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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 hquid-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 [I] 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 nl. [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, 61 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 (I < PI < 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 et al. [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 I? > 3D, which is locked to the tube diameter 
[3,6]. This is 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 

gas-liquid interfacial area [m’] 
species concentration [mol m- ‘] 
saturated concentration of the gas in the 

liquid [mol m ‘] 
nozzle exit diameter, Fig. 1 [m] 
test cell inside diameter, Fig. 1 [m] 
molecular diffusivity of the gas in the 

liquid [m’ s ‘1 
mass transfer coefficient across the 
interface [m s- ‘1 
mass transfer coefficient corresponding 
to the ‘break’ velocity as defined in 

equation (13) [m s- ‘1 
Prandtl number 
volumetric flow rate circulating through 
system, Fig. 1 [m’ s- ‘1 
radial coordinate measured from the 

cylinder axis [m] 
Eulerian autocorrelation function 
measured al a fixed point, equation (8) 
Reynolds number, CA/V 
system Reynolds number, Q/dv 
break Reynolds number. r,A/v, equation 

(13) 

Schmidt number, v/D 
Stanton number, Ic,lc 
r.m.s. velocity of either the horizontal or 
vertical component of turbulent 
velocity [m s- ‘1 at the ‘interface’ 
obtained by extrapolating from the 
bulk, disregarding surface damping 
value of I’ at the ‘break’ point, as defined 

in equation (13) 
vertical coordinate measured upwards 

from the nozzle [m]. 

Creek symbols 

A integral length scale of turbulence eddies 
as defined in equation (6) [m] 

1’ liquid kinematic viscosity [m * s ‘1 

z characteristic time as defined in equation 

(7) Is] 
@(Rc,) function defined in equations (4) 

and (5). 

Subscript 
* 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 to 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 dof 0.0064 and 0.0016 m, giving a ratio 
of D/d as 24, similar to that used in refs. [3. 61. 

CO?, which was used in all the gas absorption 
measurements, was introduced just above the inter- 
face and exhausted at a higher station. Our aim was 
to prevent any build up of noncondensable gases, 
notably air, residing next to the interface. Air, being 
lighter than CO,, would naturally tend to be exhaus- 
ted out of the system. In order to ensure that the CO2 
coming into the test section did not induce ‘extra’ 
turbulence at the interface, a large inlet tube was used 
to reduce inflow velocity. With the pump shut off, the 
interface remained perfectly still before and after the 
valve controlling the supply of COZ was turned off. 
Also, the incoming CO, was preheated by passing the 
gas through a copper tubing. immersed in a water- FIG. I. Schematic of test cell 
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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 COZ 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. [7-91. 
In each test, the system was first allowed to run for 

at least 20 min with CO, inflow to reach the desired 

steady-state operating condition. Five different sam- 
ples (50 ml) of the bulk water were taken to determine 
the initial average concentration of dissolved COz. 
The water level in the test cell was then reduced pre- 
cisely 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 CO2 in the samples was deter- 
mined using an Orion Research carbon dioxide elec- 
trode (model 95-02) which has an accuracy of k 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 = K,A(C,-C) (I) 

whcrc V is the volume of water in the system, A is the 
arca of the interface, C is the bulk concentration of 
CO? in water, C, is the saturated concentration of 
CO? at the interface, KL is the mass transfer coefficient 
[m s- ‘1 and t is the time in seconds. Under steady- 
state operating conditions, equation (1) can be inte- 

grated to give 

K, = V/At In ((C, - C,)/(C, -CO) (2) 

where C, is the initial concentration of CO*, Cf is the 
final concentration of CO> and t 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. I. R.m.s. oelocitJ~ 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, 2) = (QlWfUk r/D, z/D). (3) 

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 ~1 has the form, 

v(O,z) N @(Re,)(Q/Dd) em ‘.*““. (4) 

Here, tl can be interpreted as the r.m.s. value of either 

the axial or the radial fluctuating velocity component 
ut 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 

= 21.8 Re, > 30000 (5) 

which are the average values in their respective Res 

ranges. This is done so that @(Re,) = 21.8 reflects 
more closely the data obtained using the LDV, where 
the sample size of IO 000 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, < 15 000, 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 15 000 and 
30000, where there is an absence of data. For more 
details about the velocity measurements, refer to refs. 

