film thickness and passing frequency of disturbance waves decreased gradually, with some oscil-
lations, as flow developed. The flow development, i.e., decreasing film thickness and passing frequency, persisted until the
end of the pipe, which means that the flow might never reach the fully developed state. The minimum film thickness
decreased with flow development and with increasing gas flow rate. These results are discussed, taking into account the
buffer layer calculated from Karman’s three-layer model. A correlation is proposed between the minimum film thickness
obtained in relation to the interfacial shear stress and the Reynolds number of the liquid.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Annular two-phase flow is the most common flow pattern in boiling heat transfer systems, such as the boil-
ers and heat exchangers in many energy plants. The flow characteristics of liquid films in annular two-phase
flow, especially the wave phenomena on a liquid film, play important roles in heat and mass transfer. The
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phenomena are closely related to the process of transition to liquid film dryout, which can lead to fatal prob-
lems for plant safety and efficient operation. Accurate knowledge of the interfacial structure of liquid films in
annular flow is thus essential for proper thermal-hydraulic design and safety analysis of plants.

The interfacial structure of a liquid film in annular flow changes continuously with flow development in the
axial direction, because the axial pressure changes and the interfacial shear stresses are very large compared
with those of other flow patterns. Therefore, detailed axial measurements of the local flow parameters of liquid
films are required for the successful development of theoretical models of annular two-phase flow systems.
While a majority of two-phase flow characteristics can now be predicted numerically due to recent advances
in numerical simulation techniques, reliable experimental data concerning the time dependency and instanta-
neous local characteristics of two-phase flow structures are required to confirm the validity of these simula-
tions. Thus for the study of annular two-phase flow it has been necessary to develop a measuring
technique to obtain detailed liquid film information with high spatiotemporal resolution and no disturbance
of the flow.

In past studies of quantitative features of thin flowing liquid films in pipes, some researchers have used
visualization techniques such as shadowgraphs (Ohba et al., 1995; Clark et al., 1999) or laser-induced fluo-
rescence (Hewitt et al., 1985). These techniques are limited by reflection and refraction of the laser sheet
passing through the fluid and a transparent pipe wall, which reduces their spatial measurement accuracy,
especially at the smallest scale. With electrical methods, film thickness can be calculated from the resistance
or capacitance of the fluid between sensors. These techniques are useful for measuring spatial average val-
ues of a continuous film (Poltalski and Clegg, 1972; Mori et al., 1998; Elsäßer et al., 1998; Dukler and
Bergelin, 1952; Hewitt and Hall-Taylor, 1970). However, instantaneous film thickness cannot be measured,
especially for very thin films or at the level of fine detail required to record the structure of superimposed
waves. Some researchers have used a laser displacement gauge (Serizawa et al., 1994; Nasr-Esfahany and
Kawaji, 1996) and supersonic echo methods (Serizawa et al., 1995) to measure film thickness. The laser dis-
placement gauge, composed of a semiconductor laser and a position-sensitive detector, detects the target
position using a triangular relationship. In this method, the laser beam is reflected from the target and onto
a position-sensitive detector. In the supersonic echo method, film thickness can be detected from the delay
of the signal reflected from the liquid surface. These techniques provide high spatial resolution and do not
disturb the flow. However, they also present two problems: (1) they cannot detect a very thin film because
the reflected signal from the wall surface interferes with that from the film surface, and (2) if the curvature
of the interfacial wave is large, the reflected beam or sonic wave cannot reach the detector. Displacements
of very thin films, as well as small waves or waves with large surface curvature, cannot be measured accu-
rately with these techniques.

Recently, a new laser focus displacement meter (LFD, Keyence Co., Japan, Model LT 8100) was developed
to detect scratches on ICs and other electronic devices. This sensor has the potential to solve the curvature
problem and to measure waves on films at high spatial and temporal resolutions, even on thin films. In pre-
vious experiments conducted by Takamasa and Hazuku (2000) and Takamasa and Kobayashi (2000), inter-
facial waves on a film flowing down a vertical plate wall and down the inner wall of a pipe were measured
using an LFD. The effectiveness of the new method for obtaining detailed liquid film information was clarified
in these studies.

