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Effect of Interfacial Waves on
Turbulence Structure in Stratified
Duct Flows
Stratified flows are encountered in many industrial applications. The determination of the
flow characteristics is essential for the prediction of pressure drop and holdup in the
system. The aim of this study is to gain insight into the interaction of a gas and a liquid
phase flowing in a stratified regime, with especial focus on the effect of interfacial waves
on the turbulence structure of the liquid phase. Measurements of mean velocities and
turbulent intensities in the liquid phase of a stratified air-water duct flow are performed.
Mean velocity profiles and turbulence structure are affected differently for different wave
amplitudes. The effect of small amplitude waves is restricted to the near-interface region,
resembling the effect of increasing shear rate on a flat interface. On the other hand, large
amplitude waves modify the flow structure throughout the whole liquid depth. The mean
velocity is greatly enhanced, resulting in a higher bulk velocity. Turbulent intensities are
also significantly enhanced especially in the interface region. This big difference in flow
structure is not observed after the appearance of the first waves but rather when a certain
critical wave amplitude is triggered, indicating that the prediction of this critical wave
type turns out to be more important than the determination of the transition from a
smooth to a stratified wavy regime. �DOI: 10.1115/1.2928295�
Introduction
Contrary to turbulence in the wall region, which has been in-

ensively studied over the past two decades, turbulence near fluid-
uid interfaces has not been studied with the same detail due to

he difficulties that lie on the measurements near this interface and
n the simulation of flows with deformable interfaces. With the
ccessibility of new experimental techniques, such as laser Dop-
ler velocimetry �LDV�, more and more data of the flow structure
lose to gas-liquid interfaces are now becoming available.

Free-surface flows have been studied experimentally and nu-
erically. In the LDV experiments from Nezu and Rodi �1�, the
ean velocity profile was found to deviate from the logarithmic

ehavior near the free surface �for Reh�10,000�. According to the
uthors, as the Reynolds number becomes larger, such deviation
annot be neglected for y /hL�0.6, and they suggested the use of
he Coles wake law as the more convenient way to account for
his deviation. Contrary to the findings of Nezu and Rodi �1�,
ashidi and Banerjee �2� did not observe any deviation from the

ogarithmic law near the interface. They attributed this fact to the
ower Reynolds numbers that were used in their study as com-
ared to those in the work of Nezu and Rodi �1�. Near a shear-free
urface, vertical fluctuations are damped due to gravity and sur-
ace tension, resembling the behavior of a solid boundary. At the
ame time, streamwise and spanwise fluctuations are enhanced in
he interfacial region �2,3�. The direct numerical simulation
DNS� of free-surface flows performed by Komori et al. �4� and
an and Banerjee �5� confirm these experimental results.
When an interfacial shear is applied, the interface region be-

omes an active one, where structures can form and even attach to
he interface as opposed to what happens at a solid wall �6–8�. For
ow shear rates, bursts coming from the wall region are respon-
ible for scalar transport, whereas for high enough shear rates, the
uid structures originating in the interface region dominate the
rocess.
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Under the condition of small shear rates, small amplitude �SA�
waves form on the interface. SA disturbances do not significantly
influence the flow structure, and the interface can be treated as a
rigid slip wall in numerical simulations �4,8�. This is because in
this case, the shear rate appears to be more important than the
nature of the boundary conditions in determining such structures
�7�. For this case of small disturbances, the mean velocity profile
follows the logarithmic law near the wall, with higher values of
the summation constant A with increasing interfacial shear �7�.
The mean velocity profiles from and near the sheared interface
also follow a logarithmic profile from the center of the flow up to
yi

+�20–30 according to the experimental study of Rashidi and
Banerjee �7�. No outer region was seen to exist since both loga-
rithmic regions �wall and interface� interact with each other.