[6, 101. 

FIG. 2. Calibration of turbulence intensity at centerline of 
test cell. 
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The macroscale of the system was defined in Brown 
ct ul. [6] as 

A = (l.Z), ? (1 (6) 

where z is a characteristic time, 

1 

I 
T= R(t) dt (7) 

0 

and 

&t) = (I.‘(f$-t’)Z”(r’))lI.~ (8) 

is the Eulerian autocorrelation measured at the cen- 
terline. c’ is either the vertical or horizontal component 
of the flL]ctuatin~ velocity, I’ is the r.m.s. value of the 

same component, and the symbol (*) represents 
ensemble average. Brown et al. 

essentially invariant for a range 
approximated by the expression 

found that A was 
of I’ and could be 

A = 0.24D (3) 

where D is the test cell diamctcr. 
We shall use I! and A to characterize the turbulence 

at the liquid-side, close to the interface. In what 
follows, 1’ dcnotcs the r.m.s. value of eithrr the wrtiml 

or Izori3~ntal (rudiul) ~jhictuuting adocity wtnponent 

ui ths cwtdinr, ~~.~trupt)lute~i from the hulk w&n 

(where it decays with 2) to the inte$~~~. The dimen- 
sionless group associated with it is the eddy Reynolds 
number, 

Re = t/%/S. (IO) 

It should be noted, howcvcr, that the USC of a single 
r.m.s. velocity for turbulence characterization 
implicitly assumed that it is the single most important 

~a~rneter goverIling 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 dcviatc 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, WC have assumed its effect to be scc- 
ondary. A more sophisticated characteri~tion of tur- 

bulence, on the other hand, will dc~nitely incorporate 
more paramctcrs and require detailed measurements 
of the turbulence field, cspccially close to the interFace. 
Experimental measurement of turbulence distribution 
near a free surface is very limited, and those available 
used conventional instruments like the hot-wire anem- 
ometer or LDA, which arc not capable of tracking the 
fluctuating inierP&ce and thus unable to determine the 
P.\-uc~ distribution with respect to the surf&e. The 
recently available PIV (particle image velocimetry) 
seems to be the ideal choice, capable of tracking both 
the interface and the velocity field beneath it sim- 

Table 1, Operating conditions of the experiment 

Bulk water 
temperature ( C) 

taxl0”(m’s I) 0.6529 0.8148 0.9325 1.840 

Dx 10” (IX’S ‘) 2.8 2.11; 1.X 1.13 

SC 330 377 525 1600 

C:;,, x It)? (mol 1~ ‘) 2.407 .3,1X) 3.640 2.630 

1’ is the kinematic viscosity of the bulk water. D is the 
diffiisivity of CO? in the liquid and C,;,, is the saturation 
condition of CO, in the liquid. 

7 Water mixed with 21% by volume of glycerol. 

ultaneously and one of us (B.C.K.) is currently work- 
ing on the subject. 

4. RESULTS AND DISCUSSION 

AI1 the gas absorption experiments were performed 

using CO2 as the transfer agent, and operating under 
four different Schmidt numbers (SC) of 230, 377. 525 
and 1600. The lower three Schmidt numbers were 
obtained by operating at bulk water teinperatures of 
40 C, 29 C and 23’C rcspcctively. To achieve SC = 
1600, a mixture of water and glycerol (21% by vol- 
ume) al 25°C was used as the solvent. The operating 
conditions are tabulated in Table 1. For each SC, data 
were obtained for a range of turbulence intensities. 