As previously mentioned, precise spatiotemporal knowledge of the interface in annular two-phase flows is
essential to understanding the details of the fascinating nonlinear phenomena of the interface in a channel. In
this study, we measured the microscopic interfacial wave structure of vertical annular two-phase flow using the
LFD method. The purpose of the study was to clarify the effectiveness of the LFD for obtaining detailed infor-
mation concerning the interfacial displacement of a liquid film in annular two-phase flow and to investigate
the behavior of the flow development of liquid films in the axial direction. Adiabatic upward annular two-
phase flow experiments were conducted using a 3 m long, 11 mm ID pipe, and measurements of local film
thickness were taken at 21 axial locations. Although considerable effort has been expended in the past to study
the behavior of liquid films in a fully developed region (2–4 m below the inlet), very few detailed measurements
have been made of the phenomena in a developing flow, which is considered more important for industrial
design and useful for the improvement of existing analytical models and for finding empirical correlations
to aid in predicting flows.
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2. Measurement accuracy of liquid film thickness

Fig. 1 shows a schematic diagram of the LFD. The displacement of the target can be determined by reg-
istering the displacement of an objective lens that is continuously moved at a known frequency by a tuning
fork, when the laser beam passing through the objective lens is focused on the target (Takamasa and Hazuku,
2000). The principle behind the LFD measurement of the distance between the sensor and target is the same as
that of a camera focusing on a target with a motor-driven objective lens in daylight. This principle makes accu-
rate measurement of the wave height or film thickness possible, even if the wave surface has a large curvature.
The sensor has a measurement range of 28 ± 1 mm from the laser head. The diameter of the beam spot is
2 lm, and the spatial resolution is 0.2 lm. The temporal resolution is approximately 1 kHz.

It is possible to measure a liquid film on the inner wall of a transparent pipe using the LFD from outside the
pipe. However, it is necessary to estimate the displacement error introduced by refraction of the laser beam
passing through both surfaces of the pipe. When the conical laser beam from the LFD reaches the target
of the film surface, the beam scatters and is reflected from the target back into the LFD. However, no clean
point focus is possible, because the beam cone must traverse the wall of the pipe, which forms a cylindrical
lens. The consequent widening and scattering reduce the brightness of the reflected beam below the detection
threshold of the light sensor. Therefore, it is difficult for the LFD to measure the thickness of a liquid film on a
pipe inner wall when the usual tubular geometry is used. In the previous study (Takamasa and Kobayashi,
2000), a preliminary test was conducted to identify an appropriate measuring method that would solve this
problem. The preliminary test showed that the brightness of light reflected from the surface of the film on
the pipe’s inner wall was high enough to be detected by the light sensor when the wall’s outer surface was flat.
The displacement error caused by refraction of the laser beam passing through an acrylic pipe with a flat outer
wall surface and through water was also estimated. When acrylic and pure water are used respectively as the
pipe material and the working fluid for the liquid phase, the theoretical equation for correction of the refrac-
tion error is expressed by the following equation:
d ¼ 1:33þ 0:356
dM

D

� �
dM; ð1Þ
where D is the pipe inner diameter and dM is the measured film thickness. When the film thickness is calculated
from the displacement difference between the fluid and window surface, the equation shows that the corrected
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Fig. 1. Principle of laser focus displacement meter.
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film thickness, d, is independent of the thickness of the window and the distance from the laser head to the
window. The displacement error found with this preliminary test showed that the film thickness calculated
with Eq. (1) agrees with the true film thickness to within 1%. This equation is useful when D = 10–30 mm
and d <= 2.4 mm.

As mentioned previously, the LFD can measure surface displacement even if the curvature or inclination
angle of the surface is large. Although inclination problems affecting the detection limits of the LFD are insig-
nificant compared with those of conventional film measurement techniques, the LFD’s measurement capabil-
ities for film thickness must be checked. A preliminary test of this was carried out in this study, using a glass
column 5 mm in diameter. In the test, the LFD measured the vertical displacement of the column surface.
Fig. 2 shows the measured surface displacement versus surface inclination. Open circles and the solid line rep-
resent measured and real displacements calculated from the horizontal location of the target. As shown in the
figure, detection was incomplete when the angle of surface inclination was larger than 33�. The detection limit
of the surface inclination angle versus the axis of the conical beam is expected to be 33�.
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A second preliminary test was performed to compare the interfacial displacement of a liquid film as mea-
sured by LFD with that obtained by image analysis using a high-speed video camera. The falling liquid film
formed in a vertical rectangular pipe 3 mm wide was measured in the test. Interfacial conditions of the liquid
film were varied by the introduction of nitrogen gas. The LFD detected transient changes of interfacial waves
very well, even when the surface elevation and inclination of the film changed rapidly, and could measure the
bottom point of the interfacial wave or the local minimum film thickness, which had never been measured
accurately with conventional measuring techniques.

