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I. INTRODUCTION

The transfer of atmospheric pollutants to the vbcean finds increasing
interest. This is true in view of its practical importance, as well
as due to the fact that pollutant transfer (gases, vapours, aerosol
particles)might also contribute to the general understanding of air/
sea interaction (transfer of momentum, heat, water vapour, etc). -

A report on some aspects of pollutant transfer has been given pre-
viously (1971) by one of the present authors /3,4].

ITI. TRANSFER VELOCITY AND TRANSFER RESISTANCE: Choice of Notation.

The transfer of "matter"*%rom the air to the sea, i.e. from an elev-
ation of, say,ten meters above the water level, into the water, e.g..
down to a few meters depth below the surface is primarily accompl-
ished by two competing transport mechanisms (eddy diffusion and mol--
ecular diffusion). Since eddies cannot penetrate the interface, mol-
ecular diffusion is the only transport mechanism through those layers
which are directly adjacent to the interface, whilst eddy diffusion
prevails at greater distance.

‘The flux density j of the "substance" in question through any of the
individual layers which are to be penetrated by the transfer process
is usually proportional to the concentration difference Ac across

(1) this layer, i.e. jv/lc. This virtually is true for trace substances,
but not so for momentum and heat, since concentration gradients of
these particular quantities may actively cause advective or turbulent
transport through the layer in question (see e.g. [1/93]).

- Where eq. (1) holds we may say that the transfer resistance R,[éec/cmj

(2) defined by R=4c/jis independent of Ac. If we then arbitrarily divide
the region on both sides of the interface into a number of sublayers,
and if we know there are no internal sources or sinks, this means
that the flux density is constant through all these layers. Of course,
all individual Ac; across, the individual layers add up to the total
concentration dif erencelictotal across the whole sandwich and there-

(2a) fore it follows from RiaAc-/j (cf. (2)) that Rtotal;ﬁiRi’ as with el-

ectric resistancies connec%ed in series.

By introduction of the concept of resistance the treatment of trans-
fer processes 1is greatly facilitated: although, or rather because
the transfer pottle-neck for different substances may be situated in
different layers, the R value of a particular layer may be measured

+)this term may include all quantities under a specific conserva§ign
law (such as heat, momentum etc.), since, clearly, these quantities
behave matter-like during transfer.
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for one substance and used for another one, either directly or after
multiplication with a known factor [2/1847.

We shall find that a model "sandwich" of only a limited number of
individual ljers and of basicly, but not strictly logarithmic spacing,
will be suitéd best for our purpose., Of course, ultimately, using

a great number of very thin layers would mean defining a diffusion
constant D(z), variing with distance z from the interface. By defin-
ing an average diffusion constant D for an individual layer we

have the relation R=1/D where R the resistance and 1 the thickness

of this layer, - Further, the inverse of R namely the transfer veloc-
ity w [em/sec/=1/R may also prove useful in illustrating the intens-
ity of substance transfer through a layer with the transfer resistance
R. This w is the velocity of a fictitious piston pushing the substance
through the resistance layer from either side.

It should be stressed that both,resistance R and transfer velocity w,
always apply to a specific layer (between e.g. z1 and z,) and strictly
therefore should be put as R(z4,z,) or w(z,,z,), we may, however,
where misunderstanding seems unliﬁely, omi% the boundaries. We shall
also often use the "total" transfer resistance Rig between e.g.

- 10 meters above and, say, 1 meter below the water level. R or

IIT.

the corresponding tranfer velocity do not critically depen ogﬁlthe

exact values of these boundaries.

THE (LIQUID) FILM MODEL. - The effect of "solubility" and the in-
fluence of gas phase resistance.

For a layer through which molecular diffusion is the only transport
process it follows from eqs, (2) and (3) that w=D/1 or R= 1/D, where

D= molecular diffusion constant. Since gas phase molecular diffusion

is by four orders of magnitude faster than in a liquid the bottle-
neck with inter-phase gas transfer is in the liquid,although the mol-
ecular diffusion layer in the liquid is rather thin (below one milli-
meter). Gas transfer is, however, the more enhanced the higher its

solubility in the liquid is [2/182] . This led Minnich (1971) [3/7, .

4/146] to the conclusion that\substances of extremely low volatility
like DDT should behave like water vapour, which due to its large
liquid/gas phase partition factor (high "solubility"ol) sees pract-
ically no resistance in the liquid phase, is transferred much faster
than less soluble gases, and has its bottle-neck in the gas phase
boundary layer., The same argument has been used by Eggleton (1970

and 1975) /°5,67.

