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Abstract-—An experimental correlation is derived for gas absorption at a turbulent, shear-free liquid

interface. The correlation is expressed in terms of the liquid-side turbulence intensity, liquid-side macroscale,

and the properties of the diffusing gas and solvent. The transfer coefficient increases linearly with r.m.s.

velocity up to a point where the eddy Reynolds number reaches a critical (Schmidt number dependent)

value. At higher velocities, there is a more rapid linear rise. The slope of the lower Reynolds number region

is proportional to the square root of the diffusivity; at Reynolds numbers much higher than that of the
break point, the slope becomes independent of diffusivity.

1. INTRODUCTION

SiNcE the early work of Lewis and Whitman [1] and
Higbie [2], a considerable body of literature has been
built up on gas absorption at a turbulent liquid inter-
face. It is fair to say. however, that even now our
understanding of this problem is much more primitive
than, for example, that of turbulent transport at a
solid surface. There is no concensus on a universal
model, or even on a single empirical correlation, for
the free-surface transport problem {(e.g. see the reviews
by Sonin et al. [3] and Theofanous et al. [4], as well
as contributions in the monograph by Brutsaert and
Jirka [5]).

The present work attempts to derive an empirical
correlation for high Schmidt number mass transfer at
a shear-free, turbulent liquid interface, under con-
ditions where transport on the liquid side is rate-
limiting. Our purpose is to present a correlation in
terms of fluid properties and parameters which char-
acterize the local interfacial liquid-side turbulence.
The hope is that this will yield a correlation that
can be applied generally to shear-free interfaces of
turbulent liquids, independent of the precise way the
turbulence in the liquid is generated, and guide us
towards a more general model for the transport
process.

The experiments were done in a previously
developed apparatus [3, 6] in which easily controlled,
steady turbulence can be imposed from below on a
shear-free liquid interface. This system has already
been used to obtain a correlation for the condensation
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of pure vapor at a turbulent liquid interface [6], which
is basically a moderate Prandtl number liquid-side
heat transfer problem. In the absence of buoyancy
effects, the transport coefficient was found to be
linearly dependent on the r.m.s. value of the fluc-
tuating velocity on the liquid side and proportional
to the inverse one-third power of the bulk liquid
Prandtl number, at least in the low Prandtl number
range investigated (1 < Pr < 6). The present work
addresses the analogous mass transfer problem at high
Schmidt numbers in the range 230-1600.

2. APPARATUS AND GAS ABSORPTION
MEASUREMENT

Sonin ef /. [3] have shown that a vertical, axisym-
metric confined jet in a cylinder partially filled with
water induces a bulk-flow-free and reasonably uni-
form turbulence in the region located away from the
damped layer at the interface and at distances greater
than 3D from the nozzle, D being the diameter of the
cylinder. The turbulence decays with elevation from
the nozzle and is relatively isotropic in a horizontal
plane. The turbulence intensity in the water can be
easily controlled by varying the momentum flux
through the nozzle and the water level in the test cell.
The system also possessed an integral length scale at
height z > 3D, which is locked to the tube diameter
[3, 6]. Thisis a distinct advantage : simply by changing
the tube size, we can have turbulence with different
integral length scales. This could be aptly used in the
characterization of the turbulence structure close to
the interface, which ultimately controls the transport
process across it.

Our apparatus was similar in design to that used in
ref. [3]. It consisted of a vertical, axisymmetric nozzle
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NOMENCLATURE
A gas-tiquid interfacial area [m?) Se Schmidt number, v/D
C species concentration [mol m™7] St Stanton number, K /v
C, saturated concentration of the gas in the v r.m.s. velocity of either the horizontal or
liquid [mol m 7] vertical component of turbulent
d nozzle exit diameter, Fig. 1 [m] velocity [m s~ '] at the ‘interface’
D test cell inside diameter, Fig. 1 [m] obtained by extrapolating from the
D motecular diffusivity of the gas in the bulk, disregarding surface damping
liquid [m?s™"] Dy value of v at the ‘break’ point, as defined
K. mass transfer coefficient across the in equation (13)
interface fm s~ '] z vertical coordinate measured upwards
K,  mass transfer coeflicient corresponding from the nozzle [m].
to the ‘break’ velocity as defined in
: -1
equation (13) [ms™ '] Greek symbols
Pr Prandtl number . .
. . . A integral length scale of turbulence eddies
0 volumetric flow rate circulating through . )
. 3 -1 as defined in equation (6) [m]
system, Fig. 1 [m’s™'] R L ) 3
r radial coordinate measured from the v liquid km‘err.xaulc viscosity [m S J .
. . T characteristic time as defined in equation
cylinder axis [m]
R(:) Eulerian autocorrelation function (7). ls] . . . .
. . ®(Re,) function defined in equations (4)
measured at a fixed point, cquation (8) ) )
Re Reynolds number, vA/v and (3).
Re,  system Reynolds number, Q/dv
Re,  break Reynolds number, v, A/v, equation  Subscript
(13) * refers to the ‘break’ point.
placed in a pyrex tube partially filled with water, as
shown in Fig. 1. A centrifugal pump circulated the
water through a closed loop system, with the tem-
perature controlled by a heat exchanger. The total
volume in the system was deliberately kept to a mini-
mum (o minimize the time required for each gas <
absorption experiment. (As in any gas absorption
experiment, the amount of dissolved CO, in the sys-
tem reached a readily measurable quantity only after
a fairly long time.) Two different test cell diameters D
were used, 0.152 and 0.038 m. The respective nozzles
had diameters d of 0.0064 and 0.0016 m, giving a ratio
of D/d as 24, similar to that used in refs. [3. 6].
CO,, which was used in all the gas absorption
measurements, was introduced just above the inter- SYSTEM DIA. C 1 x|z
face and exhausted at a higher station. Our aim was o —¢ CC/ I ¥ —
to prevent any build up of noncondensable gases, NOZZLE DIA. & ?
notably air, residing next to the interface. Air, being d ——|
lighter than CQ,, would naturally tend to be exhaus- I~ i L
ted out of the system. In order to ensure that the CO, b
coming into the test section did not induce ‘extra’
turbulence at the interface, a large inlet tube was used oL FLOW G