When significant shear is imposed on the liquid surface, the
surface is no longer “free” and entirely different structures result.
The presence of larger amplitude interfacial waves changes the
kinematic and turbulence structure of the liquid phase close to the
sheared interface �see, for example, Ref. �9��. Fabre et al. �10�
observed an increase in turbulent intensities close to the wavy
interface. However, no description of the wave structure was pro-
vided. Streamwise and vertical turbulent fluctuations were also
seen to increase substantially under the presence of waves by
Kemp and Simons �11�. Rashidi et al. �12� superimposed SA grav-
ity waves on a turbulent liquid layer via a wave maker, with a
maximum wave amplitude to liquid film height ratio of hw /hL
=0.16. For an increasing wave amplitude, the value of the wall
shear velocity u� was seen to increase under wave crests and to
decrease under wave troughs, resulting in a nearly constant mean
value. Mean velocities were seen to be higher near the interface
and near the wall for an increasing wave amplitude, and, there-
fore, a small deviation from the logarithmic law was observed for
those cases. Similar observations were reported by Kemp and Si-
mons �11�. The intensity of turbulent fluctuations showed a similar
behavior as in free-surface flows although their intensity was in-
creased by the presence of superficial waves. The frequency of
bursts originating at the wall was increased by the occurrence of
waves, implying that the transport of turbulent energy from the
wall to the interface region was altered when waves were present.

Reynolds stresses in the wall region were amplified also due to the
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hange in wall ejection frequency. These effects would be more
mportant for the large amplitude �LA� waves usually found in
tratified flows in industrial applications.

Interfacial waves are also known to induce secondary currents
oth in the gas and the liquid phase of a stratified flow, having
mportant effects on the flow structure in each of the two phases
13–15�. The variation in wave amplitude across the width of the
uct is an important source for the mean secondary flow �15�. The
easurements in duct flow from Suzanne �13� show two counter-

otating vortices in the duct cross-section area in the liquid phase.
he flow goes up along the lateral walls and comes down along

he duct center plane. This flow is responsible for the maximum
treamwise velocity occurring just below the interface. Similar
econdary motions were reported in the numerical simulations of
rectangular duct flow by Nordsveen �15� and the pipe flow mea-

urements of Andreussi and Persen �16�. For a duct aspect ratio of
, Nordsveen �15� reported that wave-induced secondary currents
ere much more important than turbulence-induced ones. The

ormer formed in all the duct cross-section areas �but mainly
long the interface�, and the latter only close to the walls and
orners. For an aspect ratio of 2, both effects were of the same
rder.

Even when the number of results reported in the literature re-
arding wave-turbulence interaction has increased during the past
ears, much work still needs to be done before we can really
nderstand the dynamics of interaction and transport phenomena
ccurring between a gas and a liquid flowing in a stratified re-
ime. In particular, the effect of LA waves on turbulence structure
as not been largely documented in the literature, mainly due to
he difficulties involved both in numerical simulations and in
aboratory measurements. Furthermore, while some authors claim
o have studied LA wave effect on a flow structure, we have not
ound any work where the ratio of wave amplitude to liquid film
eight was as large as the one considered in this work. In this
ork, wave-turbulence interaction in a stratified air-water duct
ow is studied. LDV measurements of mean velocity and turbu-

ence structure in the liquid phase for different kinds of interfacial
aves are presented. A comparison of LA waves and liquid film
eights is included in this study.

Description of the Experiments
The experiments were carried out in a horizontal 9 m long duct,

ith a square cross-section area of 7�7 cm2. The duct was made
f stainless steel, and an acrylic transparent section was intro-
uced approximately 6 m from the entrance, where velocity mea-
urements were performed. Figure 1 shows a schematic diagram
f the flow loop.

The study was performed using air and water at atmospheric
ressure as working fluids. The duct inlet had three entrances
ntended for the injection of gas, water, and oil into the duct.

TANK

transparent
section

air

water

pu

Fig. 1 Expe
ater was injected through the bottom entrance, and air through

61201-2 / Vol. 130, JUNE 2008

 https://fluidsengineering.asmedigitalcollection.asme.org on 06/29/2019 Terms of 
the top one. The air was supplied by the laboratory compressed-air
system and was regulated by a manual valve. The water was re-
circulated by a manually regulated screw pump from a tank con-
nected to the outlet of the channel. The water flow rate was moni-
tored by an electromagnetic flow meter, and the air flow rate by a
mass flow meter operating on the principle of heat transfer along
a laminar flow device. Both fluids entered the channel through a
square–cross-section converging nozzle with two inlets, one
above the other �see Fig. 1�. The water was introduced through the
bottom of the nozzle, and the air through the top half.

