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ABSTRACT | '

'An apparatus is described for tne obseruation of,the resistance to
passaée of a soluble gas through a'gas;liquid interface under dynamicrconditions.
The apparatus resembles an electrlcal a.c. brrdge c1rcu1t and permits measure—
ments to ‘be made over a range of frequenc1es. 'From the:data one can testv

various 1nterface mass transfer mechanlsms,.1ncludinthhe'effeets of surfactants -

- _on both stagnant and turbulentvliquid surfaces.

' INTRODUCTION

Throughout most of the large body of work that has been done to
determlne mass transfer res1stances of gas-llquld 1nterfaces the experlments
have. been carried out at steady state, the rate of transfer being determlned
from - chemlcal analyses of streams entering and learlng or from measurements of
the volume of gas taken up by the liquid at a constant rate. The dlfflcultles
of determining the res1stance of one of the phases from such measurements when.

Present address: E. I. duPont de Nemours and Co., Buffalo, New York
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both phases offer resistance are well known. Ana the fact that wholly

different aésumptions about the fluid mecﬁanical'struéture or other character-

istics of interfaces léad to nearly the same predictions of steady state mass

transfer coefficients has led to question whether the traditional meésurements'

will ever reveal the details of interfacé éfruCture.ﬂ After ali, each theory

has quantities in it which are not known a priori for real eqﬁipment and which

can be chosén‘arbitfarily to maké the theories fit empiricél data; ﬂIt'is'onlyJ

by using highly'idealiZed'gas absorbers, suéh as wetted—wall columné or liQﬁid
jet‘devices, that physically important quantities like times of exposure of
the surfact to the gas (Higbie, 1935) can be determined uniquely by the design

Qf'the apparatus. Moreover, no way has been found. heretofore to expose a -

'

l

random'replaCément of ‘elements of the liquid sﬁrface is known accurately or

turbulent li@uid'interféce‘to a gas under conditions wheré the

even whére such interface statistical phenoméha can belcontrolled precisely.
In fields éuch as_eieqtrical engineering, howévér, the use of

frequeﬁcy‘resbonse experimental methods for thé explorationbéf raté phenomeﬁé
is weli estéblished. ~Indeed thelart‘of eléétfiéal measurements»invblving
.a.c. bfidges'and linear circuits has not been exploitéd'vefy offen in cheﬁical
. engineering iaboratory research, although the use of such pr0cedure§ for the:.
design of contfol sySfems is familiar.’ Particularly iﬁ the field of mass
transfer mechénisms, the use of franSient methods of observation would appeaf

to be promising (cf. Whitaker and Pigford, 1966).

frequency of =
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THE INTERFACE IMPEDANCE BRIDGE APPARATUS
Considef an-app&ratus-cqhsistingZOf two'identical:chambers;‘each..

‘containing a deep'pool 6f 1iquid_withea pﬁre gas phase ebove;faScshown in
Fig.>l. The;liquid'is saturated with;dissolved gas at the'time-average gas
pressure, but thfough the use of duplicate gas cylinders driven from the Same
roteting.shaft the  volumes of the two gae'spaées vary-sinusoidally‘in an
identical manner. If the ges were ineeluble in each chamber there'wouidvbe )
no pressure difference between the chambeis although;the pfessu;e in eaeh
:chamber would oscillate. On the.othef-hend, if there is évéﬁfa small
difference in the rates ef solution of the;gas'in ﬁhe'chamhers a'ﬁressure#
diffe?enee signal will be detected on an electrical.treﬁsdﬁcer. After filterf
ing of noise threugh a band-pass filter circuit this signél,éaﬁ be recorded c
on a chart beside a second signal representing the pressure va;iations gn
~one side; the.phaSe.difference end’the ratio of1the emplitﬁdes éeh ﬁe
observed over a range of frequeﬁcies. 'Ffom such a frequency responsefand,
on the assumption thatvali the;disturbanees.are small enoﬁgh to be goverhed e
by the linearized appreximations te the neeessary‘fate.equations, constaﬂts
in.such rate expressione can be found. Distinetions can be made}betweenv
alternative assﬁmbtions about the rate processes theﬁselves énd.deteiled
informétien can-be'developed abeut the statistieal'charécte?istiCS‘ofzturbﬁleet
,:finterfaces, as will be showu.'. |