to reduce inflow velocity. With the pump shut off, the
interface remained perfectly still before and after the
valve controlling the supply of CO, was turned off.
Also, the incoming CO, was preheated by passing the
gas through a copper tubing, immersed in a water-
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glycerol mixture bath so that it was at the same tem-
perature as the bulk water in the test section. In this
way, we were able to maintain a gas temperature
within +0.5°C of the water temperature, thereby
ensuring a known gas temperature at the interface,
which was important since the saturated con-
centration of CO, in water is highly dependent on
temperature (there is a variation of about 3% for
every degree Celsius change in temperature). The satu-
ration concentration of CO, was computed based on
the work of refs. [7-9].

In each test, the system was first allowed to run for
at least 20 min with CO, inflow to reach the desired
stcady-state operating condition. Five different sam-
ples (50 ml) of the bulk water were taken to determine
the initial average concentration of dissolved CO,.
The water level in the test cell was then reduced pre-
ciscly to the desired z,/D level, z, being the height of
the interface above the inlet nozzle. The system was
restarted and run for a time ranging from 5 to 12 h,
depending on the turbulence intensity imposed. At
the end of the run, seven samples were taken for
determining the average final concentration. The
amount of dissolved CO, in the samples was deter-
mined using an Orion Research carbon dioxide elec-
trode (model 95-02) which has an accuracy of +5%.
The electrode was initially calibrated against samples
(supplied by Orion Research) of known value of dis-
solved CO, in the solution, and at 2 h intervals as
recommended.

The governing equation for the transfer of CO, into
the liquid volume of the test system is given by

V dC/dt = KL A(C,—C) (1

where V is the volume of water in the system, A is the
area of the interface, C is the bulk concentration of
CO, in water, C; is the saturated concentration of
CO, at the interface, K| is the mass transfer coefficient
[m s~ '] and ¢ is the time in seconds. Under steady-
state operating conditions, equation (1) can be inte-
grated to give

K, =V/AtIn (C,—C)/(C,—C) 2

where C; is the initial concentration of CO,, C; is the
final concentration of CO, and ¢ is the time duration
of the run. With C; and C; measured, equation (2)
gives the mass transfer coefficient K . After each run,
the system was flushed thoroughly with tap water
before a new run was initiated.

3. TURBULENCE CHARACTERISTICS

3.1. Rum.s. velocity correlation

Sonin et al. [3] have shown, using scaling argu-
ments, that in the jet’s far field, i.e. at elevations z
sufficiently far above the nozzle exit (but not too close
to the interfacial damped layer), the r.m.s. value of a
fluctuating component of velocity v obeys the relation,

v(r,z) = (Q/Dd) f(Re,, /D, z[D). 3
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Here, Q is the liquid volume flow rate circulating
through the system, Re, (= Q/dv) is the system Reyn-
olds number based on the characteristic speed through
the nozzle Q/Dd, the system diameter D and the liquid
kinematic viscosity v, and r is the radial coordinate.
Both their experimental data and the subsequent data
of Brown et al. [6] further suggested that, for
3.1 < z/D < 4.2, the centerline v has the form,

0(0,2) ~ ®(Re )(Q/Dd) e~ "=/, @)

Here, v can be interpreted as the r.m.s. value of either
the axial or the radial fluctuating velocity component
at the centerline (recall that the turbulence below the
surface layer is isotropic in the horizontal plane). The
function ®(Re,) is reproduced in Fig. 2. As discussed
in ref. [6], there is some ambiguity as to the exact form
of ®(Re,) since there is considerable scatter in the
data, especially among those data points obtained
using the high speed video camera system rather than
the LDV (Laser Doppler Velocimeter). Instead of
setting ®(Re,) = 23.4, which is the overall average, we
shall use in what follows

®(Re,) = 24.5 Re, < 15000
=218 Re, > 30000 (5)

which are the average values in their respective Re,
ranges. This is done so that ®(Re,) = 21.8 reflects
more closely the data obtained using the LDV, where
the sample size of 10000 is clearly a better statistical
representation compared to the sample size of between
60 and 200 in the other data collected using the high
speed video camera. Also, for Re, < 15000, the data
tend to scatter more above the overall mean. Clearly,
the issue about the exact form of ®(Re,) can only be
resolved when more data are collected, especially in
the ‘intermediate’ Re, range of between 15000 and
30000, where there is an absence of data. For more
details about the velocity measurements, refer to refs.
{6, 10].
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F1G. 2. Calibration of turbulence intensity at centerline of
test cell.
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3.2. Macroscale
The macroscale of the system was defined in Brown
et al. [6] as