The pressure drop along the channel and the test section was
measured using a double positive dp-cell. A Pt100 probe placed at
the end of the transparent test section was used to record the
temperature of the water phase.

Measurements of the liquid velocity and turbulent fluctuations
were performed using LDV. The laser used was a TSI two-
component argon-ion laser with wavelengths of 514.4 nm and
488.0 nm. The laser was mounted on a traverse mechanism ca-
pable of shifting positions in the vertical and horizontal �stream-
wise� directions. It was pointing at the transparent section perpen-
dicularly from the side of the duct.

The measurements were performed for liquid superficial veloci-
ties of ULS=0.068 m /s and ULS=0.136 m /s, resulting in mean
liquid heights of hL=21 mm and hL=31 mm, respectively. The
gas superficial velocities were varied from 0 m /s to 3.5 m /s. The
parameters for each measured case are shown in Table 1. The laser
was aimed at the center plane of the duct from the side. In order to
ensure the two dimensionality of the measurements, the laser was
aligned by measuring the distance from the laser outer diameter
�from two opposite points of its diameter, pointing upstream and
downstream from the measuring point� to the lateral wall of the
duct. Velocity measurements were performed in the liquid phase
throughout the whole liquid film depth.

Laser data acquisition was made simultaneously in both chan-
nels, thus being able to directly measure Reynolds stresses. Near
the interface and near the wall, the beams corresponding to the
vertical velocity measurements were obstructed by the bottom
wall or were above the water surface. Therefore, the acquisition
was no longer simultaneous in both channels, resulting in mea-
surements only of streamwise velocity components in these re-
gions.

During the velocity measurements, interfacial waves were char-
acterized by the spectra obtained from the LDV measurement of
vertical fluctuations close to the interface. The method is de-
scribed in detail in Fernandino and Ytrehus �17�. Basically, three
subregimes were identified with this method and will be consid-
ered in this work: �i� stratified smooth �SS� waves, �ii� SA waves,
and �iii� 2D LA waves �two dimensional at the centerline of the
duct, away from the lateral walls�. The SS regime is characterized
by a flat spectrum. In turn, the SA regime presented one dominant

building compressed
air system

ental facility
mp
frequency at 12–14 Hz. Two dominant frequencies �two peaks�
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ppeared in the spectrum when the air flow was further increased
nd led the way almost immediately to one dominant frequency,
his time at 7 Hz. The latter was designated as the LA waves.

ean velocities and turbulent fluctuations were characterized
ased on this subregime classification.

Results and Discussion

3.1 Mean Velocity. Mean velocities and turbulent fluctuations
resented in this section are nondimensionalized with the wall
hear velocity u����w /�L, with �w as the mean wall shear stress
nd �L the liquid density. Different methods for obtaining the wall
hear velocity were analyzed, namely, obtaining the wall shear
elocity from the velocity gradient at the wall, from the measured
ean velocity profile and the logarithmic law, from the measured

ressure drop, from the measured Reynolds stresses, and from the
xpression �w= fL�LUL

2 /2 and the Blasius formula fL

0.0559ReL
−0.22, with fL as the liquid wall friction factor �the

ethods were described and compared in detail in Ref. �18��. The
atter option seemed to be the most appropriate and is the one used
n this work.

Figure 2 shows the measured mean velocity profile for a free-
urface condition. Here, y+=yu� /�L, where y represents the dis-
ance from the wall. The profile presents a logarithmic region for
+�70, in accordance with the empirical log law for an open

Table 1 Combination of air and water flow ra
superficial velocity, UL the mean water velocity
ing Reynolds number ReL based on the mea
superficial velocity, ReGS the gas phase Reyn
and hw the mean wave amplitude. The SS, SA,
to Fernandino and Ytrehus †17‡.