Results for the mass transfer coeflicient K, vs $1 are 
plotted in Figs. 3-6. All these plots have common 
features: there appears to be linear rise in K, from 
the origin and then a fairly abrupt ‘break’ which is 
followed by another linear rise with much higher 
slope. Most previous rcscarchcrs 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 surf’dce turbulence is generated by a strong 
wind blowing above the interface, i.e. by interfacial 
shear (e.g. see refs. [I I-131). It is generally postulated 

T 
E 

z 

Rc. 3. Mass transfer coefficient, K, (m s- ‘), vs turbulence 
intensity. L: (m s’- ‘), at Sc = 230. 
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FIG. 4. Mass transfer coefficient, KL (m s- ‘), vs turbulence 
intensity. 1’ (m s ‘), at SC = 377. 

FIG. 5. Mass transfer coefficient, KL (m s- ‘), vs turbulence 
intensity, c (m s- ‘). at SC = 525. 

r(mhl 

FIG. 6. Mass transfer coefficient, KL (m K’), vs turbulence 
intensity, r (m s ‘), at SC = 1600. 

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 l-2 mm 
in amplitude, and no bubbles were observed on the 

liquid side. 
If L’* is the r.m.s. velocity corresponding to the 

break point, we expect that 

Z’* = 1’*(L), p, V, A) (11) 

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, (= L’*A/v), 
must be a function of only the Schmidt number. i.e. 

Re, = P,A/v =,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 empirical relationship (9), the 
macroscale A2 associated with the smaller test cell 
would bc four times smaller than the macroscale A, 
(0.037 m) associated with the larger system. Equation 
(12) implies that the break velocity (~1,)~ 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 KL vs v for D = 0.038 
m. The relationship is linear, and passes through the 
break velocity of the large system, c, = 0.073 m s ‘, 

t 

FIG. 7. Mass transfer coefficient. K, (m s- ‘), vs turbulence 
intensity, r (m s- I), 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 
-_ 

SC 230 317 525 I600 
--_- _“..I__-.~ ___- 

I:* (m s-l), 0.066 0.068 0,073 0.092 
break velocity 

Re,, break 
Reynolds number 

385 1 3180 2983 I9U5 

33 900 34 100 36 500 36400 

Average (RP,)&” ’ 2 3.5 x 10’ 

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 rcquircd for ~omputil~g K,_. Through- 
out afl our experiments. we deliberately kept the tur- 
bulcncc intensity at levels where the surface wave 
ampfitudes were below a few millimeters. 

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

by 

Re,- 3.5x lO”Sc O4 

for 230 < SC& < 1600 (13) 

where the break point (denoted by *) is defined as the 
intersection point of the two linear regions (set 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 Sc by referring to 
the data of Sonin et ui. [3] and Brown ff (11. [6] for 
condensation heat transfer at Prandtl numbers in the 

range 1 S-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 z’, 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 = IO, say, the break Reynolds number is 
1.4x 104, which is much higher than the maximum 
Reynolds number in the ex~~ments described by 

refs. [3, 61. 
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 

reductions of as much as 50%, depending on the 
liquid-side turbulence intensity and the amount and 
type of surface contamination. Davies ef ~11. [IS] 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, thereby 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 low, 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 KL 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 f p.p.m., was measurable 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 experii~~nt 
(monolayers generally alter the surface tension). Care 
was taken lo test only water taken from very near the 
interface. Our Cenco tensiometcr registered at most a 
f0.0001 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. Orridgc 
[ 161 has studied the effect of 0.1 p.p.m. of sodium 
sulfsu~~i~l~~te as surfactant on the flow down an 
inclined plane. He registered a 15% reduction in CO? 
transfer rate with an accompanying 0.001 1 N m ’ 
decrease in surface tension. Our maximum +O.OOOl 
N m‘ ’ variation in surface tension thus suggests that 

s~irfa~tants 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 N m ‘. Typically, 

the slope dK,jdz! increases in our experiment by a 
much greater factor-at least 4--as the break point is 
traversed. This also suggests that monolayer con- 
tamin~ltion 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 N/. [3], we can establish, in the simplest case where 
the liytlid-side turbulell~e ‘at‘ the surface is charac- 
terized by 11, p, I’ and A, that 