A=(@1), . (6)
where 7 1s a characteristic time,
T = ( R(#) dr (7
and
R(1y = o' (t+ 0w (F) e (8)

is the Eulerian autocorrelation measured at the cen-
terline, v” is either the vertical or horizontal component
of the fluctuating velocity, ¢ is the r.m.s. value of the
same component, and the symbol (+> represents
ensemble average. Brown er al. found that A was
essentially invariant for a range of v and could be

annroximated hvy the exnression
approximaied by e expression

A~ 0.24D )

where D is the test cell diameter,

We shall use v and A to characterize the turbulence
at the liquid-side, close to the interface. Tn what
follows, v denotes the r.m.s. value of either the vertical
or horizontal (radial) fluctuating velocity component
at the centerline, extrapolated from the bulk region
(where it decays with z) to the interface. The dimen-
sionless group associated with it is the eddy Reynolds
number,

Re = vAjv. {16y

It should be noted, however, that the use of a single
rm.s. velocity for turbulence characterization
implicitly assumed that it is the single most important
parameter governing the transport rate across the
interface. From the LDA measurement of the velocity
distribution at depths closer to the interface within
the damped layer [6], both the horizontal and vertical
r.m.s. velocities deviate from the behavior given in
equation (4), with the vertical fluctuations being
damped and their kinetic energy imparted to the vel-
ocity components parallel to the surface. While the
exact spatial variation of the turbulence directly
beneath the surface might have some bearing on the
transport rate, we have assumed its effect to be sec-
ondary. A morc sophisticated characterization of tur-
bulence, on the other hand, will definitely incorporate
more parameters and require detailed measurements
of the turbulence field, cspecially close to the interface.
Experimental measurement of turbulence distribution
near a free surface is very limited, and those avuilable
used conventional instruments like the hot-wire anem-
ometer or LDA, which are not capable of tracking the
fluctuating interface and thus unable to determine the
exact distribution with respect to the surface. The
recently available PIV (particle image velocimetry)
seems 1o be the ideal choice, capable of tracking both
the interface and the velocity field beneath it sim-
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Table 1. Operating conditions of the experiment

Bulk water
temperature ('C) 40 29 23 25%
vx 10°(m°s ) 0.6529 0.8148 09325 1.840
Px 1 (m*s Y 2.8 2.18 178 L13
Se 230 377 525 1600
Cox 107 (mol 171) 2407 3120 3640 2.630

v 1s the kinematic viscosity of the bulk water, D is the
diffusivity of CO, in the liquid and C, is the saturation
condition of CO, in the liquid.

T Water mixed with 21% by volume of glycerol.
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4. RESULTS AND DISCUSSION

All the gas absorption experiments were performed
using CO; as the transfer agent, and operating under
four different Schmidt numbers (S¢) of 230, 377, 525
and 1600. The lower three Schmidt numbers were
obtained by operating at bulk water temperatures of
40°C, 29°C and 23'C respectively, To achieve Sc =
1600, a mixture of water and glycerol (21% by vol-
ume) at 25°C was used as the solvent. The operating
conditions are tabulated in Table 1. For each S¢, data
were obtained for a range of turbulence intensities.

Results for the mass transfer coeflicient K| vs v are
plotted in Figs. 3-6. All these plots have common
features: there appears 1o be linear rise in X, from
the origin and then a fairly abrupt ‘break’ which is
followed by another linear rise with much higher
slope. Most previous researchers have not noted such
a break, and have used a power law (or polynomial
function) to fit all their data. A distinct break has.
however, been noted by some investigators in cases
where the surface turbulence is generated by a strong
wind blowing above the interface, i.e. by interfacial
shear (e.g. see refs. [11-13]). It is generally postulated
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F16. 3. Mass transfer coefficient, K, (m s™"), vs turbulence
intensity, v (m s~ '), at S¢ = 230.
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that this latter break occurs because of the onset of
wave breaking, which causes gas bubbles to be
entrained into the liquid and increases the effective
surface associated with the absorption process. It
should be noted, however, that the break point in our
data is definitely not related to any wave breaking or
gas bubble phenomena. In all our experiments, the
liquid interface did not fluctuate more than -2 mm
in amplitude, and no bubbles were observed on the
liquid side.

If v, is the rm.s. velocity corresponding to the
break point, we expect that

Uy = 0y(D.p, v, A) (1)

where D is the molecular diffusivity, p is the density
of the liquid, v is the kinematic viscosity of the liquid
and A is the macroscale as defined in equation (9). It
follows that a break Reynolds number, Re, (=v,A/v),
must be a function of only the Schmidt number, i.c.

Re, = v, Afv = f(Sc). (12)

This scaling relation suggests that the “break’ velocity
should be inversely proportional to the macroscale A
if Sc is held constant. In order to check this
conclusion, we carried out a series of mass transfer
experiments at a bulk water temperature of 23°C (i.e.
Sc=525) in a smaller test cell with diameter
D = 0.038 m, four times smaller than the former
system. Using the cmpirical relationship (9), the
macroscale A, associated with the smaller test cell
would be four times smaller than the macroscale A,
(0.037 m) associated with the larger system. Equation
(12) implies that the break velocity (z,), associated
with the smaller system should be four times larger
than the corresponding break velocity of the larger
system at the same Sc of 525.