ULS �m/s� UL �m/s� hL �mm�

Run 2a 0.068 0.34 21
Run 2b 0.068 0.34 21
Run 2c 0.068 0.34 21
Run 2d 0.068 0.34 21
Run 2e 0.068 0.34 21
Run 2f 0.068 0.35 21
Run 2g 0.068 0.35 21
Run 2h 0.068 0.38 21
Run 2i 0.068 0.41 21

Run 3a 0.136 0.44 31
Run 3b 0.136 0.47 31
Run 3c 0.136 0.48 31
Run 3d 0.136 0.48 31
Run 3e 0.136 0.48 31
Run 3f 0.136 0.53 31
Run 3g 0.136 0.60 31
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RUN 2a
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U+ = 2.44 log(y+) + 5.5

ig. 2 The measured mean velocity profile for the free-surface
uct flow compared to the empirical log law of the wall for the

pen channel flow
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channel flow, with the von Karman’s constant �=0.41 and the
summation constant A=5.5 �1,2�. A small deviation from the loga-
rithmic behavior is observed close to the interface for Run 2a for
y /hL�0.8. For Run 3a, the deviation is more significant and the
profile shows a zero shear region close to the interface.

Mean velocity profiles for different air superficial velocities are
shown in Fig. 3. The horizontal black lines indicate the mean
interface level. The dashed line is the mean level corresponding to
the more wavy interfaces, where the position of the interface
could not be located accurately but just visually �the wave ampli-
tude varied throughout the duct width�. Therefore, the profiles
from Run 2f and Run 3d onward show the same mean water level.
The filled rounded dots in Fig. 3 indicate the reference free-
surface profile �Runs 2a and 3a�.

As the air flow is increased �always by the same constant
amount�, the velocity profiles are enhanced close to the interface,
while the rest of the bulk flow is nearly undisturbed �Runs 2b–2e
and 3a–3c�. In these cases, the result of increasing the interfacial
shear rate translates into increasing the profile slope close to the
sheared surface only. However, if the air flow is increased a little
more �Runs 2f and 2g and 3d and 3e�, the velocity in the bulk
region of the flow is also increased, forming a kind of belly in the
profile in that region. For higher air flows �Runs 2h and 2i and 3f
and 3g�, mean velocities are enhanced near the interface and near
the wall as well, while they seem to decrease in the center region
with respect to the wall and interface values, resulting in an
s-shaped profile. This s-shaped velocity profile accompanied by a
significant increase in bulk velocity was also observed by Suzanne
�13� during rectangular duct flow measurements and by Strand
�14� during stratified pipe flow experiments. This means that the
s-shaped profile with higher bulk velocity is not a consequence of
the rectangular cross section but of the flow itself. It is worth
remembering here that the s-shaped profile was observed �both in
this work and in the mentioned previous studies� in the duct/pipe
centerline. As one comes close to the lateral walls of the duct or
the point of contact of the liquid film with the walls of the pipe, it
is expected that the flow in those regions could experience some
backward recirculations caused by the direct interaction of the
waves with the solid walls. Some three-dimensional effects from
the lateral walls are also expected for the studied liquid film
height to duct width ratio.

It can be seen that the effect of a shear imposed on the interface

used during this study, with ULS as the water
L the mean liquid film height and correspond-
elocity and mean liquid depth, UGS the gas
s number based on the superficial, velocity,
d LA „wave regimes… are classified according

ReL UGS �m/s� ReGS hw �mm�

7140 0 0 0 �SS�
7140 1.24 5748 0 �SS�
7140 1.69 7834 �1 �SS�
7140 1.83 8483 2–3 �SA�
7140 1.96 9086 2–4 �SA�
7350 2.19 10,152 4–5 �SA�
7350 2.53 11,728 5–6 �SA�
7980 2.92 13,536 8–10 �LA�
8610 3.25 15,066 �10 �LA�

13,640 0 0 0 �SS�
14,570 1.23 5702 1–2 �SA�
14,880 1.72 7973 4–6 �SA�
14,880 2.21 10,245 7–9 �LA�
14,880 2.41 11,172 9–10 �LA�
16,430 2.87 13,305 �10 �LA�
18,600 3.31 15,344 10–12 �LA�
tes
, h
n v
old
an
is restricted to the near-interface region only for low shear rates.
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n the other hand, for a sufficiently high shear rate, the shape of
he mean velocity profiles is affected also in the bulk region of the
ow, while the near wall region seems to remain unaltered. When

he shear is enough to trigger the appearance of LA waves on the
nterface, an s-shaped profile and an apparent significant increase
n the liquid bulk velocity is observed.