Such an apparatus can be called an "interface»impedanee briage"'
because it is wholly analoéoue to a bridge—type:elecfrieal'circuit, as
indicated in Fig. 2. The electrical circuit’consistefof ﬁﬁo parailel fathe:

from a constant-voltage current source to ground. Each is through a series
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combination ef a condenser and.avresistor, the capacitance of.the‘cdhdenser
belng changed 51nu501dally by moé£ng the plates toward and away from each
other. The a.c. voltage appeafing across the‘bridge depends on the
‘differeﬁcevin the two resistances if'the condensers are duplicates. If one
of the resistore Has known a.c.vimpedence, the frequenCy response dafa‘will
determine the other 1mpedance.; o o
In the ‘mass transfer vers1on of the brldge ‘the resistors correspond

-to the 1nterfaces and the underlylng dlffu51ona1 res1stance of the phases.
When the frequepcyhls increased the waves of concentratlon presept_ln:the'
liquid Wiii bechnfined to thinner and thinner layers of liquid and the
resistance of the imterface itself will be emphasized.

' One version of-the:interface bridge consists; therefore, in having
.a staénant; cleah, liquid surface on one side for use as a standard inperface_
Qf ealculable iﬁpedence, On the.other side One can have, fer exémple,‘a |
similar interface covered with a.layei of a surfactant whbSe impedance we wish
to measure. L1kew1se, opp031te the stagnapp interface we mlght place a
turbulent 1pterface, obtained by stlrrlng the pool of llquld below. The
frequency response information would yleld in this caSe the whole statistical.
distribution of fluid particle re31dence times in the 1nterface as well as
_the everaée surface element replacement frequency; Obv1ously epudies ean ﬁef
conqugted to finq'the‘Ways'in ﬁhich'sﬁrfaé%ants*inhibit=f1uia motion at

interfaces.
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QUANTITATIVE DEVELOPMENT OF THE METHOD
Cdnsider first'the calculation of pressure chenges.that.occur inside
a single chamber containing a eonstant VOlume‘of liquid as the volume of the -

gas space is varied sinusoidally according te»

V(6) = V_+Vexplivt) @)

. . | : L _ o |
Assume that the gas foTlows "pV-=-nRT ' and that'heat transfer between the gas
and the solid or liquid surfaces whicn surround'if can be represented by thé:

usuei»rate expression with an overall coefficient .U and anferea S. Theﬁi

the energy balanceffor.the'geé is . |

nc, T=Us(r -T)-pV _} o . (2)

where the dots above mean differentiation with respect to time and where -

T, is the constant'temperature of the surroundings.

The meaterial balance includes rate expression,»HkL(w)‘(p —.po),

where H is the Henryfs Law eoefficienf; kL(w) is the poésibly frequencyet
dependent mass transfer'coefficient of the‘liquia surface, and io is thesj
tlme-average pressure of the gas. It ie assumed that the liqnid mass is SdQ,
large and the frequencies so high that the bulk of the llquld does not change

“its concentratlon as the gas pressure. p varles. The balance is
n = .- HkLA( P~ po) - .“ . (3)

where A is the known area of the'interfaee.'*
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By asSuming'that the iinearly.correct solution is of the form
p=p_ +p exp(iwt)

T =T +Texp(iwt)

=]

1}
s
+
=3

kvexp(iwt)
I . .

one cén easily find the result,

i +A B el 1 R
1+ (y - 1)(usT_/p V) (1/iw)
1+ (HART_/V_)(k, (w)/iw)

