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Abstract-Interfacial transport in turbulent liquid flows has been studied in a flume. Flow visualization 
experiments indicate that turbulence structure near boundaries (interface or wall) is governed by the shear 
rate. For low values of the interfacial shear rate, ‘patches’ are observed at the interfaces that are formed 
from the ejections generated near the wall. The ejections are seen to reach the interface, form renewed 
surface patches, return and mix into the bulk flow. For high values of the interfacial shear rate, the low- 
speed/high-speed streaks are formed at the interface that break down as ‘bursts’. The qualitative features 
of the streaks and bursts are similar to the ones observed near the wall, even though the boundary 
conditions are different. From these observations. it appears that the scalar transport at the interface is 
dominated by different mechanisms depending on the interfacial shear rate. For low shear rates that lead 
to patches, 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 the interfacial bursts:ejections govern the process. Both models show 

excellent predictions of the transport coetticicnts near the non-wavy gas-liquid interfaces. 

1. INTRODUCTION 

THE MECHANISM of heat and mass transport across gas- 
liquid interfaces is of great importance in numerous 
industrial and environmental processes. These include 

the design of many types of contacting equipment, 
e.g. boilers, condensers, evaporators, gas absorbers, 
pipelines, chemical reactors, nuclear reactors, and in 

other problems such as the aeration of rivers and the 
sea. In most cases of practical importance, the liquid 
flow is turbulent and the transport across the gas- 

liquid interface is governed by the liquid side. As a 
result. characteristics of turbulence in liquid flows 
near the interface are of significant value in under- 
standing of the transport across the gas-liquid inter- 

faces. 
To date. there have been many attempts to model 

these processes and models of various complexity 
have been introduced. However, even the most soph- 

isticated of these models rely on some kinds of hypoth- 
eses about the transport mechanism and require 
empirical inputs in the form of constants or functions. 
These models generally do not simulate the physical 
detail of the turbulence structure near the interface, 
but rather the overall effect of the turbulence on the 
mean flow. Therefore, the lack of understanding of 

the hydrodynamics and the transport mechanisms has 
resulted in many models short in accuracy and range 
of applicability. To better illustrate this point, let us 
review the analogous problem of gas absorption into 
a turbulent liquid flow. 

? Permanent address : Department of Mechanical Engin- 
eering, Technion- Israel Institute of Technology, Haifa. Israel. 

In an early investigation. Lewis and Whitman [I] 
introduced the film model. In their model, they 

assumed that transport occurred across a film of lami- 
nar fluid adjacent to the interface in cases where the 

bulk fluid was turbulent. This led to a transfer 
coefficient that was proportional to the first power of 
the diffusivity, e.g. K x 9. However, mass transfer 
and heat transfer experiments later showed that the 

transfer coefficients varied as 9’ ’ at the fluid-solid 

boundaries and as d ( I’* at the fluid-fluid boundaries. 

Furthermore, the concept of a steady transport across 
a laminar film was out of line with the experimental 
observations-particularly for the gas-liquid inter- 

faces. 

This led Higbie [2] to introduce the penetration/ 
surface renewal model. He speculated that turbulence 
brought fluid from the bulk flow to the interface 
where unsteady absorption occurred into an essen- 
tially laminar fluid for a period T. after which the 
surface clement was replenished with fresh bulk fluid. 

Unlike Lewis and Whitman’s model where 

K = Yl’6 (1) 

Higbie obtained 

K = 2(9/nT)’ ‘. (2) 

Subsequently, Danckwerts [3] allowed for a random 
distribution of surface ages and showed 

K = (2/T)’ ’ (3) 

where T may be thought of as the mean time between 
surface renewals. Other surface age distributions have 
also been introduced (Hanratty [4], amongst others), 
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NOMENCLATURE 

UP individual patch size area 

A,, total patch area at the interface 

A, total interface area 
D equivalent diameter 

9 molecular diffusion coefficient 

Ft Froude number, U,/(gh)“’ 

Y gravitational acceleration 

h mean flow depth 
II+ non-dimensional flow depth, u*kiv 

K liquid phase mass transfer coefficient 

RC Reynolds number, U,h/v 

Re,, Reynolds number, U, D/I 
SC Schmidt number, v/G’ 

T time 

T, mean time between bursts 

TE mean time between ejections 

T,, mean patch residence time 
u. L’, w streamwise, vertical, and spanwise 

x+ 

.I.+ 
_+ 

non-dimensional streamwise distance, 

U,.XjV 

non-dimensional vertical distance. u*,rl~ 
non-dimensional spanwise distance. 

u,cjv. 

Greek symbols 
d film thickness 

i; turbulent energy dissipation rate 

i” mean spanwise streak-spacing 

i + mean non-dimensional spanwise streak- 

spacing, u* n/v 
A integral length scale 

1’ kinematic viscosity 

P density 
7 shear stress. 

fluctuating velocities 

V mean interface velocity 

UM mean streamwise velocity Subscripts 

u* friction velocity, (t/p) ’ ’ G gas 

u’ r.m.s. of streamwise fluctuating velocity I gas-liquid interface 

.Y, J’, = streamwise, vertical, and spanwise L liquid 
coordinates W wall. 

however they do not appear to lead to any significant 
improvement over those of Higbie and Danckwerts. 