Fig. 1 summarizes the experimental evidence on gas tranfer and gives
an impression of the degree to which the real situation can be approx-
imated by a simple one- or two-layer transfer resistance model. Good
revigis of the simple film models can be found in Liss (1973) [77,

Broecker and Peng (1974) L8/, and Liss and Slater (1974) [2].

Apart from the influence of solubility which affects the gas phase
residence time of a trace gas only - the ligquid phase residence time
(evasion rate) is not influenced [8/31/ - the gas to-gas-differences
in the transfer rates as pmlicted by the film model are rather small,
in agreement with the experimental results. This 1s due to the fact,
that the molecular diffusion constants do not vary over a wide range,
and, consequently, there seems to be no need for more sophisticated

models[8/23 , 2/'182.7.
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Fig. 1: Transfer resistance R and transfer velocity w of individual
layers in the gas phase and in the liquid phase, and their
relative importance. Representative values under maprine con-
ditions are denoted by dots, the shaded areas give an idea
of the range to be expected. One e.g. sees immediately, that
true reflection of molecules at the interface does not play a
role. - Thé resistance of the viscous liquid boundary layer
strongly depends on the air/liquid equilibrium partition
factor (Henry's law constant H in Liss's notation £2/181J or
on the "solubility"o¢=1/H ) of the trace substance in ques-.
tion., - If Ohm's law eq. (2a) shall be valid across phase
boundaries note that reference should be made as to which
phase all R's and w's are normalized, i.e. in which medium
the pistons are thought to work. We have chosen the atmosphere
to be the reference medium; therefore the transfer velocity
through e.g. the liquid boundary film is w=¢D/1 or R=1/w=

- #1/xD (1= film thickness). Normalizing to the liquid phase
would give w’ =D/1 or R*®=1/D ;3 the advantage of this notation
is that w¥, the velocity of a piston transporting the same

- amount of gas, but "working" in the liquid phase, does not
contain ®« , and this means that the in- and evasion time

4 th/w* of gases dissolved in liquids is independent of gas
solubility. This is due to the fact that in this case the
exchange bottle-neck is situated in the same phase, a fact

- which greatly facilitates the discussion of gas exchange ex-
periments based on measurements of the gas concentration
change in the liquid. w/w®=xx also means of course: no net
gas transport in solution equilibrium.

“+) h= depth of water in container
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IV. THE DANCKWERTS (Residence-Time-) MODEL FOR THE LIQUID FILM.

\

This model has been used by one of the authors since 1960 (Miinnich
[9,10,37, originally not knowing of Danckwerts's work (1951) [Le.g.
11,12,13]. The preference for this model originated from the fact
that it shows a way to explain why there is a quasi-stagnant film
close, to the interface $ee[11/1861]. Minnich's approach to Danck-
werts model was slightly different: his starting point was diffu—.
sive penetration of a radiocactive tracer (like radon) or of a reactive
gas into a reactive liquid. If the gas concentration is sufficiently
small (as e.g. with CO2 at atmospheric level in imolar NaOH) the de-
cay constant by reaction is independent of COp concentration[lﬂ/g]
as it is in radioactive decay. For the trace substance penetrating
into the liquid by molecular diffusion he then opened a second decay
channel represented by eddies carrying the tracer-loaded liquid_into
the bulk, and replacing it by liquid being free of tracer[?,}/ﬁ].
Mathematical evaluation of this model leads to the following relations
ﬁu/8,9,,3/6, 16/1237: ,
statistical distribution of the tracer concentration c(z) with depth
(8) c(z)/c(0)=exp(-z/z), where the effective film thickness 1=z=JDz **)
c(0) is the tracer concentration immediately at the interface (on
the liquid side, which means c(O)=&90gaS hase). Thus the only dif-
ference from the simple film model is thag now the film thickness
15[DT changes with the molecular diffusion constant, and this has the
(9) consequence that the transfer velocity w=D/1=}D/¢" increases only with
the square root of D. '

As has been mentioned already, the concept of competing disintegration
channels makes the Danckwerts model handy to include more than one
mechanism influencing the gas exchange rate (e.g. chemical reaction,
wind induced turbulence, temperature induced convection etc.). For
strongly reacting gases (COp in NaOH/14/9,10/2147, S02 in wateré%/18é7)
film thickness is not influenced by turbulence (and vice versa [15/28Q/)
since the decay constant 1/:1/7(reaction)+1/T(turbulence) is control-
led exclusively by the reaction rate. :

It is evident that strict validity of Danckwerts model depends on the
following conditions:

1) molecular diffusion is the only multi-stage (i.e. diffusion-like)
process operating. If eddy diffusion would work as such to an appre-
clable extent it would have to be added to the molecular diffusion
constant D.