Fig. 3 shows the result of error estimation of film thickness measured by LFD and image analysis. The
methods agree well, within 0.15 mm, although they include errors caused by low spatial resolution in the
images and distortion of the image due to capillarity near the wall surface.
3. Apparatus for annular two-phase flow experiment

Fig. 4 shows the two-phase flow loop used in the present experiments. The working fluids were air and pure
water, which was obtained by purifying tap water to an electrical conductivity lower than 1 lS/cm. Air was fed
into the channel from a compressor. The water was pumped from a water tank into a test pipe made of acrylic,
passed through a flow meter, and piped back to the water tank. A uniform liquid film was generated by a
sintered metal pipe. The inside diameter and length of the test pipe were 11 mm and 3 m, respectively. Water
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temperature was maintained at 25 ± 0.5 �C by a cooler submerged in the water tank. Thermocouples in the
water tank and separation tank monitored the water temperature. Measurements of film thickness were con-
ducted at 21 axial locations, equally spaced 110 mm apart along the length of the pipe. The axial distance from
the inlet (z), normalized by the pipe diameter (D), was z/D = 50–250. Data were collected for predetermined
gas and liquid flow conditions and for Reynolds numbers ranging from ReG = 31,800 to 98,300 for the gas
phase and ReL = 1050 to 9430 for the liquid phase. The displacement of the gas–liquid interface in the test
channel was measured using the LFD. The phenomena were recorded by a high-speed video camera operating
at 1000 frames per second and synchronized with the film thickness measurement. A trigger signal started both
the LFD and the camera.
4. Results and discussion

4.1. Axial variation of liquid film flow

Fig. 5 shows typical film thickness traces obtained at distances of 550, 1650, and 2750 mm from the water
inlet. As shown in this figure, the wave on the interface consisted of ripples smaller than 0.1 mm and distur-
bance waves with large amplitude and high velocity. Although conventional electrical methods, such as elec-
trical–resistance and electrical–capacitance techniques, cannot measure such fine waves because these
techniques obtain the liquid film thickness as a spatially averaged value in the area between the electrodes
(approximately 5 mm), the LFD method can detect and record the details very well. Film thickness and wave
amplitude decreased with distance from the entry. This occurs because the gas velocity and the interfacial
shear stress increase as flow develops due to the pressure gradient in the axial direction. Fig. 6 shows the effect
of entry length on the interfacial shear stress under various flow conditions. The interfacial shear stress, si, was
calculated with the following equation:
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si ¼
Di

4

dpG

dz

� �
F

; Di ¼ D� 2�d; ð2Þ
where D and �d represent the pipe diameter and the time-averaged film thickness, respectively. The pressure
gradient due to friction loss, (dpG/dz)F, was calculated from the differential pressure and the time-averaged
film thickness at each axial location. As shown in the figure, the interfacial shear stress increased with entry
length under all flow conditions. The liquid film thickness and entrainment from the interface were closely
related to the interfacial shear stress. In the past, many two-phase flow film models were proposed based
on fully developed flow under hydrodynamic equilibrium. Our experimental results, however, indicate that
the fully developed flow assumption is not acceptable for vertical annular two-phase flow under low pressure
because frictional pressure change in the axial direction cannot be ignored.
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Figs. 7 and 8 show the changes in maximum, minimum, and average film thickness in the axial direction.
The minimum and maximum film thicknesses were calculated to represent the 1% and 99% probability levels,
respectively. Maximum film thickness decreased gradually, with some oscillation, as flow developed along the
pipe. Changes in the maximum film thickness continued down to the pipe exit. Therefore, flow might not reach
the fully developed state. On the other hand, minimum film thickness showed a tendency to decrease slightly
with distance from the entry.

