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ABSTRACT
Turbulent structures near the wall and the the surface have

been studied in open channel flows using oxygen bubble
visualization techniques. Experiments indicate that the flow
is dominated by the generation of wall ejections and
interactions of such structures with the free surface. The
ejections are seen to evolve near the wall, reach the free
surface, form surface patches, roll back and mix into the bulk
flow. Furthermore, there are evidence of “horseshoe” and
“hockeystick” type vortices in relation to the bursting
events. Measurements of surface characteristics show that the
ejection-inflow events are associated with deformation of the
free surface. It is seen that as ejeetions reach the free surfwe,
the surface goes through a rise, whereas the surface falls when
the inflowing fluid returns toward the wall. These effects are
enhanced as the flow Reynolds number is increased.

INTRODUCTION
Investigation of coherent structures dates back to the

experiments of Fage and Townsend [1]. They examined fluid
motion near a solid boundary in turbulent flows and found
that the region very close to the wall (y+s 4) did not behave
like a huninar liquid film but was periodically disturbed by
fluctuations. Later, Kline et al. [2] found through a series of
flow visualization experiments using hydrogen bubbles that
near the wall (y+ = 2.7) the bubbles did not follow straight
trajectories and they accumulated into an alternating array of
high-speed regions and low-speed streaks. It was observed
that the low-speed streaks periodically IiRed up, oscillate~
then became unstable and broke up chaotically. The
repeating cycle of events ended with an insweep or inflow of
fhssh fluid to replace the ejected fluid in the wall region. Klm
et al. [3] showed that virtually all of the net production of
turbulent energy near the wall occurs during the litilng and
breakdown of these streaks. Both ejection and inflow events
were later shown by many authors to be extremely important
and to contribute as much as 60-80 percent of the Reynolds
stresses [4-6].

During the last two decades, many attempts have been
made to characterize the streaky structures near the wall.
These attempts have provided us with considerable
information on scaling and behavior of streaks (e.g., the work
of Smith and Metzler [7] and Rashidi and Banerjee [8-10]).
As a resulG it has been found that the streak characteristics
are best scaled in terms of the inner wall variables: shear
velocity and khematic viscosity. Furthermore, it is now

known that the streaky structures are associated with types of
streamwise vortices near the wall. There are also evidence of
spanwise vortices, present as a result of streak breakdown
away fi’omthe wall. These investigations have provided some
insights to the process of streak formation and breakdown
near the wall. Robinson [11] provides a review of the vortex
structures and associated coherent motions.

Turning now to the interactions of coherent structures and
interfaces, Jackson [12] studied the occurrence of boils or
renewal motions in the rivers. He suggested that the
frequency of the boils in the rivers may be almost
proportional to the wall ejection frequency. He also assumed
that the ejected eddies in the wall region may become
surface-renewal eddies at the interfaee. However, his work was
based on the observation of boils in natural rivers, while the
ejection frequencies had been measured in laboratories
usually for flows over smooth walls. As a resul$ Jackson [12]
could not show the comection between surface boils and
wall ejections. Komori et al. [13] measured some turbulence
quantities near shear-free gas-liquid interfaces. They
measured turbulence intensities in open channel flows but
had some difficulties in examining the regions very close to
the interface. Komori et al. [13] suggested that the surface is
renewed by large energy containing eddies which are
responsible for heat and mass transfer acrms the tiee surface.
Their simultaneous velocity and temperature measurements
showed that the large eddies which renew the free surface
come back into the bulk flow, i.e., sort of reflect from the
interfaee. However, they could not show the origin of the
eddies and their effect on transport across the interface.
Rashidi and Banerjee [8], using a flow visualization
techrdque, were able to make detailed measurements of the
interface regions. These experiments showed the interaction
of the wall bursts with the gas-liquid interface and
consequently their dominating role in the process of
interracial transport in the absence of interracial shear.
(Bursts are associated with lift off and breakdown of streaky
structures near a sheared boundary — wall or interface. In
general, each burst consists of several ejections.) Later,
Komori et rd. [14] ikrther confirmed the importance of wall
bursts on transport across shear-free interfaces. Their
experiments showed that almost all the wall ejections reach
the gas-liquid interface. (Note, however, that the dktance of
the interface from the wall in all these experiments was not
large, i.e., a few hundred wall units) Furthermore, the liquid
mass transfer coefficient was found to be proportionedto the
square-mot of the ejection frequency.



Rashidi and Banerjee [9-1 O] also studied turbulence
structures in liquid layers with shear imposed on a non-wavy
gas-liquid interface by either countercurrent or cocurrent gas
flow. These experiments showedthe primaryimportanceof
the shearrate on formationof organizedstructuresandthe
relativenonimportanceof the natureof the boundaryitselt
i.e., low speedstreaks/high-speedregions form and break
down similarly near walls and interfaces as shear rate is
increased. This was quite surprising at first since the
vorticity is non-zero at the fluid-fluid interface and vortex
lines can attach to the boundary, whereas they cannot at a no-
slip boundary.