2) Danckwerts model treats turbulent transport as a single-stage pro-
cess. This is appropriate for the larger eddies which in fact replace
tracer-loaded water from the film by pure water from the bulk liquid.
The predicted dependence of w on decreasing molecular diffusion con-
stant D predicted by eq.(9) is only correct if smaller eddies do not
exist. If they would do, they would as long as molecular diffusion is
large and we according to eq. (8) have a thick boundary film, only
compete with molecular diffusion (see preceding paragraph), and they
probably would not be very efficient in doing this. If, however, mo-
‘lecular diffusion becomes much smaller  their relative importance in-
creases of course, and in addition (the boundary film according to
eq. (8) is much thinner now) they may now, despite their small dia-
meter,contribute to the single stage transfer, namely rglace loaded
water by pure water. This means they increase 1/t (decrease T). Due

- to 1=g=7D%v this is equivalent to 1 decreasing stronger and w=D/1l de~-

+) ﬁanckwertsis emphasis is primarily on the age distribution of the
surface elements of the liquid [11/1462,13/102].

'**)the intensity of the single-stage removal of tracer by the eddies
is reflected by A/t , the probability of occurrence per unit time
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creasing less than predicted by Danckwerts model, even if the de-
creasing molecular diffusion constant is not influenced appreciably
by additive turbulent diffusion (see fig. 2).
Note, however, that molecular diffusion of momentum (kinematic viscos-
ity) has a tendency to efficiently damp the small eddies
and consequently the assumption that there are no eddies with diameter
Z2momentum= DM T, might be a good one and a tracer diffusing more slow]
than momentuqmlght in fact experience the same residence tlﬂmetas does
momentum.
3)Danckwerts model assumes a residence time T~ independent of the dis-
tance z from the interface. There are cases /3/7,17/544 J where one
might suspect that the residence time increases towards the interface
(see p. 9). The extreme case would be that % for some distance
2€%Zq5, and this is equivalent to assumlng a simple film of fixed thick-
- ness in addition to a Danckwerts regime. In this case the fixed film
plays no role for large molecular diffusion constants, from a certain
D downward, however, the total film thickness then decreases less
than predlcted by Danckwerts and eventually remains constant. This
then means that the transfer velocity approximates the slope for the
simple film model. i A _ |

0 L-const. - — 0

logD

Fig. 2: Dependence of film thickness 1 and transfer velocity w for
the simple film model (heavy line) and the Danckwerts model
(broken line) on the value of the constant of molecular diffus-
ion. (D, 1 and w in arbitrary units, =1 assumed).
If in addition to a Danckwerts film there exists a very thin
fixed thickness f11m 1 eventually becomes constant and 1 goes
over to branch (g) 1n the diagram. Transfer velocity then
follows fixed thickness slope (line (b) in the diagram),
On the other hand, if small eddies become single-stage-active
on a very thin Danckwerts film they reduce the film thickness.
For sake of simplicity in using the same dlagram for the
discussion of this case, we assume that 1 follows e.g. branch
(b). This of course means then that the transfer velocity
drops less than predicted by Danckwerts (broken line) and
- in our example - follows line (a).
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PARAMETERS CONTROLLING RESIDENCE TIME AND FILM THICKNESS.
WIND STRESS

The most prominent parameter inducing gas exchange is thought to be
the wind velocity [7,8,15,18]transferring momentum to the ocean and
thus generating oceanic turbulence. Which fraction of total momentum
transferred goes directly into the ,surface film by molecular transfer
is still open to discussion[19/12]. Tt seems to be a reasonable assump-
tion, however, to use the fraction corresponding to hydrodynqmlcally
smooth transfer to the ocean, which anyway would mean a considerable
percentage of the total (see [20/57]).

If we then assume that this momentum transferred be conducted qown
by molecular viscosity as a gas tracer would be by molecula? diffus-
ion we can cdculate the velocity distribution across the viscous

surface film if we make an assumption about the film thickness.