St = St(Rr, S-L’) (14) 

where St is the mass transfer Stanton number, 

St = K,!I> = .jjr:AC. (15) 

Here.j is the molar flux transport across the inte&ee 
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 KJzt is 
constant, which implies that St is independent of Re. 
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Table 3. St vs SC for Re -c Re, 

SC 230 317 525 1600 

St = dK,jdV 0.00060 0.000433 0.00040 0.00025 

St SC0 5 0.0091 0.0084 0.00916 0.0101 

Average St SC” ’ 2 0.0092 

Most models developed for interfacial transport 

(prominent examples are the large-eddy model of 
Fortescue and Pearson [ 171 and the small-eddy model 
of Lamont and Scott [ 181; for a review of the various 
models, see Sonin et ul. [3]) suggest that the Stanton 
number is proportional to the -0.5 power of SC, i.e. 

St cc sc-o.‘. (16) 

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

St SC”’ z 0.0092~0.0018 (Re < Re,). (17) 

A nondimensional plot of St SC’.’ vs Re (Fig. 8) 
indicates the approximately constant region of about 

0.0092. 
For the ‘post-break’ region c > c’.+, we plot 

( KL - K,)/(D - c,) against Re in 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, C-U*. 
L’* is defined by equation (13), and K, by equations 
(13) and (17). The results of Fig. 9 suggest that for 
1’ > z’*, the slope (KL- K,)/(c-21,) is approximately 
constant, or at most a weak function of Re and SC. For 
the ‘post-break’ region, we can write, approximately, 

(KL- K,)/(o-o,) N 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]. 

FIG. 9. (K,-K,)/(PP,) vs Re for Re > Re, 

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,_ x K.+ and z) >> c*, equation (18) 
gives 

St N 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 KL is pro- 
portional to ZI*, 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 SC-’ ’ 
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 z), rather than the c’,’ dependence of 
Fortescue and Pearson [ 171 or the u’:~ dependence of 
Lamont and Scott [IS]. 

To summarize, our data can be correlated with the 
equations 

St SC0 5 = O.OlOf0.002 (Re < Re,) (20) 

St N O.OO~+(O.O~SC~~ ‘-O.O02)(Re,/Re) 

(Re > Re,) (21) 

where 

Re, SC’ 4 = 3.5 x 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 recent data for channel flows have supported m = 0.5 
with radial distance. The arera,r~p value of 2’ over the and n = 0, for wind-induced Bows (where this cor- 
free surface can be taken to be 90% of the centerline relation can be justified with scaling arguments) as 
value of rextrapolated to the interf’dce [6]. This implies well as for cases with no shear applied at the interface 
that. if WC base both St and Rc on the lo& T.~I.s. (where there is no obvious theoretical justification for 
t*elocify, equations (20)-(22) become the ~~ppli~ability of this power-law form). 

St SC” ’ 2 0.0 I 1 i 0.002 (Re < Rt,,) (23) 

Sr 2: 0.0022+(0.01 I.% ” ‘-O.O022)(R<J*,‘Re) 

whcrc 

(Re > Re,) (24) 

Re, .Sc’-’ = 3.2 x 10”. (23 

Equations (23)-(25) are applicable for 500 < Re < 
8000 and 230 < Sc < 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 SC--” 5 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 linear rise with r.m.s. 

velocity, and a different dependence on SC and A. 

Two-regime behavior has been suggested prc- 
viously by Theofdnous et NI. [4] and by McCready 
and Hanratty [24. 251, 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 et al. [4] postLllatcd a break at Re 2 500, with 
I(, WI’ (‘.’ at lower Re and Kr_ + L’“.~’ at higher Rc’. 

