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THE INFLUENCE OF SURFACE TURBULENCE AND SURFACTANTS
ON GAS TRANSPORT THROUGH LIQUID INTERFACES
‘Thomas G. Springer and Robert L. Pigford
Department of Chemical Engineering
and Lawrenee Radiation Laboratory

_ . University of California
Berkeley, California 94720

ABSTRACT
| | .An apparatus calléd an interféce impédanée bridgébis deécfibed
for.the_observation of ﬁhe résistancé to passagé of a soluble gas through .
a gas—liQuid interfacé under dynamic conditionsf'vThe apparatus fesembléé} _'
.an eléétrical a.c. bridge circuit and permitsjméasﬁréments to bé méde
over afréngé of fréquencies.b
| The interface.impedaﬁce bridge isvuséd'to méasufé passage:of.g
soluble gas through a gas;liquid inteffacexunder varjiné conditioﬁs.
Measﬁréments o%er a rangé of freqﬁencies.éf'gas pressure osciilations
allbwed one to tést:interface mass transfef mechéniéms, including the
effects of soluble and insoluble surfactants on both étagnant and
tufbulent'liquid surfaces. |
Analysis of the turbulent interface-of afpléan liquid shows that
.a Danckﬁerfs type distribution function of'sﬁrface ages may.be used to .
describe thé statistical charactéristics Qf»thévinterface under thé
- conditions of these experiments.
Addition of a soluble éurfactant:to‘thé.liqnid produced.n§ :
measurable change in thé nmass transfér'raﬁé through_a‘sfagnant gas—:

liquid ihterface, but reduced the intensity of turbulence at the
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interface'wheﬁ the liéuid ﬁas étirred from beneééﬁ;' It wés found fhaﬁ

the statistical haturé of thé’intérfdéé coﬁld still Bé describéd '

reasonably wéll with thé banckwertswrandom distribution function.
Plécéﬁent of an insolubie surfactant on the sufface of a clean

stagnant surface reduced the mass transfer rate of soluble gas through it. -

The film resistance was found to be a function of the'surface_cbncentration..

The film resistance was found to be a function of the surfactant;s"
surface:qonéentration. An insoluﬁlé surfactant had no éffect on.
the m&ss'tﬁanéfer rate when the liquid was étirrea from benéaﬁh.

The néture of surface films and their stability in the-preéence

of interfacial turbulence is discussed.
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TNTRODUCTION

The effect of surfece films cn mass transfer throngh stegnant
interfacee has been studled in fecent years, particularly with referenCe
to retardeticn of the evaporaticn of water..HThelinvesnigationfof.v
surfactant.behavion.at turbulenﬁvinterfaces5 prcducedzby violent.mixiné
some disfance from thé surface with fluid elements continnally bomcafding-
the interface, nas received little attention.. |

The'jurnose of this thesis is chafac%erization of the.statistical
nature of turbulent interfaces and exeminefion.of.surfactant cehanicr |
at tufbnlenﬁ‘gaé—liquid interfaces."The resistance of a snrface film,
placed on a stagnanfveurface, ie meaeufed in order to allcw’seéeration
of hydrodynamlc and film re51stance effects;v |

The format of this thesis has been chosen to meefvtwo goals.-'
First, Chapters I and II are ertten s0 that they would be sultable for
pnbllcatlon without maJor‘rev1s1on, Second, the thes1s is wrltten so that
anycne who is interested in only the nein features end conclnsione-of
this work may.read from the1beginning through Chapter II. For the.person
who is interested in all deteils df apparatns, prccedures,_and calculations,
this material is supplied as appendices.'

-Cnapter I deals with introduction of a new experimental technique
and explanation of its possibie uees. Chapter Ivaresents:reeulte
obtained when the new technique was used not only to measure snrfactent
effects on stagnant and turbulent interfaces but also to characterize
the statistical nature of clean and surfactanf—ccvered‘turbulent’

interfaces.