Figure 7 shows the plot of K; vs v for D = 0.038
m. The relationship is linear, and passes through the

break velocity of the large system, v, = 0.073 ms ',
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FiG. 7. Mass transfer coefficient, K, (m s~'), vs turbulence
intensity, v (m s~ '), for test cells with D = 0.038 m (small)

and 0.152 m (big) at Sc = 525.
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Table 2. Conditions at the ‘break” point

Se 230 377 525 1600
vy (ms™'), 0.066 0068 0.073 0092
break velocity
Re,, break 3851 3180 2983 1905
Reynolds number
Re, Sc™* 33900 34100 36500 36400
Avnrnos {RPs Y 04 18 1n4
AVOTAEL (A4 jol &I X

without a break. Our scaling analysis thus appears to
be confirmed. We were not able to obtain data for the
smaller system at or beyond its break velocity because
the interface became very wavy before such high vel-
ocities could be reached. The presence of waves would
have required the inclusion of more parameters for
the calibration of turbulence on the liquid side, not
to mention the need to estimate the average wavy
interfacial arca required for computing K, . Through-
out @l our experiments, we deliberately kept the tur-
bulence intensity at levels where the surface wave
amplitudes were below a few millimeters.

With data from the four tests with different Se, we
can try to establish the function f{(S¢) in equation
(12) empirically. The data suggest (Table 2) that the
break point Reynolds number can be approximated
by

Re, ~35x10* S¢ **

for 230 < Se < 1600 (13)

where the break point (denoted by *) is defined as the
intersection point of the two lingar regions (sec Figs.
3-6). Although equation (13) is derived for the indi-
cated range of high Sc, we obtain some idea of whether
it might also apply at much lower S¢ by referring to
the data of Sonin ez a/. [3] and Brown ¢; af. [6] for
condensation heat transfer at Prandtl numbers in the
range 1.5-6.0. Their vapor condensation data,
obtained using identical systems, showed a linear
relation (at least at zero Richardson number in the
case of ref. [6]) between K| and v, with no break point,
for r.m.s. velocities as large as 0.15 m s, This result
is at least consistent with equation (13), which predicts
that at Sc¢ = 10, say, the break Reynolds number is
1.4 x 10, which is much higher than the maximum
Reynolds number in the experiments described by
refs. [3, 6].

One conceivable explanation for the ‘break’
observed in our data is that our interfaces were con-
taminated with monolayers of surfactant or even dust.
The break point might then signal the condition where
the turbulent intensity becomes strong enough to
actually break up the surface contamination. Con-
tamination might conceivably have arisen, for exam-
ple. from oil leakage from the pump. Davies and
co-workers [14] have done extensive work on gas
absorption through monolayers and found that
monolayer resistance can cause mass transfer rate
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reductions of as much as 50%, depending on the
liquid-side turbulence intensity and the amount and
type of surface contamination. Davies er al. [15] pos-
tulated that a monolayer acts not only as a direct
physical barrier to transport at the interface, but also
offers ‘hydrodynamics resistance’ by damping out the
eddies in the vicinity of the interface, thercby causing
a reduction in the transport rate compared with the
clean surface condition. Their experimental data
showed that the greatest reduction in transport rate
occurred when the turbulence intensity in the liquid
was fairly fow, which suggested that the cause was the
inability of the surface-clearing eddies to break up the
surface film. Above a certain turbulence intensity, the
corresponding percentage reduction in K became
smaller. At very high turbulence intensity, the effect
of the monolayer was reduced to the layer’s resistance
{physical barrier) to transport. They found that the
effect of even a small amount of active contamination,
of order [ p.p.m., was measurabie for some con-
taminants,

In view of this, we carried out a series of experiments
designed to check if there was any change in surface
tension before and after the mass transfer experiment
(monolayers generally alter the surface tension), Care
was taken to test only water taken from very near the
interface. Qur Cenco tensiometer registered at most a
+0.0001 N m™' variation in the surface tension of the
water, which was measured as 0.0728 N m ™' (20°C)
irrespective of time or the test conditions. Orridge
[16] has studied the effect of 0.1 p.p.m. of sodium
sulfsuccinate as surfactant on the flow down an
inclined plane. He registered a 15% reduction in CO,
transfer rate with an accompanying 0.0011 N m '
decrease in surfacc tension. Our maximum +0.0001
N m~' variation in surfacc tension thus suggests that
surfactants were absent or insignificant in our tests.
Orridge’s result also showed a maximum reduction of
50% in the transport rate when the surfactants were
increased to 10 p.p.m., with an accompanying
decrease in surface tension of 0.009 Nm ' Typically,
the slope dK| /de increases in our experiment by a
much greater factor—at least 4-——as the break point is
traversed. This also suggests that monolayer con-
tamination is most likely ruled out as the reason for
the “break” in our data.

By using a scaling argument similar to that of Sonin
et af. [3], we can cstablish, in the simplest case where
the liquid-side turbulence “at’ the surface is charac-
terized by v, p, v and A, that

St = St(Re, S¢) (14)
where St is the mass transfer Stanton number,
St = K v = jltAC. {15)

Here j is the molar flux transport across the interface
and AC is the molar concentration difference between
the liquid surface and the liquid bulk. At velocities
below the break velocity, our data show that K /v is
constant, which implies that St is independent of Re.
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Table 3. St vs Sc for Re < Re,

Sc 230

St =dK, /dV 0.00060 0.000433 0.00040 0.00025
St S¢®? 0.0091 0.0084 0.00916 0.0101
Average St Sc¢° ~ 0.0092

377 525 1600

Most models developed for interfacial transport
(prominent examples are the large-eddy model of
Fortescue and Pearson [17] and the small-eddy model
of Lamont and Scott [18]; for a review of the various
models, see Sonin et al. [3]) suggest that the Stanton
number is proportional to the —0.5 power of Sc, i.e.

St oc Se™ . (16)

Table 3 gives the Stanton number or slope dX /de,
for Re < Re,,. The data can be correlated well with

St Sc¢®° % 0.00924+0.0018 (Re < Rey). (17)

A nondimensional plot of SzSc®* vs Re (Fig. 8)
indicates the approximately constant region of about
0.0092.

