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Abstract—Experiments have been conducted in an effort to elucidate the details of the interfacial gas
transfer mechanism under liquid-side control. Near-surface liquid turbulence and oxygen concentration
fluctuations have been measured in a laboratory grid-stirred tank for a range of turbulent Reynolds number
R, from 80 to 660. Our observations show that the thickness of the gas boundary layer closely agrees in
trend and magnitude with the Lewis-Whitman’s film thickness as determined from the bulk concentration
change. Furthermore, the functional dependence on turbulent Reynolds number is consistent with a large
eddy domination. Additional simultaneous measurements of turbulent velocity and oxygen concentration
fluctuations, including direct flux measurements, give further indication that the large scale eddy motions
are more effective in the interfacial mass transfer process.

INTRODUCTION

THE TRANSFER processes across the gas/liquid interface
are of fundamental importance to the understanding
of the distribution of many substances in the natural
environment and to the control of engineering pro-
cesses. In most cases, it is desired to predict the trans-
fer rate of a particular substance across the interface.
The transfer rate is usually determined by the prop-
erties of the substance and also the hydrodynamic
condition of both phases. For low solubility gases,
such as oxygen, it is well established that the resistance
on the liquid side controls the transfer process
(Coantic [1]).

Customarily, the gas transfer rate is parameterized
by the liquid phase gas transfer coefficient (or transfer
velocity) K

J=-K(C—C) M

where J is the gas flux per unit interfacial area, and
C, and C, are the saturated and bulk concentration
of dissolved gas, respectively.

Although numerous theoretical models and empiri-
cal formulations have been proposed over the years,
there is still no general agreement on the calculation
of the gas transfer rate. This is because the relation
between liquid turbulence and interfacial mass trans-
fer still remains unresolved. Despite an abundance
of conceptual models and paradigms which picture
the gas transfer process with distinct flow structural
and/or statistical properties (for a summary of those
models see Coantic {1}, Theofanous {2}, Brumley and
Jirka [3]), there is a paucity of direct measurements
that provide inspection into the actual mechanism.
Clearly, the difficulty for direct measurements lies
in the small dimensions of the gas boundary layer,
especially under high turbulence conditions, and its
time-varying location (waviness).

Recent attempts for direct measurements of the
transfer mechanism within the gas boundary layer
have been reported by Luk and Lee [4], Asher and
Pankow [5], Jirka and Ho [6}, Jdhne [7], and Wolff et
al. [8]. However, none of these experiments has
simultaneously measured turbulent velocity and gas
coneentration in the near-surface region. Such com-
bined measurements are needed to provide further
insight into the mechanics of the overall transfer pro-
cess which is dominated by the interplay of turbulent
advection and molecular diffusion, and to, ultimately,
validate any of the existing conceptual models.

Estimations of the thickness of the interfacial region
in which measurements have to be performed can be
made as follows.

The thickness of the gas boundary layer & can be
related to the transfer velocity by a Lewis~Whitman
[91 film calculation

0= D/K, 2

where D is the molecular diffusivity of the gas. Alter-
natively, Brumley and Jirka [3] used hydrodynamic
arguments to estimate the thickness of an outer
diffusive layer Ly, below the surface

Ly oc LR; V2S¢~ 2 3)

where L is the integral length scale of liquid turbu-
lence, R = uL/v is the turbulent Reynolds number,
with u the velocity scale of turbulence, v the kinematic
viscosity of water, and Sc¢ the Schmidt number of
the gas. From either equation (2) or (3), the thickness
of the interfacial region is of the order of 100 um
for typical environmental turbulence conditions. This
means that the dimension of a measuring sensor has
to be smaller than 10 um in order to provide sufficient
resolution inside the interfacial region.