CHAPTER I

' *
AN INTERFACE IMPEDANCE BRIDGE

ABSTRACT -

/]

‘ An apparétus is déstribéd for the'obsérﬁétioﬁ of the resistaﬁce
to passage of a soluble gas.through.ﬁ gas-liguid inﬁéffacé under dynamic
‘conditions. The gpparatus résémbies an elégtriéal a.c. bridge circuit
and permitsvmeasureménts to bé madé over s rangé.of frequencies. From
the.data pnevCan test various intérface massbtransféf mechanisms,
includingAthebefféctévof surfactants on both stagnant and turbulent

interfaces".

This Chapter will be published as a research paper by William B. Lamb, G

Thomas G. Springer, and Robert L. Pigford in Fundamentals Quarterly,

Industrial and Engineering Chemistry, November, 1969.




INTRODUCTION

Throughout most of thé‘largé body 9f work that has béen done
to determiﬁéxmass transfér fésiétancés of'gas~liquid interféces‘the
experiments havéxbeén carried out at stéady staté; thé raté of transfer
being determiﬁed from‘chémical analysis‘of stréams éntering and leaving
or from measurements of the volumé of gas takeﬁ up by thé liquid at a
consfant réte. The difficulties of détérmining the:resisténce df one
of the phaseé frbm_suéh.méasuréménts whén both phases offgr resistanée
are well known. Aﬁd-the fact that wholly aifferent éésumptions ébout
the fluid mechanicai structurevor'other characteristics of interfaces

lead to nearly the same predictioné of steady state mass transfer

" coefficients has led to question whether ﬁhe traditional measurements

will ever reveal the details of interface structure. -After all, each
theory has quantities in it which are not known a priori for real

equipment and which can be chosen arbitrarily to make the theories‘fiﬂ

‘empirical data. It is only by using highly idealized gas absorbers, such

as wetted-wall columns or ligquid jet devices, that physically important
quantities liké times of exposure of the surfact.to the gés (Higbie, |
1935) can bé.determined uniquely by the design of the apparatus.
Moreover, no way has been found heretofore to expose s furbulent liqﬁid.
interface to a gas uﬁder conditions where the fréquéncy of random
replacement bf elements of the liquid surface is known accurately or _
even where such interface statistical phenomena can be controlled

precisely.



In fields such as electrlcal engineerlng, however the use of
frequency’response experlmental methods for the exploration of rate
phenomena is-well established.'»Indeed the art of electricalvmeasurements
involving a.c. bridges.and linear circuits has not been_exploited.very
often in chemical engineering laboratory-research, although:the use of
such_procedures for the design of control»svstems is familiar;,-Particularly
in the field of nass transfer mechanisms, the use of.tranSient.methods
of observation. would appear to he promising (cf. Whitaker and Pigford,

1966).

THE INTERFACE IMPEDANCE BRIDGE APPARATUS

Cons1der an apparatus con51st1ng of two 1dent1cal chambers, each
.contalning a deep pool of llquld w1th a pure gas phase above, as shown
in Fig 1. The liquid 1s>saturated with dissolved gas at the time—
average gasvpressure, but through the use of dupllcate‘gas cyllnders_
drlven from the same rotatlng shaft the volumes of the two gas spaces
vary s1nusoidalIy in an 1dent1ca1 manner. If the gas_were 1nsoluble in
each chamber there would be no pressure difference between the chanmbers
although the pressure in each chamber would oscillate. On the other
hand, if there is even a small difference'in the rates of solution of
the gas in the chambers s pressure~difference signal will he detected
on an electrical transducer. After filtering of noise through a band-
'pass filter-circuit this signal can be recorded on a chart beside'a:
second signal representing the pressure variations on one side; the
phase difference and the'ratio of the'amplitudes can be ohservea 0ver

a range of frequencies. From such a frequency response and, on the-



w
A . _
‘Gas- filled pistons -
w ‘driven in phase at
frequency W
Pressure - - 'Pressure -difference
transducer - transducer ' | .
| | | - Syringe for
. - “injection of
| 7 I surfactants
| T | oo
| ES" Standard"'3 | TEASSSTY
| B chamber 3 | = Stirrer =3
I ' filter . -
_ |Phase-sensitive | l
: demodulator I

1

To recorder

Fig., 1.