The surface renewal model. by giving a right depen- 

dence of K on C3 (K cc 9”*) and introducing the effect 
of turbulence through a renewal rate parameter, later 
became a leading approach in many other models. 

Fortescue and Pearson [5] postulated that the trans- 
port across the interface is controlled by the large 
eddies of the size of the integral scale and the intensity 

of the bulk turbulent flow field. They proposed that 
the renewal time in the surface renewal model could 
be approximated by 

T ,5 A/u’ (4) 

where A is the integral length scale and u’ the r.m.s. 
of the streamwise velocity fluctuation. 

On the other hand, Banerjee rt (11. [6] and sub- 
sequently Lamont and Scott [7] proposed a model in 
which the small eddies in the size of the Kolmogorov 
microscale controlled the transport across the inter- 
face. They suggested that 

T = (V/E)“’ (5) 

where B is the turbulent energy dissipation rate near 
the interface and v the kinematic viscosity. Both the 
small eddy and large eddy models had some success 
in predicting some specific set of experimental data. 
However, they were unsupported by hydrodynamic 
measurements. Later. Theofdnous [S] suggested that 

the small eddy model may be more relevant for the 
cases with high levels of turbulence, while the large 
eddy model works better when there is relatively low 

levels of turbulence. 
In parallel to the surface renewal type models, the 

eddy diffusivity models were also introduced primarily 

by Levich [9] and later Davies [IO]. The essence of such 
models is that the total diffusivity in the conservation 

equations is assumed to be the sum of a molecular 
diffusivity 2 and a turbulent eddy diffusivity a,,. A 
form of eddy diffusivity near the interface is generally 
suggested and the conservation equations arc solved 
for the transport coefficients. Similarly, eddy diffu- 
sivity models of various complexity [I I-I 31 have been 
proposed. However, these models, like all other 
models, are based on different simplifying assump- 
tions regarding the turbulence dynamics and the con- 

trolling interfacial transport mechanism. 
Although recent transfer experiments have added 

considerable empirical information on the problems 
(for a review of the subject, see Theofanous [8] and 
Rashidi [14]), for example, it is known that at rela- 
tively high Schmidt (or Prandtl) numbers, transfer 
rates across the interfaces into a turbulent liquid flow 
may be characterized by a transfer coefficient that 
varies as 2’ ’ where 2 is the molecular diffusivity. 
There are still many unanswered questions as to the 
actual dominating mechanism present near the inter- 
face. 
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Therefore, in order to properly model and hence 

predict the interfacial transport, turbulence charac- 
teristics near the interface must be understood. Unfor- 

tunately, experimental work on direct measurements 
of turbulent quantities near a gas-liquid interface has 
been very limited due to difficulties in making good 
measurements. It is only recently that Komori et al. 

[15], Nezu and Rodi [16], and Rashidi and Banerjee 
[ 171 were able to measure turbulence intensity near the 

shear-free gas-liquid interfaces. Both Komori et al. 

[ 151 and Nezu and Rodi [16] measured turbulence 
intensities in open channel flows but experienced some 

difficulties in examining the regions very close to the 
interfaces. Komori et al. [1.5] suggested that the sur- 

face is renewed by large energy containing eddies 
which are responsible for heat and mass transfer 
across the free surface. Their simultaneous velocity 

and temperature measurements showed that the large 
eddies which have renewed the free surface come back 

into the bulk flow to within deep distance from the 
free surface. However, they could not show the origin 

of the eddies and their effect on the transport across 
the interface. Rashidi and Banerjee [17], using a flow 
visualization technique, were able to make detailed 

measurements of the interface regions. These exper- 
iments showed the interaction of the wall bursts with 

the gas-liquid interface and consequently their domi- 
nating role in the process of interfacial transport. 

(Bursts are the lift off and break down of the streaky 

structures near a sheared boundary-wall or inter- 
face, in general each burst consists of several 
ejections.) Later, Komori et al. [ 181 further confirmed 

the importance of the wall bursts on transport across 
the interface. Their experiments showed that almost 
all the wall ejections reach the gas-liquid interface. 
Furthermore, the liquid mass transfer coefficient was 

found to be proportional to the square-root of the 
ejection frequency. As part of a continuing inves- 
tigation, Rashidi and Banerjee [ 19,201 further studied 
the turbulence structures in liquid layers as a shear 
was imposed on the gas-liquid interface by either 
countercurrent or cocurrent gas flow. These exper- 
iments showed the importance of the shear rate on 
the formation of the organized structures near either 
boundaries. i.e. the low-speed/high-speed streaks 
form and break down similarly near either walls or 

interfaces as shear rate is increased. These results are 
discussed in more detail in later sections. 

In this paper, the mechanism of transport across the 
gas-liquid interfaces and the corresponding transport 
models have been studied as a function of shear rates. 
The overall objective is to better understand the pro- 
cess of heat and mass transfer across fluid-fluid inter- 
faces with relevance to the dominant controlling 
hydrodynamics. 