Grid-stirred tanks have been used by many

1957



1958

C. R. Cut and G. H. hrka

C  oxygen concentration

C, oxygen concentration at the bulk region

C, saturated oxygen concentration

C,. coincident spectral density function

¢ fluctuation component of concentration

¢ r.m.s. of concentration fluctuation

molecular diffusivity of dissolved oxygen

cross-spectrum of velocity and

concentration

f oscillation frequency of grid

H  water depth

J  gas flux across the interface

K, gas transfer coefficient, or transfer velocity

L integral length scale of turbulence

Lz Batchelor sublayer

L. integral length scale of concentration

L;, diffusive sublayer

L, viscous sublayer

L, integral length scale of vertical velocity

L, longitudinal integral length scale far from
the surface

M mesh size of grid

quadrature spectral density function

R, turbulent Reynolds number

NOMENCLATURE

R,. cross-correlation function of velocity and
concentration

S grid stroke

S¢  Schmidt number

u  characteristic turbulent velocity

Uyr Hopfinger-Toly velocity

W vertical velocity

w  fluctuation component of vertical velocity

w’  r.m.s. of vertical velocity fluctuation

¥ distance from the virtual origin

Z, distance from virtual origin to the water
surface

z vertical coordinate upward from water
surface

zy,  measured gas boundary layer thickness.

Greek symbols
«  scaling constant for z,
B scaling constant for K
0  Lewis~Whitman film thickness
7 Kolmogorov sublayer
x; one-dimensional wave number
v kinematic viscosity of water.

researchers for interfacial transfer study because of
their reproducible and well controlled turbulent
environment. In a grid-stirred tank, turbulent eddies
are generated at some distance below the surface and
decay as they diffuse toward the surface. Although
the way of generating turbulence is different from that
of an open channel flow, the interaction between the
turbulence and surface has many common features.
Hopfinger and Toly [10] have shown that a ver-
tically oscillating grid can be used to produce hori-
zontally near-homogeneous turbulence, and the r.m.s.
horizontal velocity #’ in a grid-stirred tank can be
related to easily measured parameters such as grid
stroke S, oscillation frequency f, and mesh size M

W = 02578 MOy )

where y is the distance from a virtual origin approxi-
mately at the center of the grid stroke.

In finite tank depth conditions with a free surface,
Brumley and Jirka {11] found the spatially averaged
velocity fluctuations in the bulk region of a grid-
stirred tank agreed well with equation (4). However,
the turbulent structure is affected by the presence of
the surface with a ‘surface-influenced layer’, whose
thickness is

L, =0.1Z, &)

where L is the longitudinal integral length scale far
from the surface, Z, is the distance from the surface
to the virtual origin. This can be explained by the

irrotational source theory of Hunt and Graham [12].
This theory assumes that the effect of a shear-free
surface on a homogeneous turbulence field is the
instantaneous superposition of an irrotational vel-
ocity field which cancels out the vertical velocity fluc-
tuations. Brumley and Jirka [11] used the velocity at
the surface (y = Z,), computed from equation {4}, as
a velocity scale to characterize the different turbulence
conditions, and called this velocity the Hopfinger—
Toly velocity Uyt

Upr = 025755 M*5 271, (6)

The present paper describes measurements of tur-
bulent velocity and fluctuating gas (oxygen) con-
centration by means of a split hot-film and an oxygen
microprobe, respectively, near the air—water interface
in a grid-stirred tank. The objective is to elucidate the
details of the surface transfer mechanisms, including
the structure of up- and down-welling motions and
the existence and extent of various hydrodynamic and
diffusive boundary layers.

EXPERIMENTAL APPARATUS

The experiments were carried out in a 40 cm-deep,
50 cm-square tank with a vertically oscillating grid.
Turbulence measurements were conducted by means
of a rotating split-film anemometer (1.3 mm sensing-
length quartz coated platinum films at the top and
bottom of a 0.153 mm diameter cylindrical fiber)
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which allowed measurements of the horizontal and
vertical velocity fluctuations. A full description of the
grid-stirred tank and split-film anemometer is given
by Brumley and Jirka [11].

The polarographic oxygen microprobe was built by
modifying the procedure described by Lee er al. [13].
A piece of pure platinum wire (50 ym diameter and
15-20 mm long) was fused to a length of 0.5 mm
diameter copper wire using silver solder paint. The
tip portion of the platinum wire was electrolytically
etched in a sodium nitrite (NaCQ,) solution to 1.0~
2.0 um. A pipette puller was then used to collapse a
glass capillary tubing (1.1 mm o.d., 50 mm long) onto
the etched platinum wire. A microelectrode with tip
diameter less than 5 um is quite reproducible with this
technique.