Chart recorder

XBL695- 2743

Diagram of an interface impedance bridge.
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aséumptioﬁ that all thé'disfrubancés aré-sﬁéll-enéugh to'be:governéd
bf the lineafizég approiimatibnsvto thé necessary rafe equations,
constanté in éﬁch_raté éipréssions can bé_found. vDistinétioné éan'be
made 5etweén alternativé assumpfions ébodt the raté processés them-
selves and detailed informétion can bé déveioped about‘the'statistiéal
éharactefistics-of turbulént intérfacéé, és will bé shown.

vSﬁéh an apparatus can bevcalléd ap,”intérface impedance bridge"
because it ié“wholly analogous fb;a'bridge{typé eléétrical circuit,.as

..indicated iﬁ Fig.'2. Thé éiéctricai-éircuit cénsiéfé of gwo ﬁéfailei‘_
pathsifrom g>c§nstant-voltééé:current éoufée fé ground. Each is thréuéhi
a seriesvéomginatién'of a qdndénsef éﬁd.a resiétor, the cépacif&néevof

 the‘condén§ér beiﬁg éhahééd sinusoidally byvmoving fhe_plafés féwérd‘and
aﬁay from‘each.éther. Thé a.éﬁ voltageféppeéring écrosé the'bridéé
aepends dﬁ the difference in the two résistaﬁces if.the.condenSers are
duﬁlicates, :If oné‘of_the'resiStops hés.known a.c.,impedanée, the

,ffeqﬁency féspdhse data ﬁiil determine’the other iﬁ@édahge.

In the mass transfer version of the bridgégthe resistors
correspond to the interfaces and the.underlying diffﬁsional resistance
of the phaSeS3 When the frequency is increased the waves of concentration
presen£ ip the liquid wili be confined to thinner‘and thinner_layérs
of liquid aﬁd the resistance of the interface itself will be emphasized.

One version of the'interface bridge consists, therefore,'in‘
having_a stagnant, clean, liquid surface on oné sidé for use as a
standard interface of calculablé impédancéq On the'othér sidé one can

have, for ekample, a similar interface covered with a layer of a




A

N . R
A ,: : +_ 0
w
E2 ' Corl.

XBL695 - 2746

FPig. 2.. Analogous a.c. impedance bridge. (CapaciZ%rs-are varied to-
exp(iwt)).

gether sinusoidally; voltage difference, AE =
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surfactanf whose impedance we wish to measure. Likewise? oppoéitéﬁtﬁe
stagnant inteffadé wé might'placé a.turbuléntvintérface, obtained byv
étirring thé'pool of liquid bélou.. Thé'fréquéncy résponse information
would yield in this case the whole statistical'distribution of fluid
particlé residence timés in the intérfacévés Wéll as-the average surface
element replacement frééuéﬁcy. Obvipuéiyg Studiéé can 5é éonduéted.to |
find thé Wéys iﬁ whicﬁvsﬁrfactants inﬁibif fluid ﬁqtion at ihtérfaces.
QUANTITATIVE DEVELOPMENT OF THE METHOD

COnsidef first the calcuiatioh of présSure:chaﬁgés that oceur
inside aisingle chambér containiﬁg afconstant volume of liquid as thg :

volume of the gas space is varied sinusoidally according to

v(t)”=’Vg'+'§ exp(imt). . - A | (1).