We investigated the characteristics of disturbance wave frequency at each axial location, with transient data
on film thickness obtained by the LFD. According to the latest report, dry-patch generation is strongly related
to behavior of the disturbance wave. Fukano et al. reported the mechanism behind dry-patch generation in a
narrow annular channel under atmospheric pressure (Fukano et al., 2002, 2003). They explained the existence
of a dry patch in a thin liquid film with two mechanisms. For relatively low vapor velocity, a dry patch occurs
because of drainage between long-interval disturbance waves, with a very thin base film. This means that the
occurrence of burnout is strongly dependent on the passing frequency of disturbance waves and the behavior
of a thin base film, i.e., the local minimum film thickness. Many theoretical and experimental studies have
focused on such characteristics of disturbance waves as wave velocity, passing frequency, and wave height
(Hall-Taylor and Nedderman, 1968; Hewitt and Nicholls, 1969; Azzopardi, 1986; Sekoguchi and Mori,
1997). The interface on the film consists of waves having components with a wide range of frequencies and
amplitudes. Although the classification of these waves has been an interesting topic for a long time, there is
no consensus about, or clear definition of, this classification at present. In this study, the interfacial waves
on a liquid film were classified as shown in Fig. 9. A disturbance wave is defined as a wave whose thickness
at both ends is smaller than the average film thickness, and a wave with a peak greater than the average thick-
ness of upper wave layer, dH calculated from the following equation:
dH ¼
1

n

Xn

k¼1

dk; ðdk > �dÞ: ð3Þ
We performed a cross-calibration on the disturbance wave measurements at the frequencies observed with
the high-speed video camera and those observed with the LFD. Film thickness traces obtained with the LFD
and corresponding flow images are shown in Fig. 10. Open circles in the figure mark the disturbance waves
defined by the above criteria. Because the velocity and amplitude of the disturbance waves are much higher
and larger than those of other types of waves, disturbance waves can easily be identified in images and traces.
As shown in the figure, the disturbance waves passing through the measuring position in the images coincide
with those in the LFD measurements. The disturbance wave frequencies obtained by the LFD method agree
with those observed in the images to within 15%.

We also compared our data with predictions made by a correlation proposed by Sekoguchi et al. (1985).
They measured disturbance waves in 8–26 mm ID pipe with gas superficial velocities ranging from jG = 20
to 50 m/s, liquid superficial velocities ranging from jL = 0.04 to 0.14 m/s, and axial locations from
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z = 3100–4200 mm (z/D = 162–388). Proposed equation (4) for the disturbance wave frequency, fD, with
Strouhaul number, Sr, and Eötvös number, Eö, can predict their experimental results to within ±10% in aver-
age relative deviation.
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Sr ¼ fD � D=jG ¼ f1ðE€oÞ � g1ðnÞ;
f1ðE€oÞ ¼ E€o�0:5ð0:5 ln E€o� 0:47Þ;
g1ðnÞ ¼ 0:0076 ln n� 0:051;

E€o ¼ gD2ðqL � qGÞ=r;
n ¼ Re2:5

L =FrG;

FrG ¼ jG=
ffiffiffiffiffiffi
gD

p
;

ð4Þ
where g, qL, qG, r, and FrG are the acceleration of gravity, liquid density, gas density, surface tension, and
Froude number of the gas phase, respectively. Fig. 11 shows the comparison between our measured distur-
bance wave frequencies at z = 2310–2750 mm (z/D = 210–250) and those predicted by Eq. (4). Although
Eq. (4) predicts slightly higher frequencies than our experimental data at high gas flow rates, the two sets agree
to within 25%. This result demonstrates the validity of Eq. (4) for an entry region.

Although the above correlation (4) predicts the present disturbance wave frequency closely at some axial
distances, the liquid film varies in thickness and wave height along the pipe, as shown in Figs. 7 and 8. We
accordingly checked the axial change of disturbance wave frequency. Figs. 12 and 13 show the development
of disturbance wave frequency in the axial direction. As shown in the figures, the disturbance wave frequency
decreased gradually with some oscillations along the pipe, evidencing the same changes as the results of the
maximum film thickness. The results suggest that axial changes of wave frequency should be considered in
the modeling of films in annular two-phase flow.