The finished microprobe was coated with a poly-
styrene solution in order to provide a gas-permeable
membrane for the electrode. The copper wire left out-
side of the glass tubing was soldered to a wire wrap
wire and insulated with a piece of thermal shrinking
tubing. The entire probe was then mounted on a stain-
less steel tubing. The other end of the wire wrap wire
sticking out of the steel tubing was soldered to a BNC
connector. A special aluminum connector holder was
built to fix the BNC connector with the steel tubing.
Figure 1 shows a picture of the finished oxygen micro-
probe. Further details of probe construction are given
by Chu [14].

The principle of polarographic electrodes consists
of applying a negative voltage on a cathode with
respect to an anode in an electrolyte solution. The
dissolved gas reduced at the surface of the cathode
will cause an electrical current to flow. The current
output of the electrode is directly proportional to the
partial pressure of gas, which in turn can be related
to the concentration of dissolved gas.

The output current from the microprobe was ampli-
fied by a picoammeter (range 107%-107'? A). The
microprobes were calibrated against the readings of
a commercial oxygen sensor (Beckman Monitor 11
Oxygen Analyzer). The probe response time was
determined by passage of the rotating microprobe
through a laminar double jet flow. This jet flow was
produced by separating a round jet orifice (1 cm
diameter) into two halves by insertion of a razor blade
divider and by supplying two water inflows with oxy-
gen concentrations different from each other and from
the bulk concentration. The signal output when pass-
ing the probe in front of the orifice—so that the inter-
faces (mixing layers) within the jet and at the jet
boundary are very thin—is shown in Fig. 2. A probe
time constant (63% response) of about 10 ms can be
deduced from Fig. 2. Probes showing a response time
of less than 20 ms were employed in this study.

EXPERIMENTAL PROCEDURE

This study is mainly concerned with the specific
case of oxygen transfer across a shear-free surface.
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FiG. 2. Step response curve of an oxygen microprobe.
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Table 1. Experimental conditions

Grid Grid Stroke
condition  frequency f S Z, Uyr C, K. x107¢
set (Hz) (mm) (mm) (mms~ ") R, (mgl™" (cms™h
1 1.63 101 245 13.30 660 9.01 8.89
2 2.56 S50 246 7.27 360 8.23 7.90
3 1.28 50 248 3.64 180 8.30 5.23
4 [.66 24 248 1.57 80 8.33 2.61

Two types of experiments were carried out in this
study. The first type, called the ‘interfacial con-
centration measurement’, used the oxygen micro-
probe to measure the oxygen concentration in the
interfacial region. The second type, called the ‘simul-
taneous measurements’, used the split-film probe
and the microprobe to measure velocity and con-
centration fluctuations at the same time. Each type
of measurement was carried out for four different
turbulence conditions listed in Table 1.

The turbulent Reynolds number is defined as
R, = 2UyrL,, /v, with u = Uyr, L = 2L . The factor
2 arises because the longitudinal integral length scale
L., is theoretically half as large as the length scale for
isotropic turbulence (Tennekes and Lumley [15]). The
transfer velocities of each turbulence condition are
measured by using an oxygen meter to monitor the
bulk concentration and temperature changes over
10 h.

Table 2 gives the corresponding thickness of various
hydrodynamic and diffusive layers, which can be esti-
mated by the scaling arguments of Brumley and
Jirka [3]}, for the turbulence conditions studied in this
paper. The Schmidt number is taken as Sc = 488, at
20°C, 1 atm.

In the actual experiment the tank was filled with
distilled water to the desired depth. The water was
then deoxygenated by bubbling nitrogen into the
water for about 15 min. The initial concentration of
dissolved oxygen was found to be around 3.5 mg 1~
on average. The water surface was skimmed by a
specially designed skimmer to reduce surface con-
tamination. The water surface was reasonably clean
after the skimming. However, compared with Asher

and Pankow’s [5] rayon/vacuum cleaned surface, the
surface was not as clean.

The tips of the probes were then adjusted to the
water surface to set the reference position with zero
submergence. In order to let the turbulence in the tank
reach a steady state condition, the grid motor was
turned on at least 10 min before the first measure-
ments were taken. The probes were then adjusted to
the desired submergence with the help of 2 linear slide
(Velmex) on the rotating arm. The linear slide can
allow precise vertical positioning to 10 ym spatial
resolution.