Assume thét,the gas follows - pV = nRT ;andsthat‘heat'tnahsfer befweeh the
gas ‘and the“solid‘oriliquid surfacesrwhigh surround it can'be‘representedj

by the usual rate expression with an overall coefficient U and an area

S. Then the energy balance for the gas is

n:CV‘T = US(TO'— T) - p y_ R e (2)

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

/

TO is the constant temperature of the surroundings.
The material balance includes rate expression, HkL(w) (p - po),
where H is the Henry's Law coefficient, kL(w) is the possibly

frequency-dependent mass transfer coefficient of the liquid surface,

«



9=

and 'po is the time-average pressure of the gas, It is assumed that
the liquid mass is so large and the frequencies so high that the bulk
of the liquid does not change its concentration as fhe gas pressure

p varies. The balance is
n =,f HkLA(p f~po) , o | (3)‘

where A is the known area of the interface.

By assuming thatbthe‘linearly éorrect solution is of the form

e}
1
kel
+
o]

p exp(iwt)
A
T=T, +T exp(iwt)

A exp(iwt)

=]
]
[a]
+
S

one can easily find the result,

1 +‘ Yy - 1 S
1+ (y - 17(USTO/pOVO)(l/1w)

1+ (HART /V )k (w)iw)

§_=_ — . (4)

o o)
Obviously, tﬁe volume changes produce pressure'oscillations Which-depeﬁd
on the fre@ughcy for two reasons. One is.that the changes in gas
temperature méy be néarly adiabatic and'revérsible (a£ high frequencies) -
or néarly iosthermal (at low fréquenciés); thé othér is that thé mass.
transfer into the iiquid caﬁsés dissolvéd gas to bé stored therél_
temporarily and that thé’mass transfér.coéfficiént, kL,.may iﬁsélf'depend

on the frequency.
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Suppose that Eq. (k) is applied to each side of the bridge and

that the mass transfer coeffLCLents are kLl and kLQ on the two sides,

respectlvely‘ The dlfference in pressure can be represented by the
formula Ap = Ap exp(iwt) and an equation for the frequency dependence:

of Kp can. be cbtai_ned by applying Eq. (L) to'.ee.ch side. Tt is
convenient, however, to divide the result by the pressure :coefkficient
for - one side because thereby’the fector representing the effectS‘of

temperature changes in the.two chambers drops.out. The result is

L GG e
B, iw + (HARTO/.VOTkLl(w) . ST

which suggests a comparison of the amplitudes and the phase of the
signals, Ap “and Py - pé;

. THE FREQUENCY-DEPENDENT MASS TRANSFER COEFFICIENT'FOR A STAGNANT; CLEAN

SURFACE ’

A convenient surface to use as a reference on the side of the'

bridge having a known impedance is formed by a pool of clean liquid
at rest. If there is no resistance at the interface itself to the
passage qf_Solnble gas molecules fne mass transfer.coefficient is deter~
mined entireiy by the molecular diffusional resistance of the iiquid
substrate;. Since the pool is very deep'there'are'neéligible changes

in composition at any"large depth in the llquld and the solution of

Fick's second law is simply

id

W
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clt) = § e - Vi) v, G

where x represents distance from the interface. The mass transfer
coeffivient is easily calculated from the'interface'concentration'

gradient as

k= G2 | I NS

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 thought of as being composed of a mosaic. of small liquidvpatches,

each having arrived randomly in time and, upon arrival in a fresh

condition, having displaced another particle which was then completely
submergéd,v Whether such a conception of the structure of an interface
is correct cah be investigated by comparing an observed frequency

response with the one which is expected,‘

k= VI (s + iw) _ _ - ' (8)-

‘where s—l is the average lifetime of a surface element.