5 S ,_
= e (€

Obviously, the volume qhanges produce preséure ;scillati6£§ which depend on_Tv

the.frequenéy for two reasohs. One is thatvthe changes:in-gas'temperature

may be hearly adiabatic and reversible (at'high>ffequénéies)_or nearly'iso—}

thermal (at low frequencies); the other is that the mass transfér into the

f» liéuid causes dissolVed gas to bé stored thefe temporarily and that the mass

transfer céefficient, kL’ may itself depend on the freggéncy. | L
.Sﬁppése that Eq. (4) is applied to each side of the bridge'and that

the mass transfer coefficients are k and k;, on the two sides, respective-

L1
ly. The difference in pressure can be represented By‘the formula_,

Ap =‘Zp exp(iwt) and an equation for the_freqyéhcy dependence of Kp_ can,ﬁé
obtained by applying Eq. (4) to each side. It is convénient,'hOWever, to - vf‘
divide the reéult by tﬁe pressure‘coefficienf for'one.side because thereby

‘the factor representing the effects of temperature changes in the two chambers

' drops out. The result is
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- (HART /Y ) [k p(0) = kg ()]

;z" T+ (HAR'I‘O/Yq) W) (5)

which suggests a comparison of the amplitudes and the phase of the signals,_'

Ap and P, = P -

THE FREQUENCY-DEPENDENT MASS TRANSFER COEFFICIENT FOR A STAGNANT, CLEAN SURFACE

A éonvehient surface to use as a referehce on_the side of_the_bridge
having a known impedance is formed by'é pool of clean liquid at rest. If
there is no resistance at the interface itself to the.passage of‘soluble,gas

molecules the mass transfer coefficient is determined entirely by the molecular

o diffusional reSistance:of the-liquid substrate.v Since thé.podl is very deep. .

there aré'negligible changes in composition at any large depth in the liquid

and the solution of Fick's second lawiis simply

C(x;t) = H.; exp{iwt ~'\/ ig-x)_+-Hpo : ’ : | _(6)

where x représents distance from the interface. The mass transfer coefficient -

'is easily calculated from the interface concentration gradient as

k= (@2 L | ()
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'THE MASS—TRANSFER:COEFFICIENT.FOR A RANDOMLY TURBULENT SURFACE
‘Following the suggestion of Danckwerts (1951), a liquid interface
which is continually exchanging liquid particles with the substrate can be '

' thoﬁght of as beihg composed of & mosaic of small liquid patches, each having R

v v , $-
arrived randomly in time and, upon arrival in a fresh‘dondition, having dis~.

placed another particle which Wasbthen'completely submerged. - Whether such a
conception of the structure of an interface is correct can be investigatéd by
. o 1 : _ T :
comparing an observed frequency response with the one which is expected,
k, = VH(s + iw) - o (8

Where -s_l is the average lifetime of a surface element.

THE iNTERFACEbIMPEDANCE BRIDGE APPARATUS

An early apparaﬁus buiit’along the lines described here was used by
’Lambv(l965). Some of these preliminary.data will be presented below.
‘Figﬁre 3ishdws a more recent, improved version of the same equipment as
‘described by Springer (1969). |

fwo."Pyrex" containers, each holding 10 litersiof water, are pléced
vside by side on a sturdy table.v The water level in each container is aﬁbﬁt
an inch below a carefully machined "Lucite" cover, which is held:tightly

against the smooth upper rim of the glass vessel and a "Neoprene" O-ring.

te

" Each vessel rests in a base which has been filled with Plaster of Paris to
-~ fit the glass. Such measures are needed to avoid unwanted vo1ume changes :» : ';
Iowing to the pressure excursionsvin the confined gés, which is pure’

' su;fur dioxide.
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* Behind the glass jars is an electrically driven piston rod as shown in