In this study, we examined such interesting phenomena as that the maximum film thickness and the distur-
bance wave frequency decreased along the pipe, with some oscillations. K in Eq. (5) is the kurtosis, which is the
value of the fourth moment of thickness data in a time series, normalized by the quadruplicate standard devi-
ation of the film thickness, w4. It indicates the macroscopic interfacial wave structure such as wave steepness
and intensity of wave amplitude.
K ¼
Pn

k¼1ðdk � �dÞ4

n � w4
; ð5Þ
Fig. 14 shows the effect of axial distance on K. The K has some extreme values in the axial direction depend-
ing on liquid flow rate. This means that steady fluctuation of wave velocity and amplitude exists at each axial
location. It is possible that a pressure resonance interaction is closely involved in this interesting phenomenon.
If formation of a standing pressure wave is induced in the annular-mist flow region, the liquid droplets and
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waves should be held with regularity along the pipe, depending on the profile of the standing pressure wave,
and this may follow from the fact that steady fluctuations of the maximum film thickness and disturbance
wave frequency occur at each axial position in the pipe. In view of this, the measurement of pressure wave
propagation in the pipe was examined. Phase-delay of pressure wave propagation in the pipe, x in Fig. 15,
was measured by two pressure gauges installed along the pipe. The case of x > 0 indicates the formation of
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a traveling wave propagating in the axial direction. A standing wave is indicated by x = 0. Measurements of
pressure propagation were carried out at axial locations of z = 550, 1650, and 2750 mm, and the distance
between the pressure gauges at each location was set at 33 mm.

As shown in Fig. 16, phase delays of pressure propagation varied with increase in axial distance, and for-
mation of standing waves with a frequency of around 50 Hz was confirmed. Although the pressure propaga-
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tions at all axial locations were not measured simultaneously, it is possible that such local characteristics of the
pressure propagation at each axial location are involved in producing the steady fluctuation of maximum film
thickness and disturbance wave frequency in the axial direction. In a future study, the mechanism behind this
phenomenon should be clarified by conducting detailed measurements of pressure profile, film thickness, and
wave frequency in the axial direction.
4.2. Minimum film thickness

As mentioned in the previous section, the occurrence of burnout is strongly dependent on the behavior of
the thin base film and the passing frequency of disturbance waves. Because of the inherent shortcomings in
conventional techniques for film measurement, we had no good database of the microscopic structure of thin
films, i.e., the local minimum film thickness. LFD may be the only method that allows high-accuracy spatio-
temporal measurement of local minimum film thickness.

Data on minimum film thickness measured by the LFD are introduced and discussed below. Fig. 17 shows
the effect of relative Reynolds number of the gas phase, ReGi, on the dimensionless minimum film thickness,
d�min, defined by
d�min ¼ dminðg=m2
LÞ

1=3
; ð6Þ

ReGi ¼ uGDi=mG; ð7Þ
where mL, mG, and uG represent the kinematic viscosity of liquid, kinematic viscosity of gas, and mean gas
velocity, respectively. Crosses in the figure represent the minimum film thicknesses measured by Ueda and
Nose (1973), which were obtained with a needle contact technique. It is expected that viscous forces from
the wall will have a strong effect on such a thin flowing film. We therefore checked the relationship between
the present data and the thickness of the viscous sub-layer. The dimensionless distance from the wall, y+, is
given by
yþ ¼ y
mL

ffiffiffiffiffi
sw

qL

r
: ð8Þ
Assuming that the acceleration loss and momentum change due to entrainment are negligible, wall shear
stress, sw, in Eq. (8) is given by
sw ¼
D
4

dp
dz

� �
F

; ð9Þ
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where (dp/dz)F, is friction loss calculated by the differential pressure and time-averaged film thickness at each
axial location. In the Karman two-layer model, the viscous sub-layer is defined in the range y+

5 11.6. On the
other hand, in the three-layer model, the viscous sub-layer is defined in the range y+

5 5, and the buffer layer is
defined in the range 5 < y+

5 30. Lines in the figure indicate the distance from the wall, yðg=m2
LÞ

1=3, when y+ is
5, 11, and 30, respectively.

As shown in the figure, although the tendency of the minimum film thickness to decrease with the Reynolds
number of the gas phase is consistent, the effect of Reynolds number on the present minimum film thickness is
much smaller than that in the results of Ueda et al. The present results also show that the dependence of liquid
flow rate is stronger than that of gas flow rate. At low gas flow rates, the results obtained by Ueda et al. are
larger than those in the present study. This discrepancy might be attributed to the meniscus problem in the
needle contact technique. This technique measures film thickness as greater than the actual value due to
the presence of a meniscus at the needle tip, as Ueda et al. pointed out (Ueda and Nose, 1973). Also, the values
in their results are smaller than those in our study for high gas flow rates. This discrepancy may be caused by
expansion of the acrylic pipe owing to high inside pressure under high gas flow conditions. In other words, the
needle contact technique may report a thinner film than the actual value because the distance between needle
tip and liquid film surface, which is opposite to the needle, increases owing to an increase in pipe diameter. As
for the pipe expansion effect in Ueda’s experiments, the internal wall displacements due to the expansion, esti-
mated by a stress analysis based on the tube radius and thickness they used, varied in the range 9–13 lm
½dminðg=m2

LÞ
1=3 ¼ 0:2� 0:3�. Taking these displacements into account, our results agree well with theirs.