CONSTRUCTION OF THE APPARATUS

An éarly apparatus bullt along the lines described here was
usedrby'Lémb (1965). Some of these preliminary‘data will bé presénted'
bélow; Figuré 3 shoﬁs'a moré recent, improvéd vérsion of thé.samé

equipment as described in complete detail in Appéndix A,
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of two sheet metal boxes in which are "Neoprene" balloons. The balloons

‘are hospital febreathing bags. The insides of the metal boxes are

13-

Two "Pyrex" éontainers, each.holding_lo;literé'of‘watef, are
placed sidé byvside on a.sturdy tablé. .The:Waﬁer le&él‘in eaéh container
is about an inch,bél0w a cﬁréfully.machinéa "Lucité" cbvér5 which is
held tightly against thé'smooth.uppér rim of thé giasS_véssel and g

"Neoprene" O-ring. Each vessel rests in a base which has been filled

:with Plaster of Paris to fit the glass. Such measuréS'are needed to

avoid unwanted volume changes owing to the pressure excursions in the

confined gas, which is pure sulfur dioxide.

Behind the glass Jars is an electrically driven piston rod as

- shown in Fig. 4. This device simultaneously moves the hinged covers

shaped to the elliptical contour of the balloons by insertion of

'hollowed piéeces of hardwood thereby forming a cavity about the same size

as the balloons in'their average positions. The balloons are connectedlb
b&rseVéral.parallel’leﬁgtﬁs of large-bore butyl rubber vacuum tubing
to_their respective glass éhambers. When the piston moves the balloons
compress or expand and the gas pressure inside the two chambers changes
very_nearly sinusoidally.

The gas pressure in one chamber and the smallér aifférence in _
the préssures were measured with Statham strain gauge transducers.i The
pressure difference instrument was capable of readings as small as
0.001 inﬂ of water, an amount wﬁich,would corréspond to a volume changel
on one side of the bridge of only 0.2 cc. Thé trénsducers weré connected

to a Sanborn Transducer Amplifier-Indicator and then to a Sanborn



) o

XBB 693-1582

Fig. 4. Photograph of reciprocating drive mechanism.
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two-channel:inking recorder. The ratlo of amplltudes could be found
from therlnk,records.” The phase dlfference between the 51gnals could
be read from the charts but more accurate measurements were p0531ble ‘
w1th the ald of a phase-sens1trve-demodulator.~v | |

A cr1t1cal step in the use of the apparatus was the 1n1t1al
adJustments of the two llquld volumes to glve a zero output from the
brldge.’ For example, if 1t is deSLred to compare a stlll and a‘st;rred
llquld surface, operatlon was begun w1th both 31des stlll. ~The pressure
dlfference s1gnal was not zero 1n1t1ally but the amplltude could be ”.'
reduced to about 0. 0125 in. weter by carefully addlng or remov1ng
gas—saturated water The amplltude of the 1nput pressure s1gnal was -
about 16 6 in.: Water, durlng an experlment comparlng a turbulent waterl”
1nterface with a statlonary 1nterface a pressure dlfference 31gnal on v
the order ova 25 in. watervwas obtalned. AdJustment of the gas -l
pressures to make»themvequal on both sides was essentlal and time had to
be allowed for the whole mass of llquld'ln each chamber to come to
equilibrium at the average gas pressure. _Watching,changesvin the phase -
difference was very helpful in making these adjustments.

Iniour earliest work_the reference chamber was‘a dry container.
having the:sane volume as the wet_chamber.‘ In order to obtain,the.initial-
zZero adjustment the liquid surface in the~wet chamber was covered with7a“’
thin film of polyvinyl fluoride to make'it impermeable to the_passage'of
sulfur dioxide. After the volumes of the chambers had been adjusted the
film was pushed under the water‘surface and the measurements of the ;'

surface impedance began.
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A flat paddle with inclined blades was provided in one of the

chambers, entering through a "Teflon" seal in the bottom, in order to

stir the liquid.  Connections were provided at the top of the chamber for oA

introducing small quantities of surfactants. through a hypodermic needle

or small movable cups attached to the chamber 1id. Details are given

in Appendix A.