Fig. k. This device simultaneously moves.the hinged covers of two sheét metal

‘boxes in which are "Neoprene" balloons. - The baloons are hospital rebreathing'

bags. The insides of the metal boxes are shaped to the elliptical contour of
the balloons by insertion of hollowed pieces of hardwood thereby forming a
o l v

cavity about the same size as the balloons in theii avefage positions. The

ballqons are connected by several'parallei lengths of largerore‘butyl,rubberu

vacuum tubing to their respective glass chanbers. When the piston moves the

balloons compress or expand and the gas pressﬁre inside the. two chambers
chariges very nearly sinusoidally.
_The gas pressure in one chamber and the smaller difference in the

pressures were measured with Statham strain gauge transducers. The pressure

 difference instrument was capable of readings as small as 0.001 in. of water,'

an amount which would correspond to a volume Change on oné side of the'bridge
of only 0.2 écg The transducers were connected to a Sanﬁ&rn Transducer-
Amplifiér;lndicafor and then to a‘Sanborn twofchannél inkihg recorder.v The..
ratio éf amplitudes could be found from the inkrrecords.‘ The phase difference
betWeén the signals could be read from the charts,buf more accurate:@easurements
were possible with the aid of a phase-sensitive demodulatof. T
A cfitical step in the use of the apparatus was the initial adjustﬁentsj
of the two 1iquid:volumes to_giveia zero output'froh the bridgef For eiamplé;
if it ié desired to compare a stiil and 8§ stirfed liquid surfgce,'operation_jv
was begun with both‘sides still.‘ The pféssure differencé sigﬁal Wasnnoﬁ Zerof

initiélly'but the amplitﬁde could be.reducedﬂto about‘0.0125'in.bwater by care-

‘ > fully adding or removing gas-saturated water. The smplitude of the input -;"



-10- - : - 'UCRL-18912

pressure signal was about 16.6 in. water;‘duripg an experiment comparfng
a turbﬁlent water interface with a stationary interface‘a préssure differénce
signal on the order of 0.25 in. water was obtained - Adjustment of the gas ¥
pressures to make them equal on both sides was essential and time had tb-Be"
allowed for the wholé mass of‘liquid in each chambgr to coﬁe td‘eQﬁilibrium
“at the'average gas pressure. Watching changes in the phase difference was
very helpful'invmakihg these adjustments.’

| In our‘éarliestbwork the reference chamber was a dry c0nt§iner having'
the same_volume'aévthe wet chamber. In order fo obtain fhe-initial zeré
adjustment the liquid surface in the_wet:chamber was covered witﬁ a thin film
of .polyvinyl fluoridéfto make it impérmeable to tﬁe passage of.sulfur‘dioxide.
After the volumes of the cﬁambers had been adjusted the film was pushed. under
the water surface and the measurements of the surface impedance bégan. -

A.flat pgddle with inelined blades was provided in one of the chambérs,

entering through.a "Tefldn" seal in the bottom, in order to stir fhevliquid.
Connections were provided at the top of thé‘chamber for introddcing'small

quantities of surfactants through a hypodermic needle.

TYPICAL, EXPERIMENTAL RESULTS

Flgure 5 shows some of the data of Lamb (1965) obtained with an
' early apparatus in whlch one side of the brldge was formed from a dry metal
chamber having the same volume as the glass absorptlon chamber but.a dlfferent
shape.. For the meﬁal chamber, k., = 0, and Eg. (5) is.simplified;v When thé

expression in Eq. (7) is introduced for k

Lo® corresponding to a stagnant

but active surface on side two of the bridge, the simple result is
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- (HARTO/VO)<.<9/i'w)1/2 | - (9)

*d)lg)

2

As the figure shbws, the amplitudé doés fall off asfthe‘inverse'square root
of the frequency, as‘expected._ But, evén moré significantly, thé valués of
the amplitude ratio égreed very well with those expectédlfiom Eq. (95 and
from the established values of the_Hénry's Law coeffiéient for sﬁlfﬁr

dioxide and its diffusion coefficient in water. This indicates that the

liquid was very nearly stagnant, at least as far as its response to -
cohcéntration pulses arriving no more'élowiy than about éne per 10 sec.

are concerned, and that such a surface should be é good standard of éomparisbn

- for others in which there is greater practical interest.