The probes were rotated in a horizontal circle of
0.76 m circumference with a constant speed of 60 mm
s~ during the measurements. At each submergence,
10400-point (4-turn) data from the anemometer
and/or the picoammeter were read into the computer.
The sampling frequency was 200 Hz for each channel
so that scales beyond the Kolmogorov scale could be
resolved. The data were then analyzed on a MicroVax
I computer.

In the interfacial concentration measurement, both
moving probe and stationary probe methods were
employed. For the moving probe experiment, the micro-
probe was travelling along a horizontal circle, which
is the same path as in the simultaneous measurement.
In the stationary probe experiment, the oxygen micro-
probe was fixed at one position, namely, 12.3 cm
from center, 25.0 cm from both sides of the wall. This
corresponds to one point in the circular path of the
moving probe measurement. The vertical profile of
mean values and r.m.s. concentration from fixed and
moving probe measurements, respectively, for grid
condition # 3, are given in Figs. 3 and 4, and show, by

Table 2. Thickness of various hydrodynamic and diffusive layerst

Surface
Grid influenced Viscous Kolmogorov Diffusive Batchelor
condition layer L., sublayer Ly sublayer n sublayer L, sublayer Ly
set (mm) (mm) (mm) (mm) (mm)
1 24.5 0.97 0.38 0.09 0.017
2 24.6 1.32 0.60 0.12 0.027
3 24.8 1.86 1.02 0.17 0.046
4 24.8 2.80 1.87 0.25 0.085

1/2

+ The viscous sublayer Ly = L R{
sublayer n = 2L R[ ¥*

is the scale for viscous effects near the free surface. The Kolmogorov
is the length scale of the smallest eddies. The outer diffusive sublayer

Ly = 2L R ""*Sc™ "2 can be thought of as the diffusive length scale arising from the largest eddies. The
Batchelor sublayer L, = n.Sc™ " represents the diffusive scale caused by the smallest eddies.
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FiG. 3. Mean concentration profile of grid condition #3.

and large, good qualitative and quantitative agree-
ment. This indicates that the fluctuating concentration
field is horizontally homogeneous within the inter-
facial region.

For the simultaneous measurements, the split-film
probe and the oxygen microprobe were both pos-
itioned on the rotating arm together, in close vicinity
to each other. The tip of the oxygen microprobe was
kept at the same level as the nominal plane of the split
of the split-film probe. The distance between these
two probes was about 1.0 mm with the oxygen probe
first in the direction of travel (see Fig. 5).

The bulk transfer measurements were done by a
commercial oxygen probe (Beckman Monitor II). It
was found that the output of this D.O. meter was flow
sensitive. In order to meet the 10 cm s~' minimum
flow rate requirement close to the probe, the measure-
ments were taken in a pump-through flow cell which
was attached externally to the tank.

Surface ripples were observed during the exper-
iments. It was found that the frequency of surface
waves was approximately equal to the grid frequency,
and the wave heights (peak to trough) were in a
range from 0.08 to 0.5 mm, depending on the grid
conditions. The vertical irrotational velocity caused
by these surface waves can be a substantial frac-
tion of the turbulent intensity in the near-surface
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FiG. 4. R.m.s. concentration profile of grid condition #3.
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region, but will gradually decay as the submergence
increases.

RESULTS AND DISCUSSION

Gas concentration fluctuations

Time series data of gas concentrations for grid con-
dition #3 at 0.1, 0.4, 0.8 and 5.0 mm submergence
are shown in Fig. 6. Note that these measurements
are juxtaposed for illustration purposes only, and do
not represent simultaneous conditions. The concen-
trations have been normalized as (C—C,)/(C,—C,).
The saturation concentration C, was determined
by the method discussed in Ho [16], and shown in
Table 1. As can be seen, the concentration at
different depths fluctuates at different levels of satur-
ation. The mean concentration at 0.1 mm is reason-
ably close to the saturation value, and the fluctua-
tions are limited by the saturation value. At 5.0 mm
depth, besides occasional small spikes, the concentra-
tions are almost equal to the bulk concentration.

Figure 7 shows the normalized gas concentration
profile from the exploratory work of Jirka and Ho [6]
compared with the present measurements for the
same turbulence condition (grid condition #2). The
measurements are in good agreement.