For the ‘post-break’ region ¢ >uv,, we plot
(KL —K,)/(v—uv,) against Rein Fig. 9, excluding those
data very close to the break region, as any slight
scatter of the data in that region would make its effect
felt disproportionately due to the denominator, v —v,.
v, 1s defined by equation (13), and K, by equations
(13) and (17). The results of Fig. 9 suggest that for
v > vy, the slope (K, — K,)/(v—uv,) is approximately
constant, or at most a weak function of Reand Sc¢. For
the ‘post-break’ region, we can write, approximately,

(K, —K,)/(v—rv,) ~0.0020+0.0003 (Re > Re,).
(18)

The only model proposed to date which suggests that
St is independent of Sc is the one of Kishinevsky [19].
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His model was supported by data from Kishinevsky
and Serebryansky [20], who generated their liquid-
side turbulence with a submerged mechanical stirrer
operating at very high speed (1700 r.p.m.). It is likely
that Kishinevsky and Serebryansky’s data lie well in
the ‘post-break’ region, as evidenced by the very high
stirring speed. For K| » K, and v » v, equation (18)
gives

St ~0.0020 (Re > Re,), (19)

which is in qualitative agreement with the results of
ref. [20]. Note, however, that a body of data centered
around the break region might (particularly when
plotted on a log-log scale) suggest that K, is pro-
portional to v", where n is greater than unity. Our two-
regime correlation is thus able, at least qualitatively,
to reconcile the two seemingly conflicting classes of
models: one broad class which advocates an S¢~°
dependence and the other which suggests an inde-
pendence of Sc. It should be noted, however, that
the ‘pre-break’ region of our correlation has a linear
dependence on v, rather than the ¢'/? dependence of
Fortescue and Pearson [17] or the v** dependence of
Lamont and Scott [18].

To summarize, our data can be correlated with the
equations

St Sc¢®° ~0.01040.002 (Re < Re,) (20)
St ~ 0.002+(0.015¢™**—0.002)(Re,/Re)
(Re > Re,) @n
where
Re, Sc®* =3.5x 10%, (22)

Equation (21) results from substituting equations (20)
and (22) into (18).

Note that up to this point, the velocity used to
define St and Re is the value of either the horizontal
or vertical fluctuating velocity components at the cent-
erline of the test cell, extrapolated from the bulk to
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the surface. The actual turbulence intensity decreases
with radial distance. The average value of v over the
free surface can be taken to be 90% of the centerline
value of vextrapolated to the interface [6]. This implies
that, if we base both S7 and Re on the local r.ms.
velocity, equations (20)-(22) become

StSe™T >~ 0.01140.002 (Re < Re,)
St~ 0.0022+(0.011S¢ "3 ~0.0022)(Re,/ Re)
(Re > Re,)

(23)

(24)
where

Re, Sc®™% ~ 3.2 x10%, (25)

Equations (23)-(25) are applicable for 500 < Re <
8000 and 230 < S¢ < 1600.

5. DISCUSSION AND COMPARISON WITH
PREVIOUS DATA

Equations {23)—(25) imply a linear dependence of
the transfer coefficient on r.m.s. velocity at both pre-
break and post-break conditions. The slopes are, how-
ever, different in the two regions. In the pre-break
region, the slope is proportional to S¢™%° and inde-
pendent of macroscale. After the break, the slope
depends on both Sc¢ and A, but the dependence of
both these parameters disappears at r.m.s. velocities
much higher than the break value. We also note that
a body of data in the neighborhood of the break may
appear to show a faster than lincar rise with r.m.s.
velocity, and a different dependence on Se and A.

In this section, we shall review some of the data
available in the literature for consistency with our
present correlation. We have selected only data for
which at least rough estimates can be made of the
r.m.s. velocity and length scale. Considering that these
estimates are in most cases inaccurate, the com-
parisons presented here must be viewed only in broad
terms, addressing issues of scaling and the existence
of pre- and post-break regions rather than the exact
values of the empirical coeflicients in the correlating
equations. Not included at all in these comparisons
are thin-film gravitational flows, in which surface
waviness and wave breaking often play significant
roles [21-23], suggesting that r and A are insufficient
to characterize the mass transfer mechanism.

Most of the previous attempts at correlating gas
absorption data, or providing an analytical basis for
the correlations (¢.g. scc the review in ref, [3]), have
come up with a single equation of the form

St = K, /v = constant Sc™" Re. (26)

Three models, each based on its own simplified view
of the turbulent transport process at the interface,
seem to have taken particular hold in the earlier litera-
ture. One is the ‘large-eddy’ model [2, 17], with
m = 0.5 and n = +0.5. The other is the ‘small-eddy’
model [18], with m = 0.5 and n = —0.25. The third is
Levich’s model, with m = 0.5 and n = +0.5. More
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recent data for channel flows have supported m = 0.5
and »n = 0, for wind-induced flows (where this cor-
relation can be justified with scaling arguments) as
well as for cases with no shear applied at the interface
{where there is no obvious theoretical justification for
the applicability of this power-law form).