The break obscrvcd by McCrcady and Hanrdtty [24. 
251 and those found in experiments with high wind- 
induced turbulence have different (unrelated) origins, 
and will be discussed separately elsewhere. 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 L’ and A be at 
least estimable, and that the interface be at least 
approximately flat. These data are discussed below. 

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 pm- and post-break regions rather than the exact 
values of the empirical coefficients 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 [2l-231, suggesting that I‘ and A are insufficient 
to characterize the mass transfer mechanism. 

Sonin et al. [3] have shown that the data of Krenkel 
and Orlob [26] and Eloubaidy et i/l. [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 2% in these data sets was 0.04 m s ‘, and 
the largest channel depth was 0.145 m. Estimating A to 
be l/l0 the channet depth. WC find that the maximum 
value of the break point parameter in these data sets 
is 7 x 102, 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 cstimatc of 
r, these data are thus consistent with our correlation. 

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

St = k’,/c: = constant SV” 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, 171, with 
m = 0.5 and n = +0.5. The other is the ‘small-eddy’ 
model [Is]. with m = 0.5 and n = -0.25. The third is 
Levich’s model. with M = 0.5 and II = i-0.5. More 

Fortescue and Pearson [ 171 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. vei- 
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 

Reference 

Krenkel and Orlob [26] 
Eloubaidy (it ul. [27] 

Correlationt 

Sr S? ’ 2 0.020 (a) 

Fortescue and Pearson [ 171 SI SC” ’ 2 0.01 (d) 

Isenogle [30] St Sc” ’ v 0.017 (b) 
Ho [32] St SC” ’ 2: 0.016 (a) 

Kishinevsky and Sf z 0.005 (d) 
Serebryansky [ZO] 

Range of 
SC or Pr 

Equivalent 
(RE sc".4),ax Type of flow 

SC r 500 7 x IO’ 

SC ?z 570 3 x IO3 

150<SL.< 1050 1 x lo4 
sc - 500 3 x lo1 

300 < Se < 600 5 x 10” (H,) 
7 x IO4 (0,) 
7 x 10” (NZ) 

Flow down an 
inclined channel 

Grid-induced turbulence in 
an open channel flow 

Submerged oscillating grid 

Submerged mechanical stirrer 
operating at 1700 r.p.m. 

t The letter indicates the classification of our ‘best estimate’ of the uncertainty in the deduction of SI from the given data. 
In most cases, the uncertainty comes from the estimation of ?, which is classified as : (a) i. 25% ; (b) k 50% ; (c) f 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 L). 
Figure 10 shows a re-drawing of Fortescue and 
Pearson’s Fig. 12, which plots the mass transfer 

coefficient vs Reynolds number Repp 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 Re,, = 4Uhw/v(w+2h), where U is the mean flow 
speed, h is the water depth, w is the channel width, 
and v is the liquid kinematic viscosity. Figure IO 
demonstrates that the turbulent transport coefficient 
(for Re,, > 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 
coefficient 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 1; 
over their mass transfer test section of about 

‘OI 

FIG. 10. Mass transfer coefficient, K, (m s- ‘). YS Reynolds 
number, Rr,,, for Fortescue and Pearson’s data [17]. 

I’ rr 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 1’ - 0.1 U, 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 t’ = /lZJ, 
where in Fortescue and Pearson’s experiments /I 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. IO can be fitted with 
our equation (23) with /I = 0.97 and 0.67 respectively. 
These are reasonable figures and, as might be 
expected, the higher value of fl is associated with the 
configuration where the grid was closer to the begin- 
ning of the test section. 

Fortescue and Pearson’s data lie well below the 
break point observed in our present correlation. With 

fl = 0. I, and conservatively estimating A as equal to 
the water depth h, the maximum value of the break 

point parameter in Fortescue and Pearson’s data is 
3 x 103, which is an order of magnitude below our 
break point (equation (25)). It 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 
is approached, much as in our own jet system. Isenogle 
[30], following up the work of Dickey et 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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FIG. I I. K, SC”~~/W vs Re; for Iscnogle’s mass transfer 
data [30]. 