By assuming that the flux density jMfC1O‘?a'?%o=§aoU§=gwu§ is con-

stant through the interface (Qa,qwzden31ty ot alr ard water, resp.,
Uqp=wind velocity at 10 meters, U, ,u,=friction velocity in air and
in water, resp., cqp=8mooth drag coeff.~¥1-1073) we know u,=Uy#S (where
S=Qy/{g=the "solubility" of momentum in water) from the friction veloc
ity U,in the atmosphere or from the wind speed U o+ In the boundgry
film we have a linear velocity gradient due to Fick's law jy=§,ugs
=ngMAu/1; if we then define from this a Reynolds number

Re= Au»l/DM=(u*/DM)2~12 Dy=molecular diffusion
‘ constant of momentum
‘ : (kinemetic viscosity
we see that this viscous flow boundary film cannot exceed a certain
thickness without becoming turbulent.. By assuming a critical value
for the Reynolds number we thus can calculate the laminar film thick-
ness as a function of wind speed. :

Inserting reasonable numbers into egs. (10) and (11) leads to the
conclusion that the film thickness calculated in this way is by far
too large to be used for the boundary film thickness in the simple
gas exchange film model (film thickness assumed in gas exchange is

in the order of 50 Microns [2,3,8,10Jl This ‘discrepancy is primarily
due to the fact, that the molecular diffusion constant Dy of momentum
is by a factor of approximetely 600 larger than than the diffusion
constants of gases in water, and therefore the simple film model fails
to describe the situation-adequately. The Danckwerts model on the
other hand correctly predicts that the boundary film for gas exchange
must be much thinner than the one for momentum transfer.

Once having obtained reasonable predictions for the gas exchange by
working along the lines just mentioned we tried to reach this point

in a more dimet way, i.e. without the necessity of guessing a critical
value for the laminar boundary layer Reynolds number. To this end we
had a look at the universal velocity profile close to a smooth wall
(see e.g. 21/55{7). What we did is trying to fit the region close to

- the wall with a Danckwerts model. For notation see page 7; the best

. fit curve is shown in Fig. 3 together with the diagram from Schlich-

tings book;[éij where we took the data from. It turns out that the
Danckwerts velocity profile fits the universal profile experimental
data rather well and in a unique way, which means that we are now in
the position to uniquely relate the residence time which is the free
parameter in the Danckwerts model directly to the viscosity and the
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friction velocity (see page 7). In table 1 a few examples are given
where the various parameters of this model are calculated as a func-
tion of wind speed Uqo. The calculated gas transfer velocities are

compared with the experimental values listed in the last row of the

table
wind speed Uio(meter/sec) 3.3 6.7
fr.vel.(air) U, (cm/sec) 10.5 21

" (water) uy (cm/sec) 3T .75
film thickness '
(momentum) zy (mm) h.3 2.1
residence time (sec) - 18 ‘4.5
transfer vel. w (cm/sec)« 103 1 2.1
(calculated) ‘
transfer vel. w (cm/sec).io3 .5 1.3

(observed) after Emerson[22]

10.0 ' 13.3
32 42
1.1 1.5
1.4 1.1
2.0 1.1
3.1 4.1
2.3 5.0

Table 1 : calculated gas tramfer velocity compared with observed
data. - values of constants used: kinematic viscosity Dy

of water .01 cm?/sec ; den81ty ratio water/air S=2
5 Dcoz=1.9+10" 5

smooth drag coeff1c1ent cq10~ 1-107

8.3

cm2/sec

The agreement between calculated and observed transfer Ve1001t1es

is surprisingly good infview of the fact that the calculation is
based on the assumption of a completely flat interface and the struc-
ture of the interface which also changes with wind speed might well
1nf1uence the tendency of the viscous film to become turbulent, &.e.
in our notation to become thinner due to a decreasing critical Rey-

nolds number.

It should be mentioned that the model without influences of that
kind does not predict a quadratlc increase of gas transfer w1th wind

speed, but a linear one. .

Another surprising feature of thlS model is that there seems to be

so little difference between a boundary layer adjacent to a rigid
wall or to a completely free interface. One would be inclined to
assume that the medium "sticks" to a rigid interface, and that there
might therefore exist an additional fixed thickness boundary film
close to the wall. It should be kept in mind,however, that the Danck-

werts model takes the strong interaction between a wall and its immed-

iate neighbourhood already into account by the fact that the velocity
difference between the wall and the adjacent film is the smaller the
closer the distance. This is caused by molecular diffusion which is
very fast over short distances, and therefore the velocity difference
is forced to be small in the time average despite the fact that the
residence time is the same even very closeto the wall, which means
that the eddies in fact reach right to the wall despite to the fact
that this on the average is barely noticeable. The situation becomes
clear immediately if one replaces eddy transport by another removal
mechanism like radioactive decay. It should be stressed that our
whole treatment was based on the average situation in the statistical

sense,

7
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