Two-regime behavior has been suggested pre-
viously by Theofanous er al. [4] and by McCready
and Hanratty [24, 25], and has also been noted in
experiments with highly wind-swept interfaces. Based
on various literature data and on a belief that the
large- and small-eddy models represent lower and
higher Reynolds number turbulent flow limits, Theo-
fanous e7 al. [4] postulated a break at Re = 500, with
K, ~ % at lower Re and K. ~ ¢®7° at higher Re.
The break observed by McCready and Hanratty [24,
25] and those found in experiments with high wind-
induced turbulence have different (unrelated) origins,
and will be discussed separately elscwhere. Generally,
they differed from our system in that turbulence in the
liquid is induced by interfacial shear stress, imposed
by a moving gaseous medium above.

Table 4 summarizes some comparisons with
previous data, the selection criteria being that the
Schmidt number be large, that both ¢ and A be at
least estimable, and that the interface be at least
approximately flat. These data are discussed below.

5.1. Open-channel flow

Sonin et al. [3] have shown that the data of Krenkel
and Orlob [26] and Eloubaidy et ol. [27] (as referenced
in Plate and Friedrich [28)]) can be expressed approxi-
mately as shown in Table 4, if the Stanton number is
based on the streamwise component of fluctuating
velocity near the surface. This agrees in form with
equation (23), but differs by a factor of two.

The largest ¢ in these data sets was 0.04 ms ', and
the largest channel depth was 0.145 m. Estimating A to
be 1/10 the channel depth, we find that the maximum
value of the break point parameter in these data sets
is 7x 107, which is a factor of five smaller than the
value associated with the break (equation (25)). Apart
from the factor of two difference in the coefficient,
some of which may be attributable to our estimate of
v, these data are thus consistent with our corrclation.

5.2. Grid-induced turbulence in open-channel flow
Fortescue and Pearson [17] measured the transport
coefficient in an open channel with a grid inserted to
produce turbulence. They assumed that the tur-
bulence at the interface was the same as that behind
an infinite grid, as given by Batchelor and Townsend
[29]. and claimed good agreement with their ‘large-
eddy’ model, which predicts that the transfer
coefficient varied as the square-root of the r.m.s. vel-
ocity and the inverse square-root of the macroscale.
Fortescue and Pearson’s paper [17] is important
because it appears to clearly support the large-eddy
model, from which one might infer that it contradicts
our present correlation. A careful examination of the
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Table 4. Comparison with previous data

Range of Equivalent
Reference Correlationt Scor Pr (Re Sc®)max Type of flow
Krenkel and Orlob [26] St Sc¥* ~ 0.020 (a) Sc ~ 500 7% 10° Flow down an
Eloubaidy er al. [27] inclined channel
Fortescue and Pearson [17] St Sc®* ~ 0.01 (d) Sc ~ 570 3x10° Grid-induced turbulence in
an open channel flow
Isenogle [30] St S¢*? ~0.017 (b) 150 < Sc < 1050 1 x 10* Submerged oscillating grid
Ho [32] St S¢*® = 0.016 (a) Se ~ 500 3% 107
Kishinevsky and St~ 0.005 (d) 300 < Sc < 600 5x 10* (H,) Submerged mechanical stirrer
Serebryansky [20} 7% 10* (0,) operating at 1700 r.p.m.
7% 10* (N)

+ The letter indicates the classification of our ‘best estimate’ of the uncertainty in the deduction of St from the given data.
In most cases, the uncertainty comes from the estimation of ¢, which is classified as: (a) £25%; (b) £50%; (c) £100%;

(d) +200%.

paper shows, however, that their data seem, in fact,
to be quite consistent with our pre-break correlation,
equation (23), which has a linear dependence on v.
Figure 10 shows a re-drawing of Fortescue and
Pearson’s Fig. 12, which plots the mass transfer
coefficient vs Reynolds number Re,p for two of their
grid configurations. (The units and zero are not shown
on the ordinate of their Fig. 12, but can be deduced
from their Fig. 14, which plots the same data on a
logarithmic scale.) Their Reynolds number is defined
as Repp = 4Uhw/v(w+2h), where U is the mean flow
speed, & is the water depth, w is the channel width,
and v is the liquid kinematic viscosity. Figure 10
demonstrates that the turbulent transport coeflicient
(for Repp > 4000) varied essentially in a linear form
with U in Fortescue and Pearson’s experiments. The
r.m.s. velocity v was proportional to U in Fortescue
and Pearson’s experiments. The proportionality
coefhicient was not measured directly, however, and is
in our view open to some question. Fortescue and
Pearson evaluated it (see their equation (25)) using
Batchelor and Townsend’s [29] expression for tur-
bulence produced downstream of ‘infinite’ grids.
Based on this expression, one predicts an average v
over their mass transfer test section of about
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FiG. 10. Mass transfer coefficient, K, (m s~ '), vs Reynolds
number, Regp, for Fortescue and Pearson’s data [17].

v =~ 0.02U for one of their typical grid configurations.
However, given the fact that their test section length
was about 24 times the water depth, and that the
test section was preceded by an equally long ‘calming
section’, it seems likely that the turbulence resulting
from the shear at the channel’s bottom (and top, in
the calming section) was at least as important as that
produced by the grid.

In a fully developed turbulent channel flow, the
shear-induced turbulence is v ~ 0.1U, i.e. significantly
higher than grid-induced turbulence in the exper-
iments of Fortescue and Pearson, but not necessarily
overwhelmingly so. We may assume that v = U,
where in Fortescue and Pearson’s experiments f§ was
a coefficient of order 0.1 whose precise magnitude
depended to some degree on the experimental con-
ditions (grid configuration, entrance configuration,
etc.). The two data sets in Fig. 10 can be fitted with
our equation (23) with f = 0.97 and 0.67 respectively.
These are reasonable figures and, as might be
expected, the higher value of f§ is associated with the
configuration where the grid was closer to the begin-
ning of the test section.