TYPICAL EXPERIMENTAL RESULTS . o
Figure 5 showsvsomé4of the rééults,of Snringér (1969) obtained
by comparing a ciean stagnant liquid'surfacé with a stagnant surface
covered with a thin impermeable film. For the impérméable.surface,
k, = 0, and Eq. (5) is simplifiéd.. Whén the éxpréssion_in Eq. (7) is
introduced fqr kL2’ corresponding to a stagnant bnt gctive surface on

side two of the bridge, the simple result is

"C;b;_d>>

- (mrr v ) D02 L &
2 o ' : ‘ ' S o

As the figure shows, the amplitude does fall off as.ﬁhé in&erse square
root of the frequency, as expected. But, even more significantly, the
values. of the amplitude ratio agreed very well with those expected_‘
from Eq. (9) and from the established values‘of the Henry's Law coefficient |
fpr suifur dioxide and its diffusion coefficient in water. This
indinates'that the liquid was véfy.nearly stagnant, at_least as far as
its responéé to concentration pulsés_arriving no more slowly than about
one per 30 sen. aré concérned, and that such a surfacé should bé a.good
snandard of comparison.for.othérs'in whibh,théré is gréatér préctical

interest.
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Fig. 5. Bri@ge comparison of a stationary water interface with an .
impermeable surface. (The straight line is computed from Eq. (9)
using accepted values of 302 solubility and diffusion coefficient.)v
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The phasé relationship was also measured as a.function of
frequéncy and comparéd to the'théOrétical résponéé of -45° (Ei. (9))f
Thé méasuréa-phase gavé an avéragé valué_of -46.6° and a range of ;h3.9°
to ~50° showing quité good agréémént Vith the'prédicted résult.

Figuré 6 shows some of Lamb's (1965) résults.when oné side of the
bridge was stirred with.é pﬁddle having flat, iﬁclined bladés, éach'l in;
wide by 1.7 in; long. Thevstirrér was located 3.5 in. abovevthe bo£tom
of thé 10—iﬁ. déép pool of clean ﬁatér and.four l-in. wide baffles ﬁere
located around:the inside of thé.iE in. I.D; tank. .The stirrer épeed was
300 f.p.m.-.It is diear thaf the.fréquenéy response was affécted-by the
interfacial turbuleﬁéé,~éspécially at low freqﬁencieé'of the coﬁéentration
signals. At high fréquénéieé, howévér,‘thé'stirred.interface and the -
stagnant one éave nearly the same resbonses.

These observations_are qualitativély in'agreément with the
expectations basedbon fhe Danckwerts funcfioﬁ, Eq; (8). .If éhows that;
depending 5n the valué:of S, thefé ﬁill ﬁe a transifion from a condition
at lowvffequéncies, where amplitudé is proportional to w—l, to high
frequencies, where it will be proportional'to 'w—1/2. In qualitative
termsvthe'cause of this chaﬁge‘is és follows. At low frequencies of the
pressure changes the average interfaciai fluid element is exposed to
only a small fraction of a siﬁéle concentration éyéle before it is

submerged. During its life the originally fresh element of surface is

able to absorb or desorb dissolved gas freely as needed to respond v .

to the portion of the pressure signal which it feels. At high

frequencies, on the other hand, an average fluid particle is buffeted
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Fig. 6. Brldge comparison of a turbulent water interface with an 1mpenmeable
surface. (Data for 50, passing into’ surface of a stirred pool of
water. The apparent value of 8 is abaut 2. 96 sec—l )
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by‘severdlvdhangeg'in surface.concentrati§n;':Although’it ma&.experience
some_transieht régponsé during thé firstfcyclé or so, subsequent cycles
find it behaving»just as if it hasvbéén in thé interface for_a long:
time before. Thus, by changiné the fréquency one .can pick out -different
barts-bf the-éurfagé age spéctrum, including all the particles at low
frequenciesiand smaller fractions of the totalﬁsurfacé‘agé’spéctrﬁm as "’
the frequency grows highér. In fact, asvwé intend to shdw in & later =
publication;_it is possiblé to éktract thé résidence time distribution .

function itself from the observed frequency response.