2. EXPERIMENTAL FACILITIES AND 

PROCEDURES 

The experiments were conducted in a Plexiglas rec- 
tangular channel with gas and liquid flow facilities. 

The channel was made up of four equal sections and 

had dimensions of 4.0 m long, 0.20 m wide, and 0.15 

m deep. It was designed so that at the test section, 

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. 

The liquid flow was provided by a centrifugal pump 
and was measured using a Venturi meter. The recir- 
culating liquid flow was filtered continuously to 

remove solids larger than 5 pm. The gas flow was 
maintained through the use of two blowers in series. 
It was possible to impose a shear on the gas-liquid 
interface by flowing gas either cocurrent or coun- 

tercurrent to the direction of the liquid stream. In 

order to measure the gas flow rate accurately, a rotary 
precision gas meter was used to monitor the flow 
during each run. Measurements of temperature were 
taken at the entrance, exit, and the test section of the 

channel using thermocouples placed on the side walls. 
These measurements were also monitored sim- 

ultaneously with a set of precision mercury ther- 
mometers placed in the channel. Great care was taken 

to eliminate wave formation at the inlet and reflections 
from the outlet. As a result, the liquid flow was intro- 
duced into the inlet tank through several inlet holes 
in order to provide a setup that produced high flow 

rates with no significant interfacial waves. Similarly, 

the air flows were entered to the channel through a 
smooth flow duct equipped with a flow straightener to 
avoid interfacial instability that brings about waves. 
Efforts were also taken to maintain a constant average 

velocity and temperature throughout each run. 
Measurements were made primarily in liquid 

streams by flow visualization. This was done through 
the use of very small (_ 20 pm in diameter) oxygen 

bubble tracers that were photographed using a 
high-speed video analyzer and alternatively a 35 mm 
camera with mechanically chopped flashes. The latter 

technique resulted in well-spaced traces of bubbles 
in a film frame from which velocities were found 

by image processing. The bubbles could be produced 
from two platinum wires (25 pm in diameter) using a 
high voltage pulse generator (generating 20-200 

pulses s- ’ with a pulse duration of l-5 ms at up to 
300 V). One wire was placed horizontally parallel to 

the bottom of the channel 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 channel. Measurements of 
gas mean velocity were obtained using a multi- 
channel (DISA56COl) hot wire anemometry system. 

The high-speed video recording system was a two- 

camera Kodak (Spin Physics) EP-1000 Motion 
Analyzer. It was used with both conventional and 
fiber-optic synchronized-strobe units. The system had 
a maximum full screen capability of 1000 frames so ’ 
and a maximum split-screen capability of 6000 frames 
s- ‘. The framing rate used in our experiments was 
generally 250 frames s- ‘. The recorded data could be 
played back in slow motion as well as single frames 
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for dctaiicd data analysis. The split-screen capability 

allowed one camera to be used to record the flow 

structures in the horizontal plant, while the other 

captured the structures in the vertical plane. 

3. EXPERIMENTAL CONDITIONS 

The experimental runs were conducted in the 

described facilities. The details of the experimental 

conditions arc summarized in Tables I 3. Three 

different cases were studied. (i) shear-free inlcrf’ccs. 

(ii) ~~~1lIltcrcurr~I~tly sheared interfaces, and (iii) 

cocurrcntly sheared interfnccs. For the first cast. 

cxperimcnts were conducted at Ihur different liquid 

Reynolds (and Froude) numbers with no gas flows. 

In these casts the shear at the interface was ncgligiblc 

and these cases were considered to be shear free. How- 

ever. [or the two other cases. shear was imposed at 

the interface by either count~rcurrcnt or ~~~~llrr~i~t 

Row of gas. Similarly, these experiments wcrc carried 

out at four difkrent liquid Reynolds (and Proude) 

numbers. The values of the wall and interface friction 

velocities were evaluated f’rom the mcasurcd mean 

velocity profk in these regions. For the runs dis- 

cussed here, it was possible to impose shcnr at the 

interface with no significant interfacial waves. Thcrc- 

Table I. Shear-free interfaces 

Table 2. Countcrcurrcntly sheared interfaces 

RW 

I 
1 
; 
4 

Liquid Liquid Liqmd Interfacial Liyuld Liquid 

tlOW mean kinematic shear Froude Reynolds 

depth. vclocily, viscosity. i’ rate, IlUlllbW. numhcr. 

ii 1 ;,I (cm2 ‘; ‘) Cd Cha /dJ 1 Fj = Rc = 
(cm ) (Cl11 s ‘) x loo (5 ‘1 (I-1, \ (!fhH i 1 :\,h,‘Y) 

2.80~0.05 23.3*2 3% 0.858 9. I 0.44 7500 

2.95 3.25 
13.2 0.x4x ‘9.5 0.23 5000 
IO.2 0.848 76.0 0.19 3500 

1.85 7.4 0.839 75.2 0.14 2.500 
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Table 3. Cocurrently sheared interfaces 
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Liquid Liquid Liquid 
flow mean kinematic 

depth, velocity, viscosity, v 
h UP.4 (cm’ s- ‘) 

Run (cm) (cm s ‘) x 100 

I 2.8OkO.05 23.2*2-3% 0.867 
2 3.25 13.2 0.848 
3 2.95 10.2 0.848 
4 2.85 7.4 0.839 

fore, the effect of turbulence on transport was studied 
without the influence of interfacial waves. 