Fortescue and Pearson’s data lic well below the
break point observed in our present correlation. With
B = 0.1, and conservatively estimating A as equal to
the water depth A, the maximum value of the break
point parameter in Fortescue and Pearson’s data is
3x10%, which is an order of magnitude below our
break point (equation (25)). Tt would appear, there-
fore, that Fortescue and Pearson’s data are in fact
consistent with our present correlation.

5.3. Submerged oscillating grid

The submerged oscillating grid has been used pre-
viously by a number of researchers to generate ‘homo-
geneous’ turbulence, which decays as the free surface
isapproached, much as in our own jet system. Isenogle
[30], following up the work of Dickey ez al. [31], made
numerous measurements in such a system of both
the horizontal and vertical r.m.s. velocities at various
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data {30].

depths beneath the interface and various operating
conditions. He also made measurements of the inte-
gral length scale, A,, defined as

A = J " dr 27

where

F@) = ulroyulre + )3 u )y

u is the fluctuating velocity, 7, is the reference location,
r is the mean separation distance and { ) is the
ensemble average. This length is comparable with, but
not exactly equal to, the turbulence macroscale A
used in Brown er al. [6]. Using the absolute turbulent
velocity W = {((u*+r>+w?)*"> and A, extrapolated
to the interface, we replotted Isenogle’s mass transfer
data in Fig. 11. K, Sc®*/W levels off to a value of
about 0.01 when Re] (= WA,/v) exceeds about 600. If
we assume that the total kinetic energy does not
change significantly in the ‘damped’ layer next to the
interface, then ¢, the r.m.s. velocity extrapolated from
the bulk to the interface, can be written as v ~ W/3%3,
and Isenogle’s data can be re-correlated as K, Sc®?%/
v =~ 0.017 for Re; (=vA,/v) greater than 400, which
agrees rather well with equation (23). For Re; < 400,
K. Sc™%jv shows some indication of rising above
0.017. The correlation as given in equation (23) was
obtained for higher Re, mainly 8000 > Re > 500.
Note, however, that the rise at Re, < 400 is quite
different from the data of McCready and Hanratty
[24, 25], who observed a decrease in K| /v at Re < 50
for the case of turbulence induced by surface shear.
In Isenogle’s data, we find a maximum break point
parameter of 1 x 10*, which is smaller than the critical
value associated with the break point, consistent with
Isenogle’s data being in the pre-break region.

Ho [32] has also used a submerged oscillating grid
apparatus to measure the transfer of O, across a tur-
bulent interface. Ho’s apparatus was the same as that
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used by Brumley and Jirka [33], who reported that,
provided one is not too close to the interface, the
scaling relationship of Hopfinger and Toly [34},

s = 0255 M3z
An = 0.1/,

(28)
(29)

is a fairly good approximation of the velocity field.
Here ¢ is the r.m.s. horizontal or vertical velocity, Ayy
is the macroscale, f is the grid frequency, s is the
stroke amplitude, A is the mesh size of the grid, and
2" is the distance from the virtual origin (which is
close to the center of oscillation). Taking the r.m.s.
velocity and length scale at the interface as given by
equations (28) and (29), respectively, we reduced Ho’s
mass transfer data to the form StS¢®% vs Rey
(=vAy/v) as plotted in Fig. 12. Although there is
some scatter in the plot, a mean value of St S¢®* ~
0.016 is obtained, independent of Rey;. This compares
favorably with equation (23). For Ho’s data, the
maximum value of the break point parameter turns
out to be 3x 103, which is smaller than the critical
value, consistent with our proposed correlation.

S.4. Submerged high speed mechanical stirrer

The only experiment that we are aware of which
may be in the ‘post-critical’ region are those of Kish-
inevsky and Serebryansky [20]. Kishinevsky and Sere-
bryansky used a high-speed submerged mechanical
stirrer to generate turbulence in a cylindrical test cell.
The stirring rate was kept constant at 1700 r.p.m. and
mass transfer data were collected for three different
gases, nitrogen, oxygen and hydrogen, at 20°C. In
order to reduce their data to our form, we follow
McManamey ef al. [35] (see also ref. [36]) and write,
for turbulence generated by a stirrer,

v~ 0.55NL (30)
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Aw ~ 0.3L, 31)

where ¢ 1s the turbulence fluctuation near the interface,
N is the stirring speed (revolutions per second), L is
the length (tip to tip) of the stirrer blade, and A, is
the characteristic eddy dimension (macroscale). Using
equations (30) and (31), we can restate Kishinevsky
and Serebryansky’s result as

St ~ 0.0045. (32)

Equation (24) yields St ~ 0.0014 for the three differ-
ent gases. Except for the constant, which differs by a
factor of about 3, the agreement is good, given the
various approximations made. As to whether Kish-
inevsky and Serebryansky’s data belong to the “post-
critical’ region, the break point parameter turns out
to have values well above the critical values (see Table
4).

6. CONCLUSIONS

An empirical correlation has been derived for high
Schmidt number gas absorption into a shear-free, tur-
bulent liquid interface. The correlation has the form

St S¢*? =0.011 (Re < Re,) (33)
St = 0.0022 + (0.011S¢~** —0.0022) (Re,./Re)
(Re > Rey) 34)

where St = K /v and Re, = 3.2x10*Sc™%* is the
break point parameter: a break occurs in the cor-
relation when this parameter reaches the critical value
of 3.2 x 10%,

The correlation is based on data in the range
500 < Re < 8000 and 230 < Sc¢ < 1600, where Re =
vA/v is the eddy Reynolds number. The correlation is
in good agreement with much of the available data
and although it is derived strictly from our own lab-
oratory data, draws together several apparently dis-
parate results in different studies.