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

(27) 

where 

f‘(r) = (u(Yo)u(r,Cr))i(uZ(vo)) 

u is the fluctuating velocity, rl) 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 turbuience macroscale A 
used in Brown et al. [6]. Using the absolute turbulent 
velocity WE ((u*+~~‘+I.E*)” ‘) and A, extrapolated 
to the interface, we replotted Isenogle’s mass transfer 
data in Fig. 1 I. KLSeo~5/W levels off to a value of 

about 0.01 when lie; (= WA,~~~) exceeds about 600. lf 
we assume that the total kinetic energy does not 
change significantly in the ‘damped’ layer next to the 
interface, then c, the r.m.s. velocity extrapolated from 

the bulk to the interface, can be written as v N W/3o.5, 
and Isenogle’s data can be re-correlated as K,Sc’.‘/ 
v EC 0.017 for Re, (=vA,/v) greater than 400, which 
agrees rather well with equation (23). For Re, < 400, 
K~SC~~~/V 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, 251, who observed a decrease in &/II at Rc, < 50 
for the case of turbulence induced by surface shear. 
In lsenogle’s data, we find a maximum break point 
parameter of 1 x IO”, 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 0, across a tur- 

bulent interface. Ho’s apparatus was the same as that 

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], 

c zz ()25Js’~“M”~5/~’ (28) 

A TH = O.lz’, (29) 

is a fairly good approximation of the velocity held. 
Here L’ is the r.m.s. horizontal or vertical velocity, A,.n 
is the macroscale, ,f’ is the grid frequency, s is the 
stroke amplitude, M is the mesh size of the grid, and 
:’ 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 St Sco5 vs Rerr 
(=~A,-,/v) as plotted in Fig. 12. Although there is 
some scatter in the plot, a mean value of St .Sc”.’ 2 
0.016 is obtained, independent of Re,. This compares 
favorably with equation (23). For Ho’s data, the 
maximum value of the break point parameter turns 
out to be 3 x 103, which is smaller than the critical 
value, consistent with our proposed correlation. 

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 et al. [35] (see also ref. [36]) and write, 
for turbulence generated by a stirrer, 

L’ - 0.55NL (30) 
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A, - 0.3L, (31) 
break point criterion would be identical at low and 

high Schmidt/Prandtl numbers. 

where L’ is the turbulence fluctuation near the interface, 

N is the stirring speed (revolutions per second), L is Acknowlecrlqements-This work partly supported by Grant 

the length (tip to tip) of the stirrer blade, and A, is NAG3-731 from NASA Lewis Research Center, and moni- 

the characteristic eddy dimension (macroscale). Using tored by J. C. Ayolelott and D. M. DeFelice. One of us 

equations (30) and (31) we can restate Kishinevsky 
(B.C.K.) was supported by the Singapore government during 
this work. 

and Serebryansky’s result as 

St - 0.0045. (32) 

Equation (24) yields St E 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 SC” 5 = 0.011 (Re < Re,) (33) 

St = 0.0022+ (0.01 1Sc-0~s-o.0022)(Re*/Re) 

(Re > Re,) (34) 

where St = K,/c and Re, = 3.2x IO“SC-~~“ is the 
break point parameter: a break occurs in the cor- 
relation when this parameter reaches the critical value 
of 3.2 x 104. 

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 not 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 
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FORMULE DE TRANSFERT DUN SCALAIRE A TRAVERS LA SURFACE LIBRE D’UN 
LIQUIDE TURBULENT: UNE FORMULE A DEUX REGIMES POIJR LES 

NOMBRES DE SCHMIDT ELEVES 

R&urn&On Ptablit une formule empirique pour I’absorption de gaz I I-interface turbulent dun liquide. 
Cette formule est exprimire en fonction de l’intensite de la turbulence et de la macro&he& du cot& liquide 
et des prop&es du gaz et du solvant. Le coefficient de transfert augmente lintairement avec la moyenne 
quadratique de la vitesse fluctuante, jusqu’au point oti ie nombre de Reynolds atteint une valeur critique 
(d&pendant du nombre de Schmidt). Aux vitesses plus ilevees, il y a une croissance plus rapide. La pente 
de la region d faible nombre de Reynolds est proportionnelle a la racine carree de la diffusivite; aux 
nombres de Reynolds plus ileves que le point de rupture, la pente devient indtpendante de la diffusivitt. 