4. TRANSPORT MECHANISMS AS A 

FUNCTION OF SHEAR RATE 

4.1. Shear-free interfaces 

In order to investigate the dominant structures near 
the wall and their interactions with the gas-liquid 

interface, the high-speed video system was employed. 
The system was used to view simultaneously the near 
wall structures in the horizontal plane (upper portion 
of the screen) and their lift-up and break down ‘bursts’ 

in the vertical plane (lower portion of the screen). 
Figure 2 illustrates the sequence of pictures obtained 
in this way for Run 2 in Table 1. As it appears from 
these pictures and many other video sequences, the 
bursts originating at the wall clearly lift up, interact 

with the interface, and then return and mix into the 
bulk flow. Furthermore, it seems as these events give 

rise to the formation of ‘renewed surface patches’ at 

the interface. 
The formation of surface patches at the interface 

was further examined by placing the horizontal wire 
right at the interface and visualizing the free surface 
with oxygen bubble tracers. Figure 3 illustrates the 
visualization of the interface this way. As it is seen 

from this figure and video sequences, the interfacial 
patches are indeed formed from the interaction of the 
wall bursts with the interface. This was observed for 
all the experimental runs. The finding is of great sig- 

nificance, since it illustrates the dominating role of the 
wall organized structures in the transport across the 

interface. 
The study of near wall structures dates back to the 

systematic investigation of Kline et al. [21]. They 
found through a series of flow visualization exper- 
iments using hydrogen bubbles that even at ~3; = 2.7 

the bubbles did not follow straight trajectories and 
they accumulated into an alternating array of low- 
speed and high-speed regions called ‘streaks’. It was 
observed that these structures periodically lifted off, 
oscillated, then became unstable and broke up chaot- 
ically. The repeated cycle of events ended with an 
insweep or inrush of fresh fluid to replace the ejected 
fluid in the wall region. Kim et al. [22] showed that 
virtually all of the net production of turbulent energy 

Interfacial 
shear 
rate 

Liquid 
Froude 
number, 

Fr = 

UMJ(gh)) 

Liquid Gas 
Reynolds Reynolds 
number, number, 

Re = Re, = 

(UMhIv) (~wzh&d 

11.1 0.44 7500 
27.2 0.23 5000 
25.5 0.19 3500 
24. I 0.14 2500 

16600 
19800 
19200 
16600 



1,~;. 2. lllustratton oU intertacral patches formed as a result 
ol’burst renewal of the interface (Run 2). 

I‘or the range 0 < J& < 100 occurs during the lifting 

and break down of these streaks. Both ejection and 
insweep events have been shown by many authors to 
be extremely important and contributing to as much 
as 60-80% of the production of Reynolds stress. 

The characteristics of streak formation and break 

down near the wall have been studied by many inves- 
tigators (most recently Smith and Metzler [23] and 
Rashidi and Bancrjee [19.X)]). It has been found that 

the mean streak spacing, i,, can be best scaled in terms 

ofthe wall variables : shear velocity Use and kinematic 
viscosity V. The mean spacing nondimensionalized in 
these units changes very little with Reynolds number 
and exhibits consistent values 01 

I+ = (I”U,,jV) Z 100 (6) 

at J\: = 5. Figure 4 illustrates the low-speed/high- 
speed streaks visualized by means of oxygen bubbles 

at several distances from the wall. As seen from these 
pictures the streak-spacing increases with increased 
distance from the wall. This increase is caused by the 
two effects of fluttering and merging of the low-speed 
streaks. Rashidi and Banerjce also measured the wall 
cjcction and burst frequencies. These measurements 

have shown that the burst frequencies in the wall 
region arc best scaled with the inner wall variables. In 

terms 01‘ inner variables, the non-dimensional mean 
titnc between bursts was given by 

T; = (z&;‘v)TH rr_ 85. (7) 

Turning back now to the interaction of the wall 
cjcctions and the interface, the characteristics of the 
surface patches were further studied from the video 
sequences. For each run. a video sequence of at least 
22000 frames (-3 min) was recorded. From this 
scquencc, 200 frames were analyzed. The measurc- 
mcnts of patch area and number were carried out L= U,r,, and an arbitrary width. whcrc I’,, IS I .hc 
from individual still pictures with each picture about mea n patch residence time and U, the mean strea m- 
0.4 s apart. (The values of patch area A,, were dcter- velocity at the interface.) This was genera IlY 
mined over a total arca A-r- of streamwise length done twice independently. Figure 5 shows the typical 
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FIG. 5. Variation of dimensionless total patch area, A,,,‘Ar. 
with time. 

variation of the surface patch fraction as a function 

of time for all the experimental runs in Table 1. Figure 
6 illustrated the dimensionless mean total patch area 

and patch size as a function of Reynolds number. 
As seen from these plots, the total patch area at the 
interface increases with increase in Reynolds number. 