These tindings are important since they play a significant
role in interracial transport. Rashidi et al. [15] have shown
that scalar transport at interfaces is dominated by different
mechanisms depending on the interracial shear rate. For low
shear rates, interracial patches are formed due to wall
ejections and transport rates are related to parameters
associated with these patches (patch area and patch residence
time). For shear rates high enough to form streaks and bursts
in the interface region, transport rates are obtained
considering that interracial bursts/ejections govern the
process. Both models give excellent predictions of transport
coefficients near non-wavy gas-liquid interfaces.

In view of the significance of these problems, in particular
its relevance to the understanding of transport processes at
the gas-liquid interfaces, an extensive program has been
initiated in our laboratories. The present paper reports on
some characteristics of burst-interface interactions during
the ejection and itiow events. Atiempts are made to study
interactions between tie surface deformation snd underlying
turbulent structures.

EXPERIMENTAL FACILITIES & PROCEDURES
The experiments were done in a rectangular channel 4.0 m

long, 0.20 m wide, and 0.15 m deep with liquid flow
facilities. The channel was designed so that, at the test
sectiom flow was fully developed with an aspect ratio large
enough to be free from wall effects at the center. Figure 1
illustrates the experimental setup and measurement
techniques.

The experimental runs were conducted at six different

inTable 1. The value of Reynolds numbers reported here are
based on the flow depth. Reynolds numbers based on
hydraulic diameter (conventional definition) are about three
to four times greater than what is reported here. The values of
wall tiiction velocity for these runs were evaluated horn the
measured mean velocity profiles. For runs discussed here, no
shear was imposed at the interface (no gas flows) and the runs
were considered to be shear tlee.

A centrifugal pump was used to recirculate the liquid and
the flow rate was measured using a Venturi meter. De-ionized
water was used as the liquid and it was filtered continuously
to remove solids larger than 5 mm. Great care was taken to
eliminate wave formation at the inlet and reflections from the
outlet. As a resuls liquid flow was introduced into the inlet
tank through several inlet holes in order to provide a setup
that produced high flow rates with no significant interracial
waves. Similarly, wave dissipative materials were placed at
the outlet of the channel to minimize wave reflections.
Efforts were taken to maintain a constant average velocity
and temperature throughout each run. Measurements of
temperature were taken at entrance, exit and the test section
of the channel using thermocouples placed on the side walls.
These measurements were also monitored simultaneously
with a set of precision mercury thermometers placed in the
channel.

Detailed measurements were made in the liquid streams
primarily by flow tracing techniques. This was done through
the use of very small (-20 mm in diameter) oxygen bubble
tracers (see Rashidi and Banerjee [8] for details of the
experimental setup and measurement uncertainties) that were
photographed using a high-speed video analyzer (Kodak EP-
1000) and alternatively a 35 mm camera with mechanically
chopped flashes (for long-exposure photography). The latter
technique resulted in well-spaced traces of bubble in a film
fhune from which velocities were found by image processing.
The bubbles were produced from two platinum wires (25 mm
in diameter) using a high voltage pulse generator (generating
20-200 pulseskc with a pulse duration of 1-5 msec at up to
300 v). One wire was placed parallel to the bottom of the
channel horizontally and aligned in the spanwise direction
(and could be moved up and down between the wall and the
interface), while the other wire was held vertically across the

Reynolds- (and Froude) numbers in the described flow channel in the wall normal direction.

facilities. The details of the flow conditions are summarized

.

Flow Flow Kinematic Friction Mean Sur&e Froude Reynolds
Run Depth Depth Viscosity Velocity Velocity Velocity Number Number

h h+ v u* UM us Fr Re

(cm) (u*h/v) (cmZ/s) (Cm/s) (cm/s) (cm/s) (uMfih) (UMh/V)
x 100

1 2.70 * 0.001 161 0.821 0.49 7.8 k 2-3% 8.4 0.15 2,500

2 2.11 215 0.764 0.78 12.9 13.6 0.28 3,500

3 1.84 288 0.804 1.26 21.9 23.8 0.52 5,000

4 2.21 405 0.764 1.40 25.5 28.0 0.55 7,500

5 2.55 514 0.804 1.62 30.7 32.2 0.61 10,000

6 2.85 766 0.804 2.16 43.0 45.4 0.81 15,000

TABLE 1. FLOW CONDITIONS
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A laser system was also set up to provide a laser sheet of
light parallel to the interface. The laser sheet was introduced
generally within 0.5 mm of the interface while the horizontal
bubble producing wire was phwed within 0.5 and 2 mm of the
interface. TMs enabled one to observe the renewing patches
of fluids due to the wall ejections at the interface.