Figure 5 shows some of Lamb's (1965) results when one side of the

bridge was stirred with a paddle having flat, inclined Blades,'each 1 in. -

" wide by 1.7 in. long. The stirrer was located 3.5 in.'ébove_thé bottom of -

a 10-in. déep.pobl of clean water and four l-in. wide baffles were‘locafed‘_;- 
around‘thg-inside of the 12 in. I.D. tank. The.étirrer'speed‘was 300‘r,p.m;k
It is.clear that the frequency fesponse was affected b& the interfacial
turbulence,vespeéially at low frequencies of the concentfation signals. At
high frequencies, however,‘thevstirred interface and the stagnant one gave‘ .'
nearly ﬁhe same.resPonses.-

‘ fThese observations a;evqualitatively in agreement with thé expectatigns
baséd on the Danckwerts function, Eq. {8). It shbws ﬁhat, depending on the l

valueuof s, there will be a transition from a condition at low frequencies,

1
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'whereuamplitude is probertienal.to wfl, to high frequencies, where .it will
be proportional to m“l/e. In qualitative terms the cause'of-this chsnge is
as follcws. At low frequenciesxof the pressure changes'tbe average inter-
facial fluid element is exposed to only -} small fractlon of a single concentratlon .. f
cycle before 1t is submerged Durlng 1ts llfe the orlglnally fresh element of

surface is able to absorb or desorb dissolved gas freely as needed to respond

to the portion of the pressure signal whlch it feels. At high frequenc1es, on

the other hand, an average fluid particle is buffeted by several changes in

surface concentration. Although it:may experiente some transient respOnse;

‘during the first cycle or so, subsequent_cycles find it behaving}just.as if

it has'been in the.interface for & long timevbefore. Thus , by changing the

frequency one canvpick but_different parts of the surface age_spectrum,

» including'all the particlesiat low frequencies andAsmaller fractiqnsiof the

total_surface age spectrum asbthe frequency grcws higher. In fact, as we

intend to show in a later publication, it is pbsSible te extract the residence

time distribution function itself from‘the observed frequency response.

CONCLUSIONS

The 1nterface 1mpedance brlcge is notlan easy apparatus to use.
Nevertheless, it yields a wealth of‘detalled 1nformat10n about the kinetic
phenomena which affect interfacial mass transfer. The method is in-use'in
our laboratories for the investigation of the role of soluble and insoluble:
surfactants when SO gas molecules dlssolve in water, including not only the
ways in which surfactants inhibit the passage of dlssolving molecules into a

,;,stationary surface but also the ways in which surfactants decrease the
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mobility of otherwise free particles of,water.at'thé'interface.' We.expect

to report complete results in a subseqpent,paper;

- NOMENCLATURE
SV o= ‘volumé'of gas in:chaﬁbers cec.

.Q = fréquency,.radiaQF/sec.

% % time, seconds

n = numbér of moles of gas in chambgr

c, = ‘mdlar'héat capacity of gas at constant volume

o= temperatUre'bf gas, OK. '

U = heat transfér coefficient betwgen.gas and walls of Chambér

S = 1inside surface area of chamber

To = temperaturé éf'chaﬁber wélls 

P = gas pressure, étm.‘

H = Henry's'Law coefficient for gas in liquid, moles/(cc)(afm)

kL = iiqﬁid phase mass transfer cbéfficient; éﬁ/éeé.. »

A = area.of liquid surface, Sq; cm;_
| P, = time-avefage préssure of gas-

Y é’ ratio of heat cépacities for gas

R'.= " gas ¢onstant,_82.06 (ce.)(atm.)/(mole)(0K)

A9» = diffg;ioh coefficient of dissolved gas in liquiad, éme/sec.‘

s = replacemegt frequency éf elements in liquid sﬁrface, séc.fl
"X = distance from interface into'liéuid |

r =._impedahée of’résistance_elément in ahalogous'electriéal bridge

capacitance of condenser in analogous electrical bridge
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values of SO, solubility and diffusion coefficient.)

2

Fig. 6. Bridge comparison of & turbulent water interface with'an-impermeablé'
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water. The apparent value of S dis about 2.96 sec.‘l) ‘
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