KORRELATION FUR DIE FREIE QBERFLACHE EINER TURBULENTEN 
FLijSSiGKEIT IN ZWEI BEREICHEN BE1 HOHER SCHMIDT-ZAHL 

Zusammenfa~ung-Aufgrund von MeBergebnissen wird eine Korrelation fiir die Gasabsorption an der 
Grenzfltiche einer turbulenten und schubspannungsfreien Fhissigkeit entwickeit. Sie enthalt die Tur- 
bulenzintensitat der fliissigen Seite, die Abmessungen der Aiissigen Seite und die Eigenschaften des diffun- 
dierenden Gases und LBsungsmittels. Der Transportkoeffizient nimmt linear mit der mittleren Gesch- 
windigkeit bis zu einem Punkt zu, an dem die Wirbel-Reynolds-Zahl (abhangig von der Schmidt-Zahl) 
einen kritischen Wert erreicht. Bei hiiheren Geschwindigkeiten kommt es zu einem steileren Iinearen 
Anstieg. Die Neigung ist im Bcreich kleiner Reynolds-Zahlen proportional zur Quddratwurzei der 
Temperaturleitfahigkeit ; bei Reynolds-Zahlen weit oberhalb des Knickpunktes ist die Neigung von der 

Temperaturleitf~higkeit unabh~ngig. 

OBOBlJLAIOLILAII 3ABMCRMOCTb &JDl CKAJDLPA CKOPOCTM HA I’IOBEPXHOCTM 
TYPlSYJIEHTHOZ? ‘XMflKOCTW HPM OTCYTCTBMM CABPiTA: ,LLBYXPExHMHAR 

3ABHCkiMOCTb TIPW BbICOKMX YMCJIAX IBMHATA 

AHeo’raqHa-nonyseHL.1 3KCnepkIMeHTaAbHbIe XapaKTepacTkiKu B cnyqae nornomeHMa ra3a Ha rpaHkiue 

Typ6ynWTHOB XGiAKOCTH npH OTCyTCTBkW CABBra. HakAeHo COOTHOILleHHe, COAepIKaIIW IiHTeHCABHOCTb 

Typ6y~ie~TMOcTx co CTopoHbi XHAKOCTW, MarpoMacnrra6 ~u~XOc~u, a TaX%e CBOfiCTBa ~Uf&&i~~pyi~- 

were ra3a u pac-rnopnreJm. Ko3~~u~eHT neperioca nuneiiuo eospac-raer c yeennreHrie+M cpeJmersan- 
PUWiHOii CKOPOCTB a0 TO’IKH, B KOTO@i Ty~y~CHTH~ 9RCJlO PeiiHOJibCa AOCTtl~aeT K&MiTiIseCKOrO 

(3aBncruero OT sucna I.LkWa) 3naxqeHxx. &,ki ijonee BbICOKHX CKOPOCTKX JxwHeiiHoe yrxmi~enue 

K03+$HUWHTa =epHOCa II~KCXOAHT 6brcrpee. BennYBAa HaKAOHR B o6nacrw HEi3KRX ‘iEiCe.Il P&HO- 

JIbQCa npOnOpUHOHaJ,bHa KBa&,aTHOMy KOPHM A3 K03+~H~MeHTa LWl@@,‘3UH; l“p‘, YHCJE,X PeiiHOAbACa, 

3HaYMT‘?,IbHO npeBbn”aEOU,HX Kp,,TH’WZKOe 3HaYCHlle, HaKJLOH nepCTaeT 3aBIiCeTb OT K03+$U,HeHTa 