However, the individual patch size decreases as Rcyn- 
olds number is increased. This implies that as Reyn- 
olds number increases, the number of wall ejections 

would also increase. On the other hand, the size of 
energy containing eddies reaching the interface would 
decrease. This indeed agrees with the previous findings 
[19]. Namely. the wall ejection frequency increases 
with Reynolds number, while the low-speed streak 
spacing decreases as Reynolds number is increased. 
Therefore, the increase in ejection frequency and the 
decrease in streak-spacing with Reynolds number lead 
to the results observed near the interface, since the 

I l patchsize 

0 total patch area 0 

0.0 I I 
0 2500 5000 7500 10000 

Re 

FIG. 6. Effect of Reynolds number on dimensionless mean 
patch size and total patch area, a,,!A, and A,;A,. 

ejection sites are more closely spaced and the rate of 

ejection is also enhanced. 
The values of patch residence time and patch frc- 

quency were also evaluated from the video sequences. 
Figure 7 illustrates the comparison of the patch 

renewal frequency with the wall burst frequency. As 
it is seen from this figure, about 76% of the wall bursts 

reach the interface. This is lower than the 90% value 
found by Komori et al. [l8]. Komori (‘2 ul. [I81 
measured the renewal frequency from the con- 

centration fluctuations near the interface. Since their 
concentration probe was slightly below the intcrfacc, 
their renewal frequency may be an overestimate. 

The measurements of patch residence time i-,, were 
obtained from the vertical plane-view video sequence 
(about 4-5 times longer in length than the picture in 
Fig. 2). The value of T,, corresponds to the difference 

in the initial time when wall ejections first reach the 
interface and the final time when these structures first 
roll down toward the wall and away from the inter- 

face. Similarly, these values were averaged, taking 
about 200 measurements of patch residence time for 

each run. Equation (8) describes the variation of the 
patch residence time measured this way as a function 
of Reynolds number 

2’51-----1 

o.o. 
0.0 0.5 1.0 1.5 2.0 2.5 

Burst Frequency (lkec) 

FIG. 7. Comparison of patch renewal frequency with wall 
burst frequency. 
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FIG. X. Effect of Reynolds number on average pakh residence 
time nondimensionalized with inner, outer and mixed vari- 
ables. 0. inner variables [T$ = (I);‘v)~,,] ; A. outer variables 

I [T? = (Lh,,If)T,‘]: 0. mixed variables [T,* = ( LIMuuj 
hv)’ ‘Tp]. The uncertainty in the values of r,* is k 8%, at 

the 95% confidence level for about 700 measurements. 

T,, = 61.12 Re OihK. (8) 

As seen from this equation. the mean patch residence 
limo decreases with the increase in the Reynolds 
number. 

Figure 8 shows the patch residence time scaled by 

inner variables. outer variables. and mixed variables. 
It appears that none of these scales gives perfect col- 
lapse of the data as a function of Reynolds number. 

i.c. the Reynolds number dependence is not com- 
plctcly removed. The best scaling is, in fact. obtained 
with tie,, and /I 

(T,>u.&h) = 0.15. (9) 

The ratio I[*,\, ‘/I is rclatcd to the time the burst is acted 

on by the mean flow. This in turn determines the burst 
trajectory and velocity when it reaches the interface 

and hence the time of interaction with the interface. 
Once again examining the result obtained in Fig. 6 

and recalling that the fractional patch area is based 

on the arca swept by a surface flow of unit width in 
one avcragc patch rcsidcncc time. one can investigate 
the scaling of .~,,/A, It can be expcctcd that the frac- 

tional patch area. A,,/A,. will be a function of burst 
frequency. surface velocity and patch residence time. 

Thcrcforc. it involves both inner and outer variables 

as well as I”,,. Indeed. such a relationship is found in 

that 

(A,,:‘A,)[(lI\“CIlyll/SH)’ ‘(l:‘r,,)] = 0.02. (10) 

The term in square brackets on the left-hand side of 
equation (IO) is the inverse of the patch residence time 
scaled with mixed variables. It should be noted that 
the scaling results arc limited to the range of Reynolds 
numbers in the present expcritncnt. 

In the previous section. discussion was focused on 
the transport mechanisms near shear-free interfaces. 

However, in many cases of interest shear is imposed 
at the interface by the relative motion between the 
fluids on each side. It is of significant importance to see 
whether the streaks and bursts form at the fluid ~fluid 
interpaces when shear is imposed. and if so hoh they 
compare qualitatively and quantitatively to those seen 
near the walls. 