At this point, we have no satisfactory model for the
transfer process, and no physical explanation of why
the break occurs. The break is definitely nor associated
with wave-breaking (the interface remained relatively
flat with surface wave amplitudes of below a few milli-
meters for all our tests) or gas bubble entrainment
into the liquid, which are implicated in the breaks
observed with wind-driven interfaces.

We note that a correlation similar to equation (33),
but with a 0.33 power dependence on the Prandtl
number, has been obtained for the analogous con-
densation heat transfer process by Brown er al. [6] at
low Prandtl numbers, 1 < Pr < 6. Brown er al. used
a similar system and similar turbulence intensities as
in the present study, but observed no break point.
This may be tentatively explained by the fact that,
because of the low Prandtl numbers, the break point
parameter was below the critical value in all of Brown
et al’s tests. However, not knowing the mechanism
of the break, there is no reason to assume that the
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break point criterion would be identical at low and
high Schmidt/Prandtl numbers.
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FORMULE DE TRANSFERT D'UN SCALAIRE A TRAVERS LA SURFACE LIBRE D'UN
LIQUIDE TURBULENT: UNE FORMULE A DEUX REGIMES POUR LES
NOMBRES DE SCHMIDT ELEVES

Résumé—On é&tablit une formule empirique pour Pabsorption de gaz a linterface turbulent d"un liquide.
Cette formule est exprimée en fonction de I'intensité de la turbulence et de la macro-échelle du cbié liquide
et des propriétés du gaz et du solvant. Le coefficient de transfert augmente linéairement avec la moyenne
quadratique de la vitesse fluctuante, jusqu’au point ot le nombre de Reynolds atteint une valeur critique
(dépendant du nombre de Schmidt). Aux vitesses plus élevées, il y a une croissance plus rapide. La pente
de la région a faible nombre de Reynolds est proportionnelle 4 la racine carrée de la diffusivité; aux
nombres de Reynolds plus élevés que le point de rupture, la pente devient indépendante de la diffusivité.

KORRELATION FUR DIE FREIE OBERFLACHE EINER TURBULENTEN
FLUSSIGKEIT IN ZWEI BEREICHEN BEI HOHER SCHMIDT-ZAHL

Zusammenfassung—Aufgrund von MeBergebnissen wird eine Korrelation fiir die Gasabsorption an der
Grenzfldche einer turbulenten und schubspannungsfreien Fliissigkeit entwickelt. Sie enthilt die Tur-
bulenzintensitdt der fliissigen Seite, die Abmessungen der flilssigen Seite und die Eigenschaften des diffun-
dierenden Gases und Losungsmittels, Der Transportkoeffizient nimmt linear mit der mittleren Gesch-
windigkeit bis zu einem Punkt zu, an dem die Wirbel-Reynolds-Zahl (abhingig von der Schmidt-Zahl)
einen kritischen Wert erreicht. Bei héheren Geschwindigkeiten kommt es zu einem steileren linearen
Anstieg. Die Neigung ist im Bereich kleiner Reynolds-Zahlen proportional zur Quadratwurzel der
Temperaturleitfdhigkeit ; bei Reynolds-Zahlen weit oberhalb des Knickpunktes ist die Neigung von der
TemperaturleitfZhigkeit unabhingig.

OBOBHIAIOWA ST BABUCUMOCTD 47151 CKANSPA CKOPOCTH HA [TOBEPXHOCTHU
TYPBYJIEHTHOM XWJIKOCTH MMPU OTCYTCTBUU CABUTA: ABYXPEXUMHASA
3ABHCHUMOCTD ITPHU BBICOKHX YHUCITAX IIMHUIOTA

Annoranns—IToyyeHsl 3KCNEpPMMEHTAIBHBIE XapaKTCPHCTHKH B CllyYac TMOFJIOINEHHS Ta3a Ha IrpaHHLe
TypOyNeHTHOMH XHIKOCTH NpH oTCYTCTBHH capura. Halneno cooTHoweHue, cogepxaluee HHTEHCHBHOCTL
TypOyNEHTHOCTH CO CTOPOHBI XHAKOCTH, MakpomaciuTad RHAKOCTH, a Takke ¢BoiicTsa anddynmupyio-
mero rasa u pacrsopurens. Koaduuuent nepenoca smneliHO BO3pacTaeT ¢ yBEIUYEHHEM CPEIHEKBA-
paTUMHON CKOPOCTH [0 TOYKH, B KOTOpOH TypOyneHTHOe wHcao PeiiHonbca AOCTHraeT KPHTHYECKOTO
(zaBucsutero ot umcna HImanra) 3naxucHus. Ipu Gostee BHICOKMX CKOPOCTSX JMHEHHOE YBEIMYCHHE
xoapdHuNeHTa HepeHoca TMpOUCXOANT Onictpee. Beymumma HakJioHa B of0nactu HM3KuX wucen Pefino-
JIBIICA TIPOTIOPLMOHANBHA KBAAPATHOMY KOPHIO n3 koxbduunenta anddysuu; npu uncnax Pelinonbaca,
IHAYMTEIHHO NPEBLIINAIOLMX KPHTHYECKOE 3HAUCHHE, HAKJIOH INEpPECcTaeT 3aBHCETh OT K03(hduumMeHTa
nuddysun.