It should be noted here that the interfaces at minimum film thickness in the present experiment extend into
the buffer layer in all flow conditions, and the tendency to decrease in thickness with gas flow rate is similar to
that of the viscous sub-layer. These results reveal that minimum film thickness is strongly affected by the vis-
cous sub-layer, i.e., viscous forces on the wall. Figs. 18 and 19 show the frequency of the bottom point of the
interfacial wave, i.e., the passing frequency of a local minimum point in the buffer layer. The frequency of a
bottom point dipping into the buffer layer increases with decreasing liquid flow rate; it extends above 120 Hz
in low liquid flow conditions with ReL = 1050. Although the values tend to increase slightly with distance from
the entry for a high liquid-to-gas flow ratio (ReG = 46,400; ReL = 5240–9430) and short entry length
(z < 2000 mm) they are effectively constant irrespective of gas flow rate and entry length changes. Considering
that these results show that the minimum film thickness and frequency of the bottom point of an interfacial
wave in the buffer layer are constant with regard to changes in thickness of the buffer layer, the behavior of
local minimum film thickness may be determined by a balancing action between the interfacial shear stress and
viscosity force on the wall. We therefore formulated an experimental correlation for predicting the minimum
film thickness in gas–liquid upward annular flow. It was confirmed that the minimum film thickness decreases
with increasing distance from the entry, gas flow rate, i.e., interfacial shear stress, as well as with decreasing
thickness of the viscous sub-layer. As mentioned, the interfacial shear stress is a function of entry length, gas
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flow rate, and thickness of the viscous sub-layer. The following correlation is proposed for minimum film
thickness with regard to interfacial shear stress and the Reynolds number of the liquid:
d�min ¼ 0:977Re0:143
L s��0:117

i ; s�i ¼
si

qLg
g
m2

L

� �1=3

ðReG ¼ 31; 800–98; 300; ReL ¼ 1050–9430; z=D ¼ 50–250Þ: ð10Þ
Fig. 20 shows the comparison between the minimum film thickness predicted by Eq. (10) and that measured
with the LFD. As shown in the figure, the present data are accurately described by the experimental Eq. (10) to
within 5%. The effect of pipe diameter and other geometric properties, which are not accounted for in Eq. (9),
should be further investigated in future studies.
5. Conclusions

This report presents an experimental study of interfacial waves on liquid films in an upward annular air–
water two-phase flow using a laser focus displacement meter (LFD). The purpose of this study was to clarify
the effectiveness of the LFD for obtaining detailed information concerning the interfacial displacement of a
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liquid film in annular two-phase flow and to investigate the effects of axial distance from the air–water inlet.
We conducted a preliminary test with simultaneous measurements of the liquid film interface in an acrylic rect-
angular pipe 3 mm wide, using LFD and high-speed video camera to check the measuring accuracy of the
LFD. Using the LFD, we obtained a precise database of such interfacial wave characteristics as the minimum
thickness, maximum thickness, and passing frequency of the waves, with regard to flow development along a
3 m long, 11 mm ID pipe. The results are summarized as follows:

A preliminary test showed that the LFD could record transient changes in interfacial waves very well even
when the surface elevation and inclination changed rapidly, and could measure the bottom point of an inter-
facial wave or the local minimum film thickness, which has never been measured accurately with conventional
measuring techniques.

The maximum film thickness and passing frequency of disturbance waves decreased gradually, with some
oscillations, as flow developed. The flow development, i.e., decreases of film thickness and passing frequency,
persisted until the pipe exit, which means that the flow might never reach a fully developed state. These phe-
nomena were also discussed from the viewpoint of pressure resonance interactions based on the experimental
measurement of pressure propagation in the pipe. The minimum thickness of the film decreased with flow
development and with increasing gas flow rate. These results were discussed, taking into account the buffer
layer calculated from Karman’s three-layer model. A correlation was proposed for the obtained minimum film
thickness in terms of the interfacial shear stress and the Reynolds number of the liquid. This correlation
expressed the minimum film thickness obtained from the experiment to within 5%.
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