The video recording system was a high-speed two-camera
motion analyzer (Kodak EP-I 000). It was used with both
conventional and fiber-optic synchronized-strobe units. The
system had a maximum full screen capability of 1000
frames/see and a maximum split-screen capability of 6000
frames/see. Theframingrateusedh ourexperimentswas
generally250fiameshec.Therecordeddatacouldbeplayed
backinslow motion as well as single frames for detailed data
analysis. The split-screen capability allowed one camera to
be used to record the flow structures (ejections) in the
vertical plane, while the other captured the flow structures
(streaks and patches) in the horizontal plane.

RESULTS
Visualization of the flow using vertical and horizontal

time-spaced oxygen tracer lines reveals the interactions of
wall structures with the fiec surfhce for the range of Reynolds
number studied. Figure 2 shows the ejection of wall
structures towards the free surface and the formation of
interface patches as a result of such interactions for Re =
5,000 (Run 3). In this figure and the following figures, the
flow direction is from right to left. Observation of the
regions near the wall also shows the presence of the well
known streaky structures. Figure 3 illustrates this region
visualized by oxygen bubble tracers and photographed by
the high speed video system for the same run. As seen from
this figure, the region near the wall consists of alternating
low-speed streaks and high-speed regions. The streaks form,
oscillate, a portion breaks off and ejects away from the wall
region toward the interface.

During the last three decades many efforts have been made
to characterize these structures. Recent experiments of Smith
and Metzler [7] and Rashidi and Banerjee [9-10] amongst
others have provided some findings regarding these
phenomena. For example, it is now known that the streak
characteristics are best scaled in terms of the wall variables
shear velocity, u* and kinematic viscosity, v. The mean
spacing, 1 nondimensionalized in these units exhibits
consistent values of

x+= (AU*N)= 100 (1)

at y+ = 5 and increase somewhat with increasing distance
from the wall. Similarly, ejection and burst frequencies are
seen to scale best with the wall variables at least at relatively
low Reynolds numbers. In terms of these variables, the
nondimensional mean time between ejections and bursts are
given by

T~=(&v)TE =38 (2)

T;=(&v)TB =85 (3)

As described before, a burst consists of several closely
grouped ejections that are associated with the breakdown of a
low-speed streak near the wall. Furthermore,measurements of
a low-speed streak’s length in streamwise direction show
nondimensional values of about

Ax+ = (xU*/v) = 1000 (4)

where, x is the strearnwise length of the low-speed streaks
near the wall. As seem the streaks’ strcamwise length (Ax+) is

an order of magnitude huger than their spanwise spacing
(k?..,

Observation of the wall region has revealed the close
association of the streaky structures with the formation and
breakdown of (quasi) streamwise vortices. Flow visualization
experiments have produced considerable evidence as to the
existence of (quasi) streamwise vortices. Kim et al. [3], using
hydrogen bubble tracers saw the appearance of streamwise
vortices in association with the oscillation phase of the
bursting process. Head and Bandyopadhyay [16] using
smoke as a tracer observed the existence of horseshoe or
hairpin shape vortex structures in the log layer. Smith and
Schwartz’s [17] hydrogen bubble visualization studies
confirmed the occurrence of the streamwise vortices in the
near wall region. Their studies showed the fkequent existence
of counter-rotating vortex pairs. Visualization experiments
of Rashidi and Banerjee [10] also provided clear evidence of
streamwise vortices near the wall.

Although there are still questions as to the exact shape of
these vortices, it is apparent that the streamwise vortices
occur in association with streak formation and breakdown.
Experiments in our laboratory show that the streamwise
vortices are formed near the wall in form of a pair or single.
The present visualization experiments suggest that the
gradual lifl up of the low-speed streaks cause an eventual
formation of a single vortex shaped like a “hockeystick” or a
vortex pair seen like a “horseshoe”. Figures 4 and 5 illustrate
the wall region visualized using microbubble tracers
generated from both horizontal and vertical wires (Re =
5,00% Run 3). As seen from these figures and from many
other video sequences, the streamwise vortices frequently
occur adjacent to the low-speed streaks. Figure 4 shows a “
horseshoe” type vortex forming around a low-speed strcalG
while Figure 5 illustrates a frequently occurring
“hockeystick” type vortex. Video sequences show that both
horseshoe and hockeystick vortices are aligned in the
streamwise direction with their heads inclined to the wall at a
higher angle (~) than their legs (a). As these vortices grow
above a certain distance from the wall, their heads begin to
oscillate up and down and sideways, till they go through
several closely grouped ejections before losing their
identity.