Figure 4 shows the same profiles as in Fig. 3, but they are
ondimensionalized with the inner variables �L and shear velocity
�. The profiles corresponding to free-surface flow are plotted
ith filled dots. In all cases, a deviation from the logarithmic
rofile is observed near the interface. However, for 50�y+

200, almost all profiles coincide with the empirical logarithmic
aw for the open channel flow, except the ones corresponding to
A waves on the interface �Runs 2h and 2i and 3f and 3g�. Re-
arding Runs 2g and 3d and 3e, a logarithmic region seems to
xist although the summation constant appears to be larger.

The large increase in bulk velocity when LA waves appear on
he interface indicates an overall decrease in wall shear and cor-
esponds to a significant increase in pressure drop in the gas phase
17�. It is not clear from these measurements why the velocity
rofile is shifted so much to the front. One hypothesis is related to
he effect of drag reduction. Waves are known to significantly
nfluence the number of bursting events �sweeps and ejections� in
he wall region �12�. These sweep events are particularly impor-
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ig. 3 Mean streamwise velocity profiles for different air su-
erficial velocities and corresponding wave patterns: „a… Run 2
nd „b… Run 3. The black lines indicate the interface position.
ant for drag reduction because they are responsible for the gen-
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eration of turbulent wall shear stress �19�. Thus, drag reduction is
achieved by the suppression of streamwise vortex formation �20�.
Therefore, it is possible that the wave motion attenuates the for-
mation of streaks close to the walls �bottom and/or lateral one�
and in this way produces an overall reduction in skin friction.
Wave-induced secondary currents can also be a way of explaining
the significant enhancement of mean velocity in the bulk region
when LA waves are present. Secondary currents in the liquid
phase of a stratified rectangular duct flow were measured by Su-
zanne �13� and obtained in numerical simulations by Nordsveen
�15�. In both cases, the secondary motion consisted of two big
vortices in the duct cross-section area, with flow going up near the
lateral walls and coming down along the duct center plane. The
latter is responsible for carrying high speed fluid from the center
of the duct to the wall region, possibly resulting in this way in an
acceleration of the flow in the near wall region.

The described wave-induced secondary flow is evident from
measurements of the mean vertical velocity, as shown in Fig. 5.
For Runs 2i, 3f, and 3g, there is a mean downward flow motion,
indicating the presence of wave-induced secondary motion in the
middle of the duct cross-section area. The magnitude of this sec-
ondary flow is around 2–5% of the mean streamwise velocity. For
Runs 2h and 3f, the flow from the interface toward the bottom of
the duct is rather small as compared to that for Runs 2i and 3g.
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Fig. 4 Nondimensional mean stremaiwse velocity profiles for
different air superficial velocities and corresponding wave pat-
terns: „a… Run 2 and „b… Run 3
However, for these two cases, the streamwise mean velocity pro-
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les are already significantly enhanced, as seen in Fig. 3. There-
ore, some other effect rather than the secondary flow alone can be
esponsible for this enhancement. However, more
easurements—probably with some other experimental tech-

iques that allow for the visualization of the whole flow field in
he duct cross-section area, for instance, particle image velocim-
try �PIV� or simply some flow visualization technique—would
e needed in order to determine the cause of this increase in bulk
elocity under the presence of LA waves.

3.2 Turbulence Structure. Figures 6 and 7 show the mea-
urements of streamwise �u���u�2� and vertical �v���v�2� tur-
ulent fluctuation and Reynolds stress �−u�v�� profiles for the two
iquid flow rates considered.

It is seen in these figures that vertical fluctuations for the free
urface flow �Runs 2a and 3a� are damped close to the wall and
lose to the free surface due to gravity and surface tension in the
atter case. On the other hand, streamwise fluctuations peak in the
ear wall region, and contrary to what happens in a solid bound-
ry, they do not vanish as the interface is approached, as expected
or free-surface flows �1,3�.