Rashidi and Banerjce [I91 tackled this problem in 
detail. Their experiments indeed showed that the low- 

speed/high-speed streaks form in the region very close 
to the interface if shear is itnposed on the liquid surface 

by motion of a gas. Even though the boundary con- 
ditions at the wall and at the interface were different. 
the main characteristics of the streaks appeared simi- 

lar. The spanwise spacing of the streaks when non- 
dimcnsionalized using the interfacial shear velocity. 
14*,. and kinematic viscosity. 1’. was about I00 units 

(similar to the spacing of the wall streaks) 

i* = (iu*,:v) 5 100. (II) 

The ejections and break down of the streaks also 

showed similar features to the ones near the wall. 
Figure 9 illustrates the generation of bursts near the 
wall and near the sheared gas-liquid interfaces. It was 
found from these experiments that the ejections and 

burst frequencies scale on local inner variables and 
the numerical values in non-dimensional frequency 

units are about the same whether the bursts or cjcc- 
tions originate near the interface or near the wall. In 
terms of inner variables, the non-dimensional mean 

time between bursts and ejections wcrc 

T; = (&v)T, 2 X7 (12) 

T; = (+\~,T, z 38. (13) 

These experiments showed that the shear rate has the 
main influence on the phenomena and the effect of 
boundary conditions is much less important. 

The effect of shear rate on the transition of the 
interface structures from the patches to the streaks 
was also investigated. Our cxpcrimcnts show that the 
critical shear rate for the formation of streaks is 
between 8 and IO s ‘. Below this shear rate, the patch 
structures dominate the intcrfacc. whereas above this 
shear rate, the streaky structures replace the patches. 

The numerical study of Lam and Banerjec [24] has 
shown that the transition point can be best described 

by the non-dimensional shear rate 

[ur,(dC’,,:‘dr),“i:] = I.0 (14) 

where d C/, id!, is the shear rate. w the Reynolds stress, 
and I: the rate of turbulent dissipation. Ifthe left-hand 
side of equation (14) cxcecds unity then the streak 
structures appear. whereas otherwise they do not. 

5. TRANSPORT RATES AS A FUNCTION OF 
SHEAR RATE 

5. I No~~-war,r siwrrr~fk in tcr:ficc.rs 
In light of the experimental observations and the 

pcnetration/surfdcc renewal thcorics, a patch renewal 
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FG. 9. Sequential pictures of bursts near wall and near sheared gas-liquid interfaces. (a) near wall : shear- 
free interface ; (b) near interface : countercurrently sheared interface; (c) near interface: cocurrently sheared 
Interface. The lower part of each picture is a side view and the upper part is a plan view of the same 

structure. 

model for the prediction of the liquid transfer 
coefficient at the shear-free interfaces is proposed. In 
this model, it is conjectured that the process of trans- 

port across the non-wavy shear-free interfaces is con- 
trolled by the ejections evolving from the wall. These 

ejections are seen (from the video sequences in pre- 
vious sections) to reach the interface and form 

renewed surface patches that are considered to be the 
dominating regions in the interfacial heat and mass 
transport (the non-patchy area contributes very little 
to the transport). It is further assumed that for the 
Reynolds numbers studied here the small scale fluc- 
tuations in the patches can be ignored. Therefore, the 
average transfer coefficient is defined as 

K = (r4P/AT)(C%‘/~P) ’ ’ (15) 

where Ap/AT is the mean patch fraction at the inter- 
face, Y the molecular diffusion coefficient, and T,, the 
mean patch residence time. 

Substituting equations (9) and (IO), one obtains the 

following general equation for the average transfer 
coefficient at the shear-free non-wavy interfaces 

KSc’ ’ 
(,U,,F = 0.0077 

Figure 10 shows the comparison of the transfer 
coefficients calculated from equation (16) with the 
value measured by Komori et al. [18]. As seen from 
this figure, there is an excellent agreement between the 
patch renewal model and Komori CC ~11,‘s data. It 
should be noted that the scaling laws for r, and A,,/& 

implicit in equation (16) have been tested only for 
Re,, < 40000. Therefore, the range of applicability 

of equation (I 6) may be limited to these Reynolds 

numbers. 

5.2. Non-wucy~ inwr~fircc~s with slww 
As the shear rate is increased at the interface (the 

left-hand side ofcquation (14) exceeds 1 .O), the patchy 
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FIG. 10. Comparison of the transfer coefficients (shear-free 
interfaces) calculated from equation (16) with measured 
values by Komori rt ul. [ 181. Symbols have the same meaning 

as in Komori et ul. [1X]. 

structures are replaced by the streaks and bursts. It 
was observed that the interface regions become the 
sites of frequent ejections. Furthermore, it was seen 

that the interface region becomes relatively quiescent 
between the ejections, so that finer scales are unlikely 

to affect the transport processes. With these con- 
siderations, one can define the transport coefficient as 
before 

K zz (Y/7’)‘.’ (17) 

where T is the mean time between ejections or bursts. 
Rearranging equation (17) 

As it was shown in Section 4.2, the mean time between 
ejections and burst scales with the local shear vel- 
ocities and the liquid kinematic viscosity. While it is 
not clear from these considerations whether ejections 

or bursts are the dominant transport mechanism, the 
relevant period lies somewhere between 

T* = (u;,:‘V,r = 38 to 87. (19) 