The ejection process transports the wall fluid toward the
interface, hence causing the formation of the spanwise
vortices away ffom the wall. The ejected eddies then interact
with the interface and form the renewed surface patches. In
order to investigate the details of burst-interface
interactions, measurements of velocity and interface profiles
were obtained by image processing of the slides (captured
using flash photography). The sample sizes were limited to
about 400 instantaneous streamwise and vertical velocity
profiles with the corresponding interface position
measurements. Similarly, the high-speed video system was
used to observe the interface characteristics for all the runs.
As seen fkom the videa sequences and slides, the free surface
is on the average lifted up due to an ejection approaching the
interface. Furthermore, the values of fluid vertical velocity
near the surface and the average surface rise increase as the
Reynolds number increases. This implies that as the
Reynolds number increases the wall ejections become
stronger and their interactions with the interface become
more prominent.

Examination of inflow event of the bursting process also
reveals that the flee surface is on the average lowered down
by the fluid leaving the interface. It appears that the values of
surface falls are also increased with the Reynolds number,
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FIGURE 1. EXPERIMENTAL FACILITIES AND ARRANGEMENT OF MEASUREMENT DEVICES.

FIGURE 2. BO~OM VERTICAL VIEW SEQUENTIAL PICTURES OF WALL BURST INTERACTION WITH THE INTERFACE
(HEIGHT 1.8 CM LENGTH 3.0 CM) TOP HORIZONTAL VIEW ILLUSTRATION OF INTERFACIAL PATCHES FORMED

AS A RESULT OF WALL EJECTION RENEWAL OF THE INTERFACE (WIDTH 7.7 CM LENGTH: 8.0 CM). HERE, FLOW IS
FROM RIGHT TO LE~ AND REYNOLDS NUMBER IS 5,c01 (RUN 3),
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FIGURE 3. SEQUENTIAL PICTURES (FROM RIGHTTO LE~ OF FORMATION AND BREAKDOWN OF STREAKV
STRUCTURES NEAR THE WALL (RUN 3 PICTURE WIDTH 3.1 CM PICTURE LENGTH 2.8 CM).

FIGURE 4. SEQUENTIAL PICTURES (FROM RIGHT TO LEFI’) OF LOW-SPEED STREAKS AND A STREAMWISE
HORSESHOE VORTEX NEAR THE WALL (RUN 3 PICTURE WIDTFk 3.0 CM PICTURE LENGTH 3,2 CM).

FIGURE 5. SEQUENTIAL PICTURES (FROM RIGHT TO LEFl_) OF LOW-SPEED STREAKS ANO A STREAMWISE
HOCKEVSTICK VORTEX NEAR THE WALL (RUN 3 PICTURE WIDTH: 3.1 CM; PICTURE LENGTH 3.2 CM).



however, they are slightly smaller than the corresponding
surface rise values. Figure 6 illustrates the plot of average
surface rise and surface fall during ejection-inflow processes
as a function of Reynolds number. As seen here, the values of
rises and falls increase as the Reynolds number increases.

Recent results of Banerjee [18] and Pan & Banerjee [19]
reveal the formation of quasi-two dimensional vortices on
the interface as a result of wall bursts interactions with the
free surface. Their experiments and direct numerical
simulations show the possibility of two distinct structures at
the interface- the upwellings (renewed surface patches) due to
the interaction of burst with the interface and the attached
quasi-two dimensional vortices which appear like whirlpools
and start at the edges of the upwellings in the plane of the
free surface. Future experiments are needed in order to
chamcterize these possible structures in the plane of the
interface, and fhrtherrnore,to understand the manner in which
these attached vortices form at the interface.

Detail analysis of the present results together with a
mechanistic illustration of burst-interface interactions in free
surface flows have been provided in a recently submitted
paper of RaaMdi [20].
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FIGURE 6. AVERAGE FREE SURFACE RISE AND FALL
(CM) AS A FUNCTION OF FLOW REYNOLDS NUMBER.

CONCLUSIONS
Burst-interface interactions in the free surface turbulent

flows have been visualized and investigated via oxygen
bubble tracers and high speed videography and still
photography. Experiments have been conducted covering a
wide range of Reynolds and Froude numbers. It has been seen
that the near wall region consists of the low-speed streaky
structures. These structures are periodically lifted up,
oscillated, and broken down into several ejections moving
away from the wall. The ejections are seen to reach the free
surface, form surface patches, roll back and inflow toward the
wall. Video sequences show that the lift-up of the streaks
brings about the creation of the “horseshoe” or
“hockeystick” type vortices.

Observations of the interface characteristics show that the
bursting events are associated with deformation of the
interface. As the ejections reach the interface, the interface
goes through an elevation, whereas the interface falls as a
result of the inflow events. These results show the
importance of the bursting events on the process of transport
across the fluid-fluid interfaces.
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