The mean concentration profiles of four different
grid conditions are shown in Fig. 8. The profiles for
high turbulence conditions have a steeper gradient
than those for low turbulence conditions. This indi-
cates that higher turbulence conditions clearly limit
the thickness of the mean gas boundary layer. In order
to provide simple estimates of the spatial extent of the
mean gas boundary layer, exponential curves (solid
lines in Fig. 8) of the type

C—-C z

cc. =P (,) @)
were best-fitted to each grid condition, where z is the
vertical coordinate upward from water surface. The
regression constant z, (with length dimension) can
be interpreted as a measured gas boundary layer
thickness.

The normalized concentration measurements in
which the submergence z has been scaled by z, are
summarized in Fig. 9(a) for the mean, and Fig. 9(b)
for the r.m.s. fluctuation, ¢’/(C,~— C,). All these pro-
files fall together indicating that z, is an appropriate
length scale for the concentration boundary layer.
Surprisingly, the maximum values of r.m.s. con-
centration occur fairly deep, namely, around (1-3)z,
below the water surface. This suggests that down-
welling motions cause significant fluctuations at dis-
tances well below the mean boundary layer thickness.
This view is consistent with the flow visualization
work of Asher and Pankow [5] and the interpretations
of Hunt [17].

A display of the directly measured boundary layer
thickness z,, the computed Lewis-Whitman film
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FI1G. 5. A sketch of the relative position of split-film probe and oxygen microprobe.
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thickness 4, and the predicted diffusive sublayer thick-
ness Ly is given in Fig. 10(a). Except for grid condition
# 1, the values of z, and  are remarkably close in
trend and magnitude. Our data appear to be the first
consistent observations that support the conceptual
framework of interfacial gas transfer which is con-
trolled by molecular diffusion in a layer whose thick-
ness is determined, however, by turbulent activity.
This consistency is emphasized again in Fig. 10(b)
which shows the Lewis—Whitman film thickness &,
and the diffusive sublayer thickness L, plotted against
z,. It shows both § and L have a nominally linear
relation with z,. Since Ly is an order of magnitude
estimate, this suggests a quantitative relationship

zo = aLR; Y Sc™"? ®)

where o & 0.12 is just a scaling constant. This means
that the thickness of gas boundary layer z, can be
directly predicted from the turbulence properties and
the given molecular diffusivity. Since Ly, is controlled
by large eddies (Brumley and Jirka [3]), this evidence
points to the fact that the interfacial transfer process is
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dominated by large eddies, at least within the present
Reynolds number range.

Finally, Fig. 11 shows the normalized transfer
coefficient K; vs the turbulent Reynolds number R,
on a log-log scale. The transfer coefficient X, is nor-
malized by the Hopfinger—Toly velocity Uy. It also
shows the best-fit curve of the data (K, /Uyy) oc R %
(the solid line), together with the trend of Fortescue
and Pearson’s [18] large eddy model (K /u’) oc R_ *?
(dashed line). The large eddy model prediction can be
written in the form

K Ju= BR{%®Sc™°° 9)

in which « is the turbulent integral velocity (see equa-
tion (3)), and B is a coefficient. Fortescue and Pearson
[18] suggested a value of § = 1.46, while Theofanous
et al. [19] proposed B = 0.73 on the basis of Brown’s
open-channel flow data [20]. The present data are
approximated by a lower value f§ = 0.25 (dashed line
in Fig. 11) if the present definitions of turbulent vel-
ocity (Uyr) and length scales (L) are used. It appears
that the discrepancy in the coefficient value could be
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caused by differences in the turbulent scales definitions
between stirred-grid and open-channel flow exper-
iments. This should be the topic of a future study.

Velocity fluctuations

The profile of vertical velocity fluctuations for grid
condition #2 is shown in Fig. 12. The r.m.s. vertical
velocity w” and depth z has been normalized by the
Hopfinger-Toly velocity Uy and the integral length
scale L, (thickness of the surface influenced layer),
respectively. The dashed curve represents the numer-
ical fit to the source layer theory of Hunt and Graham
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FiG. 1. Normalized transfer velocity vs turbulent Reynolds
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Fic. 12. Vertical velocity fluctuation profiles of grid con-
dition #2.

[12]. Also shown in Fig. 12 are the earlier measure-
ments of Brumley and Jirka [11]. The agreement again
confirms that the source layer theory is appropriate
to describe the flow field inside this surface-influenced
layer.