Substituting these results in equation (18), one obtains 

K SC ’ 
~~~ = 0.11 too.16 

u*1 

It is interesting to note that in contrast to the 

expression for the shear-free interfaces given by equa- 
tion (16) which has mixed scaling of u*,,, and UM, 
equation (20) is only scaled by inner variable u*,. 
Equation (20) should hold as long as the shear rate is 
high enough to form the streaky structures at the 
interface as determined by equation (14). Figure 11 
shows the comparison of the transport data for Bows 
with interfacial shear from McCready and Hanratty 
[25] and Tsacoyannis [26] with equation (20). It 
appears from this figure that the present model has a 
good agreement with the experimental measurements 
for h+ > 40. 

0.16 \ 1 

102 
h+ 

FIG. I 1. Comparison of the transfer coefficients (interfaces 
with shear) calculated from equation (20) with measured 
values by McCready and Hanratty [25] and Tsacoyannis 

[261. 

It should be noted that the transport data obtained 
in these experiments were not completely wave free. 

For instance, at h+ = 100, the r.m.s. wave amplitude 
was about 0.3 mm on a film of average thickness of 

62 mm. McCready and Hanratty [25] and later Back 
and McCready [27] attempted to explain the transfer 
rates through the measurements of interfacial waves. 
It is remarkable to note that our measured ejection 

frequency at the interface corresponds closely to the 
peak in their wave energy spectrum. Since the ejections 

dominate the transfer process, it is possible that the 
maximum amplitude waves are due to these ejections 
and as a result the transfer coefficients could also 
be explained in terms of the measured wave spectra. 

Clearly, in order to verify this point the wave-tur- 
bulence interactions need to be further investigated. 

6. CONCLUSIONS 

Mechanisms of transport at non-wavy fluid-fluid 

interfaces have been studied. It has been shown that 
the controlling mechanism near boundaries (interface 
or wall) is governed by the shear rate. A shear rate 
criterion has been proposed that describes the onset 
of streaks and their break down into ejections and 
bursts. 

At low interfacial shear rates, when streaks and 
ejections do not occur at the interface the mechanism 
of interfacial transport is dominated by the ejections 
generated at the wall. The wall ejections arc seen to 
reach the interface, form renewed surface patches, 
return and mix into the bulk flow. The transfer rates 
are well predicted by considering only these patch 
areas as active in transport. The transfer coefficients 
are predicted to scale with wall shear velocity and 
mean velocity and the agreement with experiments is 
good. At high interfacial shear rates, when streaks 
and ejections occur at the interface, the transport 
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mechanism is dominated by the ejections and bursts 13. S. A. Kitaigorodskii and M. A. Donelan, Wind-wave 

generated at the interface. The transfer coefficients are effects on gas transfer. In Gas Transfer at Air- Wuter 

well predicted by equation (20), indicating that the 
Surfaces (Edited by W. Brutsaert and G. H. Jirka), pp. 

coefficients scale with interfacial shear velocity. The 
147-170 (1984). 

agreement with experiments is also good. 
14. M. Rashidi, Turbulence structure and transport mech- 

anisms in liquid streams bounded by a wall and a gas- 
liquid interface, Ph.D. Thesis, University of California 
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MECANISMES DU TRANSPORT DE CHALEUR ET DE MASSE AUX INTERFACES 
GAZ-LIQUIDE 

R&sum&On Ctudie le transport interfacial dans les bouiements turbulents liquides en panache. Les 
experiences de visualisation montrent que la structure turbulente pres des frontitres (interface ou paroi) 
est gouvernee par les contraintes de cisaillement. Pour les faibles valeurs de celles-ci des “cellules” sont 
observees aux interfaces qui proviennent dejections c&es au voisinage de la paroi. Ces ejections arrivent 
a l’interface, oti se ferment de nouvelles cellules qui retoument dans le coeur de ~~o~lement od elles se 
melangent. Pour les grandes valeurs du cisaillement interfacial, se ferment $ l’interface des filets faible 