As the shear rate is increased, streamwise fluctuations are en-
anced close to the interface �Runs 2b–2e, and 3b and 3c�, while
ertical fluctuations in the same region are not allowed to increase
hat much due to gravity and surface tension effects. Reynolds
tresses for Runs 2b–2e are not affected by the applied interfacial
hear or the SA waves on the interface, indicating why the mean
elocity profiles for these Runs remain unaltered throughout the
ow depth.
For Runs 2f and 2g, the streamwise fluctuation profiles are
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ig. 5 Mean vertical velocity profiles for different air superfi-
ial velocities and corresponding wave patterns: „a… Run 2 and
b… Run 3. Positive mean vertical velocity implies an upward
ovement of the flow.
ore similar to the unsheared interface case, with a pronounced
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peak as the interface is approached, giving the profile a “c” shape.
The streamwise fluctuations are completely undisturbed for y /hL
	0.6. An akin behavior is shown in the vertical intensities, where
the latter are enhanced very close to the interface and remain
unaltered for y /hL	0.4, coinciding in this region with the nons-
heared case of Run 2a instead of showing a continuous deforma-
tion following Runs 2b–2e for an increasing shear rate. A sudden
increase in vertical fluctuations is observed for Run 2g though,
reaching a value 35% higher close to the interface than for smaller
shear rates. Both streamwise and vertical fluctuations peak close
to the interface just below the wave troughs. The peak magnitude
increases for higher shear rates. Reynolds stresses −u�v� are de-
creased for both cases, with smaller values for Run 2g. For
y /hL	0.2, turbulent intensities scale with the wall shear velocity,
so that turbulence at the wall appears to be independent of what
happens to the rest of the flow.

For Runs 2h and 2i, LA waves are generated by the wind shear.
As a result, the bulk velocity was greatly enhanced. Streamwise
turbulent intensities for these Runs peak close to the wall and just
under the wave trough, apparently reducing their magnitude as the
interface is approached. For higher wave amplitudes, the peak in
streamwise fluctuations occurs in deeper locations and almost at
the same distance down from the wave trough. Therefore, this
peak is probably related to the balance between generation and
dissipation of the wave-induced fluctuations as one gets away
from the interface. Vertical fluctuations also peak close to the
interface, decreasing their magnitude with a constant downslope
until close to the wall. Here, we see how the region y /hL	0.2 is
apparently affected by the wavy motion in both Runs. However,
this is not enough reason to assume that wall turbulence and,
therefore, the shear at the wall are indeed affected since measure-
ments within the viscous sublayer would be needed to probe this
assumption. Vertical fluctuations have to vanish when the wall is
reached due to the physical restriction the latter imposes on the
flow. The Reynolds stresses −u�v� are significantly reduced for
y /hL	0.5 due to the LA wave motion. For Runs 2i and 3g, Rey-
nolds stresses take a strange shape, being negative at 0.1	y /hL
	0.55. In principle, the negative Reynolds stresses could be due
to the fact that our experimental technique did not distinguish
between wave-induced fluctuations and turbulence-induced fluc-
tuations. The coupling between these two could be the reason for
the observed negative values. At the same time, in the same depth
range as the Reynolds stresses become negative, the mean veloc-
ity profile shows a negative slope, leaving the production term
−u�v��U /�y positive.

Looking at the measurements for Runs 2 and 3, the effects of
applying an interfacial shear can be summarized as follows. For a
free interface �open duct flow�, the flow structure was similar to
an open channel flow, with the mean velocity profile described by
a logarithmic profile. As the interfacial shear increased, SA waves
were formed on the interface. Under these conditions, the effect
on the flow structure in the liquid phase was the same as that
produced by an increasing shear rate on a flat interface. The wavy
motion did not show any effect in the bulk flow structure, and
turbulent fluctuations were enhanced continuously close to the
interface as the shear increased. Mean velocity profiles were still
represented by the log law of the wall. Consequently, it can be
said that the interface actually acts as a flat surface with a shear
imposed on it and could be treated as such in numerical simula-
tions. These results confirm the previous suggestions by the nu-
merical simulations of Lam and Banerjee �6�, Komori et al. �4�
and Lombardi et al. �21�. However, the effect of a shear imposed
on the interface is restricted to the near-interface region only for
low shear rates. When the shear rate was large enough to trigger a
certain wave amplitude, turbulent fluctuations were suddenly en-
hanced close to the interface. From that moment and for increas-
ing wave amplitudes the effect of the interface motion affected the
bulk flow structure as well. Mean velocity profiles were no longer