Integral length scales of velocity and concentration
The integral length scales of the vertical velocity
4L, and of the concentration L, for the grid condition
#2 from simultaneous measurements are shown in
Fig. 13. Both the depth z and the integral length scales
have been normalized by the longitudinal integral
length scale L,. The integral length scales were
obtained by evaluating the auto-correlation function
of the desired quantity and integrating up to its first
zero, then using the Taylor ‘frozen turbulence’
hypothesis to convert time scale to length scale. The
value 4L, is plotted for better comparison, since the
transverse integral length scale is theoretically one

Le/loe & 4Lu/Loo
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n x
x 0O
-0.2 o x
—-0.4 * ]
~
N —-0.6

-1.0

FiG. 13. Profiles of transverse and concentration integral
length scales of grid condition #2.
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quarter of the length scale of isotropic turbulence
(Tennekes and Lumley [15]). Although there is con-
siderable scatter in the near-surface region, this figure
shows that the integral length scale for concentration
fluctuation is about the same order of magnitude as
the integral length scale (2L} for turbulent velocity.
Thus, the major concentration fluctuation observed
by a probe moving in the horizontal plane appears
to correlate to the up- and down-welling transport
associated with the large eddies. This interpretation is
consistent with the earlier data (Fig. 10) which show
that the observed boundary layer indeed scales with
the properties of those eddies, i.e. the thickness of
diffusive sublayer L.

Direct flux measurements

The simultaneous measurements of turbulent vel-
ocity and oxygen concentration are restricted within
the concentration boundary layer due to the size of
the velocity probe used in this study. Nevertheless, the
vertical profiles of turbulent flux measured by the
eddy correlation method are shown in Fig. 14. These
measured fluxes — (wc) have been normalized by the
absolute value of the mean flux J as measured in
bulk transfer measurements. The dashed line is the
predicted turbulent flux profile subtracting the mol-
ecular flux due to the exponential mean concentra-
tion distribution, i.e. equation (7), in the near-surface
region.

In the near-surface region, the measured downward
fluxes appear to be larger than the expected values. It
is believed that this is due to the inaccuracies of ver-
tical velocity measurements by a relatively large split-
film probe (proximity effect) and the surface waviness
giving rise to an error in the measured scalar fluxes.
In the lower region, the measured downward fluxes
tend to be below the mean flux. As to the reason
for this discrepancy, it is speculated that the eddy
correlation method is not precise enough to measure
the turbulent fluxes involving large velocities but with
small concentration fluctuations.
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FiG. 14. Profiles of measured turbulent fluxes.
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FiG. 15. Profiles of categorized flux events of grid condition
#2.

This difficulty is further illustrated by Fig. 15 which
shows the vertical profiles of different flux events of
grid condition #2. These fluxes were calculated by
classifying the instantaneous products we into four
different quadrants (w>0, ¢>0; w>0, ¢ <0;
w<0,c>0;and w< 0, ¢ < 0), summing them sep-
arately, and then dividing by the total sample number.
These fluxes have also been normalized by the absol-
ute value of the mean flux J. This figure shows the
contribution from the two different negative fluxes
(w>0,c>0,and w <0, ¢ < 0) is about the same. A
similar situation holds for the positive fluxes (w > 0,
¢ > 0,and w < 0, ¢ > 0). Thus, the up- and downward
gas transport activity seems to be very energetic while
the net transfer is small. Despite these difficulties and
shortcomings, the direct flux measurements are within
one order of magnitude of the mean flux. The value of
these measurements lies more in providing qualitative
insight rather than quantitative occurrences. This is
further explored in the following.

Spectra

Selected vertical velocity and concentration spectral
density functions are shown in Figs. 16 and 17, respec-
tively. These spectra represent the data of grid con-
dition #2 at submergence 0.8, 2.0 and 10 mm (or
z{zy = —3.33, —8.33 and —41.7). The one-dimen-
sional wave number x, has been normalized by the
constant L' = 40 m~". The vertical velocity spectra
E, are normalized by the constant 2U3;L, =
2.64 m-mm?s~2. The concentration spectra E,
are normalized by the constant 2(C,—C,)’L, =
1.01 m-mg? 12, The normalized wave number cor-
responds to the integral length scale, indicated by ‘I,
is equal to x,L,, = 1.8 (Tennekes and Lumley [15]).
The normalized Kolmogorov wave number, as indi-
cated by ‘K, is equal to 0.55Q2n/n)/L" = 144,

These spectra show that the turbulent energy
increases with submergence, whereas the con-
centration fluctuation activity decreases with sub-
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F1G. 16. Vertical velocity spectra of grid condition # 2.
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FiG. 17. Concentration spectra of grid condition #2.

mergence. The peaks in the spectrum of vertical vel-
ocity at 0.8 mm depth correspond to the surface waves
associated with the grid frequency. This phenomenon
does not appear in the concentration spectra indi-
cating that surface wave problems have less effect on
the interfacial concentration measurement.