vitesse/grande vitesse lesquels se brisant en “bouffees”. Les structures des filets et bouffees sont semblables 
a celles observees prts de la paroi, m&me si les conditions aux limites sont differentes. De ces observations, 
il apparait que le transport scalaire a l’interface est domine par differents mecanismes d&pendants du taux 
de ci~illement interfacial. Pour les faibles taux qui conduisent aux cellules, le transport est r&e aux 
parametres associes aces cellules (surface et temps de sejour des cellules). Pour les taux eleves qui conduisent 
aux filets et aux bou@es dans la region interfaciale, le transport est analyse en considerant que les bouffees 
interfaciales et les ejections gouvement le processus. Les deux mod&es montrent des predictions excellentes 

des coefficients de transport pres des interfaces gaz-liquide non ondulis. 
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MECHANISMEN DER WARME- UND STOFFUBERTRAGUNG AN 
GAS/FLtiSSIGKEITS-GRENZFLkHEN 

Zusammenfassung-Die Transportvorgiinge in turbulenten Fltissigkeitsstromungen werden in einem Ge- 
rinne untersucht. Experimente mit einer Sichtbarmachung der Striimung zeigen, da8 die Turbulenzstruktur 
nahe den Berandungen (an der Grenzflache oder an der Wand) von der Schubkraft bestimmt wird. Bci 
kleinen Werten der Schubkraft an der Grenztlache werden besondere Flachenbereichc beobachtet. die 
durch Abstromvorgange nahe der Wand entstehen. Es ist zu beobachten. da8 die Abstromungen die 
Grenzfliche erreichen, derartige Oberfllchenbereiche bilden, dann umkehren und sich mit der Haupt- 
stromung wieder vermischen. Bei groBen Werten der Schubkraft an der Grenzfliche bilden sich hier 
Streifen mit geringer und mit hoher Geschwindigkeit, die dann wieder zusammenbrechen. Die qualitativen 
Eigenschaften dieser Streifen und ihres Verhaltens beim Zusammenbruch sind ahnlich denjenigen, die 
nahe an der Wand beobachtet werden-obwohl die Randbedingungen unterschiedlich sind. Aus diesen 
Beobachtungcn wird gefolgert. da0 der skalarc Transport an dcr Grenzfache je nach Schubkraft van 
unterschiedlichcn Mechanismen gesteuert wird. Bci kleiner Schubkraft. wenn sich die typischen Obcr- 
thichenbereiche einstellen. hangt der Transport von diesbeziiglichen Parametern ab (Flichc dieser Bereiche 
und deren Lebensdauer). Sofern die Schubkraft fur die Bildung der beschriebenen Streifen an der Grenz- 
flache ausreicht, ergibt sich das Transportverhalten aus der Betrachtung der Vorglnge beim Zusammen- 
bruch der Streifenstriimung. Beide Modelle sind in der Lagc, die Transportkoeffizienten in der Nahc einer 

wellenfreien Gas/Fliissigkeits-Grenzflache vorauszusagen. 

MEXAHH3MbI TEHJIO- M MACCOfIEPEHOCA Y rPAHMLJ PA3AEJIA I-A%X@i~KOCTb 

Anmo~aumv4iccnenyecn h4excQasHMii nepeHoc IIpw Typ6yneHTHMX TeqeHBKx wuzKocTn B ~~ABoAKW~X 
KaHaJlaX. 3KCl'IepHMeIiTbI IlO Ba3yWIH3aAiiH Te'4eHBB llOKa3bIBalOT, ST0 cTpyKTypa Typ6yneHTHOcT a 
B6na3H rpaHsrl(Me@asHoii rpaHHqbl HnucTeHK~)onpeAenKeTca CKOPOCT~KI cABara.npH HH~KH~ 3Ha- 
qeH&iIlX CKOpOCTH CABHra Ha Me@a3HOfi rpafiiiue Ha6nIOAa~TCK "nBTHa",o6pa3yh?LUWCSI A3 nb16poco~ 
e6nasu CTCHKH. BbI6pOCbI AOcTHraH)T MeKCf&UHOii rpaHHqbI, BO306HOBnfI~T IIRTHa Ha lIOBepXHOCT&i, 
BO3BpaLUaIOTCB H CMeUIBBaIOTCR C 06aeMHb1~ IIOTOKOM. B CJQ”iae BbICOKHX 3HaSeHati CKOpOcTH CABHra 
BaMexc@asHoii rpaHam@op~Hp~~cn HH~KO- anu BblcoKocKopocTHbIeKoHBeK~aoHHbIe~0~5i,KoTopbIe 
B3pbIBOO6pa3HO pa3pyUIaloTCK. Ha6nIoAeHHB CBHAeTenbcTBylOT 0 TOM, 4TO OepeHOC y Me@a3HOfi 
rpaHHIIbI OCyWCTBnKeTCK II0 pa3nHqHbIM MeXaHH3MaM B JaBUMOCTB OT CKOpOCTHCABHra.~pH HB3KWX 
CKOPOCTKX CABHra,KOTOpbIe lIpHBOA9T K 06pa30BaHaro IIlTeH, CKOPOCTU lIe&XHOCaCBK3aHbl C IIapaMeT- 
PaMH, xapaKTepH3yIolUHM5i 3TW IlRTHa (ILQOIIJaAb nBTHa I4 B&W&l er0 CylI.WTBOBaHHB). B Cnyqae K(e 
CKOpOcTeii CABHra, AOcTaTOqHO BbICOKHX AnB o6pa3oeaHHn KOHBeKlWOHHbIX TOKOB li B3pbIBOB B 
o6nacTH Mew$asHoii rpaHwQbI,cKopocTa nepeHoca onpeAennIoTcn c yveToM Toro @aKTa,wo npoIlec- 
COM ynpaBnnMT B3pblBbI wni BbI6pOcbI Ha MelKaasHoii rpaHaue.06e hioAenw n0380nlnoT TO'iHO pacc- 

SUTbIBaTbK03@$HUAeHTbIIIe~HOCaB6nH3aHeBOnHHCTbIX rpaHHU pa3Aenara3-WiAKOCTb. 