described by a logarithmic region, and turbulent fluctuations were
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ontinuously enhanced. In both cases �for both liquid film heights
onsidered here�, the appearance of these critical waves was char-
cterized by a wave amplitude to liquid film height ratio of ap-
roximately hw /hL�0.2. The difference in flow structure ob-
erved before and after the appearance of these waves or of
ritical wave amplitudes indicates that, at some point, wave-
nduced fluctuations begin to be more important than turbulence-
nduced fluctuations. These wave-induced fluctuations could be
esponsible for modifying the flow structure near the bottom wall,
ut, again, more measurements are needed in order to try to relate
he interface dynamics with the bursts and events in the wall
oundary layer.

According to the previous observations, predicting the transi-
ion from a stratified smooth to a stratified wavy regime, i.e., the
ppearance of the first waves, is not so important as to be able to
redict the emergence of the critical wave amplitudes that have a
ignificant influence on the flow structure. The experimental tech-
ique used in this work for wave characterization �17� was not
ble to distinguish the appearance of this kind of waves. The
echnique, however, was intended to produce an objective way of
haracterizing the interface while velocity measurements were
erformed. In order to determine a more accurate technique for
etecting these critical waves, more measurements of wave pa-
ameters, such as wavelength and wave amplitude, would be
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Fig. 6 Turbulent intensity profiles versus normal distance
tions, v�Æ�v�2 are vertical fluctuations, and −u�v� are Reyno
eeded.
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4 Summary and Conclusions
Streamwise mean velocity and turbulent stress profiles in the

liquid phase were measured using LDV. The measurements were
performed in the duct center plane, from the bottom wall to the
interface. Two different liquid film heights were used, and in both
cases, the effect of shear on the interface had similar results.

For a free surface �zero gas flow�, the interface remained
smooth, with vertical fluctuations and Reynolds stresses vanishing
at the interface. The mean velocity profile was described by the
log law of the wall for an open channel. SA waves resulted in an
increase in the streamwise velocity close to the interface due to
the higher interfacial shear rate. The latter were enhanced continu-
ously as the gas flow rate increased, while vertical fluctuations
remained close to zero in that region. This is an indication that
with the presence of SA waves, the interface can still be treated as
a sheared flat interface in numerical simulations. Numerical simu-
lations found in the literature contribute to this idea by showing
that treating the interface as flat with a shear imposed on it gives
accurate results.

On the other hand, LA waves have a great impact on flow
structure. The mean velocity showed an s-shaped profile, and the
bulk velocity was increased. This apparent increase in bulk veloc-
ity was attributed either to wave-generated secondary flows or to
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the wall for Run 2, where u�Æ�u�2 are streamwise fluctua-
stresses
y

to
lds
an effect of drag reduction produced by the change in bursting
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requency in the wall region due to the interfacial oscillations.
owever, this is just a hypothesis that could not be verified in the
resent work. More measurements, probably using another experi-
ental technique, should be carried out in order to determine the

eal cause of change in the flow structure. No logarithmic region
as observed in the mean velocity profile. Both streamwise and
ertical fluctuations were greatly enhanced in the interface region,
resenting maximum values close to the interface and close to the
all, while vertical fluctuations peaked close to the interface and
ecreased almost linearly to the wall. Reynolds stresses showed a
ompletely different behavior compared to that in the SA wave
egime. Their values were decreased throughout the flow depth,
nd some negative values were measured. Both the mean flow and
urbulent stresses appeared to be modified close to the wall when
A disturbances were present. However, since the LDV measure-
ents were performed outside the viscous sublayer, this assump-

ion of LA waves modifying the wall turbulence could not be
onfirmed.

The big difference in flow structure was not observed after the
ppearance of the first waves but rather when a certain critical
ave amplitude was triggered. Therefore, the prediction of the

ritical wave amplitude and wavelength, which had a significant
nfluence on the flow and turbulence structure, seems more impor-
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Fig. 7 Turbulent intensity profiles versus normal distance to
u�Æ�u�2 are streamwise fluctuations, v�Æ�v�2 are vertical fl
ant than the usual determination of the transition from a smooth
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to a stratified wavy regime. More work should be dedicated to the
characterization of this critical wave height and the prediction of
its appearance.
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