1t is illustrative to consider the interaction between
velocity and concentration fluctuation through the
cross-spectral density function which can reveal the
correlation of these two different quantities at a
certain wave number. The definition of the cross-
spectrum E, . of vertical velocity w and concentration
c is the Fourier transformation of its cross-correlation
function R,

Ed

Ey (k) =2 f Ru.(f)e~ 2 dr

— ot

C. R. Chu and G. H. Jirka

= Cy (k) —iQ,{Ky) (10)
where the real part, C,,, is called the coincident spec-
tral (or co-spectral) density function, the imaginary
part, Q,.., the quadrature spectral (or quad-spectral)
density function (Bendat and Piersol [21]). The cross-
spectral density function is defined as one-sided, i.e.
0< K, < 0. Therefore, the average product of w and
ccan be related to the co-spectrum C,,. in the following
way

{wed = R, (0)

= ‘r C..(x,)dx,. (1

i
This equation implies that the co-spectrum C,. con-
tains the information on how much the co-variance
contributes at a certain wave number interval.

The normalized co-spectral density function C,,
for grid condition #2 is shown in Fig. 18. The
spectra have been normalized by the constant
2U4{C,— Co)Ly, = 1.636 mg m™' s~ ' Although
these co-spectra are limited as discussed above, the
contribution to the total flux from the product of w
and ¢ associated with the small wave number region
seems considerably bigger than that for the high wave
number region. This appears to be yet another indi-
cation that the large scale eddy motions are con-
trolling the interfacial mass transfer process.

CONCLUSIONS

The present study reports the first concurrent
measurements of near-surface turbulent velocity and

1.80 =~

10 pw

20 mm

s .
s
N

S

Cwe

2(Ca-toinmr, (X 107

000 - /\\/AUW_ ot

- ! f

-2.00 = I K
--—-L—Lulﬂl‘——l—l—&lm-..t..&_mud_l_“.uud

* ] 2

16 10 10 10 10
kL,
-

F1G. 18. Co-spectra of vertical velocity and concentration of
grid condition #2.
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concentration fluctuations, together with bulk trans-
fer measurements under well-controlled turbulence
conditions, which are representative environmental
situations. In the Reynolds number range of the
experiments (R, = 80-660), the results show strong
and consistent evidence for the large eddy control of
the interfacial transfer process. This is demonstrated
by several interrelated facts.

(1) The thickness of observed gas boundary layer
z, scales with the diffusive sublayer Ly, which is con-
trolled by large eddies.

(2) The best-fit curve for the bulk transfer velocity
shows a Reynolds number dependence consistent with
a large eddy model prediction.

(3) The integral length scale for concentration fluc-
tuations is of about the same order of magnitude as
the integral length scale for turbulent vertical velocity
fluctuations.

(4) The co-spectra of velocity and concentration
fluctuations indicate that most of the contribution to
the total flux occurs in the small wave number region,
i.e. large eddy motions.

As a next step in covering a wider class of hydro-
dynamic conditions, it seems obvious and imperative
to attempt similar direct measurements at much
higher Reynolds number conditions. This will allow
validation of the conjecture of Theofanous er al. [19]
for a dual regime behavior with small eddy domi-
nation at higher R, . Clearly, such measurements will
present substantial technical difficulties due to the
yet smaller boundary layer thickness in that range.
Nevertheless, they should be attempted perhaps using
different facilities and/or measurement techniques.
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MESURE DU FLUX GAZEUX TURBULENT SOUS L'INTERFACE AIR-EAU D'UN
RESERVOIR AGITE PAR UNE GRILLE

Résumé—On conduit des expériences pour comprendre le mécanisme du transfert interfacial de gaz
gouverné par le coté liquide. La turbulence du liquide prés de la surface et les fluctuations de concentration
en oxygene sont mesurées dans un réservoir agité par une grille pour un domaine de nombre de Reynolds
R, entre 80 et 660. On observe que I"épaisseur de la couche limite s’accorde avec celle du film de Whitman
déterminée & partir du changement de concentration globale. La dépendance fonctionnelle au nombre
de Reynolds turbulent est cohérente avec une grande domination turbulente. Des mesures simultanées
additionnelles des fluctuations turbulentes de vitesse et de concentration d’oxygéne, incluant des mesures
directes de flux, montrent que les mouvements turbulents & grande échelle sont plus efficaces dans le
mécanisme de transfert interfacial de masse.
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MESSUNG DER TURBULENTEN GASSTROMDICHTE UNTERHALB DER
LUFT/WASSERGRENZFLACHE IN EINEM BEHALTER, IN DEM MIT EINEM
GITTER GERUHRT WIRD

Zusammenfassung—Es werden Experimente durchgefiihrt, mit dem Bestreben, die Einzelheiten der Mecha-
nismen fiir den Gastransport durch die Grenzfliche zur Fliissigkeit aufzukldren. Oberflichennahe Tur-
bulenzen in der Fliissigkeit und Fluktuationen der Sauerstoffkonzentration wurden in einem Labor-
Riihrbehalter fiir einen Bereich der turbulenten Reynolds-Zahl R, von 80-660 gemessen. Unsere Beob-
achtungen zeigen, daB die Dicke der Gasgrenzschicht in Richtung und GroBe streng mit der Lewis/
Whitman-Filmdicke ubereinstimmt, die aus der Konzentrationsdnderung der Gesamtmasse berechnet
wurde. Weiterhin stimmt die funktionale Abhdngigkeit von der turbulenten Reynolds-Zahl mit dem
Vorherrschen groBer Wirbel {berein. Zusitzlich geben gleichzeitige Messungen der turbulenten
Geschwindigkeit und der Fluktuationen der Sauerstoffkonzentration (einschlieBlich direkter
Strémungsmessungen) weitere Hinweise darauf, daB groBraumige Wirbelbewegungen den Stofftransport
durch die Grenzflache stidrker beeinflussen.

M3MEPEHHMA TYPBVJIEHTHOI'O IIOTOKA T'A3A ITOJI TPAHHLEN PAAEJA
BO3AVX-BOJA B EMKOCTH C ITEPEMEMNIMBAIOIUMH PEIIETKAMH

AsHoTANES—JKCICPHMEHTAIBHO HCCHCNYCTCS MEXaHHIM INEPEHOCZ ra3a Ha IpaHMue pasfgena co
cropousl xunaxoctu. TypOyneHTHOCT: XHEKOCTH ¥ KojeGaHHA KOHUCHTDAIMM KHCAODOZA y MOBEPX-
HOCTH H3MEPSUIHCH B 1a60paTOpHON €MKOCTH C MEDEMEIMBAIONIEMHE DPCINECTKAMH 1pH TYpOyseHTHOM
aucie Pefinonbaca R, #3mensioniemcs B JHanasone 80-660. Habmonenrs nOKa3uiBaioT, 4T0 TOMUMHA
MOTPAHHYMHOTO CJIOS T43a COBNAAaeT 10 TEHNCHIMH HM3MCHCHHMAH BE/IHYMHE C TONUIHHON IUICHKH
JIstoHca~-YHTMIHA, onpeneseMoi no H3MeHeHus ob6bemHo#H koHuenTpaums. Hammue $yHxnuoHab-
HOM 3aBHCHMOCTH OT TypOyJeHTHOro uncna Pelinonbaca yxaswBaer Ha npeoGaaganne puxpeif. Jonosr-
HHTEJILHBIE OJHOBPEMEHHbIE H3MepeHHs (IyKTyauuid TypOyneHTHOR CKOPOCTH H KOHLECHTPAUMH
KHCJIOPOAA, BKIIIOYAIOHIKE NPAMBIE H3IMEPCHHA NMOTOKA, TAKKE CBHACTEILCTBYIOT O TOM, YTO KPYOHO-
Macirrabusie Buxpesbie asrmkenns 6onee 3pdexTHBHLI B MPOLECce MAcCONEPeHOCa Ha TPaHuIe pa3fena.