" CONCLUSIONS

Thé interféce impédancé bridgé is not An easy apparatus to use.
Neverthelesé, it yiélds a wealth of detailed information aboﬁt the kinetic
phenomena which affect interfacial mass transfér. The method is in use
in our 1aboratories for the iﬁvestigation of the role of soluble ahd
insoluble surfactants whén{SOz gas moleculeé dissol&e in'water; including
not only the ways in which surfactants inhibit the passage of dissolving»
molecules into a stationary surface but also the Wéys in whiqh surfactants
decreése the mobility of otherwisévfree particleslof water.at the inter-

face. Results are reporfed in Chapter II.
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CHAPTER IT

RESULTS FROM THE INTERFACE BRIDGE

- ABSTRACT
A new experimental technique is used to measure the effects of -
surface turbulence and surfactants on mass transfer rates at gas-liquid

interfaces. Results indicate that at high turbulence rates the

_statistical nature of interfaces, with and without surfactants preséﬁt,

may be described by a Danckwerts—-type distribution function of surface

' ages. Measurements of surface film mass transfer resistances show that

soluble surfactants offer no measurable resistance whilé insoluble films

show definite resistance to passége of gas molecules. The nature of

surface films and their stability in the presence of interfacial turbulence

is discussed.. :

* ' . S L _
This paper will be submitted for publication as a research paper by
Thomas G. Springer and Robert L. Eigford in Fundamentals Quarterly,

Industrial and Engineering Chemistry, November, 1969.
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INTRODUCTION

There has been a large amount of work'in recent years studying the

interfacial mass transfer resistance of surfactant films, but the more
important prohlem of characterization of the fluid motion at turbulent
interfaces With and uithout surface'films present has notﬁreceivedv
attention.. Bussey (1966) showed the presence of soluble surfactants
adds no. measurable re31stance to mass transfer through water 1nterfaces.
It is also known that insoluble materials such as l—hexadecanol when
snread as‘a monolayer on uater‘can add anvadditional'resistance to nass.
transfer through the interface (Plevan‘and Quinn .1965) (Sada and 7
.Himmelblau, 1967) but the effects of surface films on 1nterfac1al
mobllity during turbulent mixing of the liquid are not known It has

been postulated (Davies, 1964) that possible hydrodynamic effects of

surface films cause damping of eddies as they approach the interface and

reduce mass transfer rates.

An experimental technique has been described (Lamb et al., 1969)

for the observation of the resistance to passage of a soluble gas through

a gas-liquid'interface under dynamic conditions using frequency-response
analysis. From the data of the ekperiment one may test various interface
mass transfer‘mechanisms. |

The experimental apparatus,'oalled an interface impedance bridge,
isvcomprised of two chambers, each consisting of a variable-volume gas
space with a deep pool of liquid below. One chamber has provisions for
varying the surface conditions of the liquid; the second chamber is used

as a reference chamber of calculable impedance. The gas pressure may
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be varied-in'thebtwo chambers simultaneously in a einusoidal manner .
From the meaeured.freQuency responSe cf the BriAge-tjne“apparatuéfone
" can calculate the 1mpedance of the test chamber and relate. the 1mpedance
to res1stances to mass transfer at the éas~11qu1d.1nterface.v | |
Characterization of the mass transfer coefflcient for a randomly

turbulent surface, following the suggestlon of Danckwerts (1951) for
example5 may be examined since the frequency response information,yields
the wholevstatistical:distribution of fluid particle residence times in
the interface as well as thevaveragezsurface element;age and replacement :
frequencyffv | | |

- One may also examine the effect;of surface films, both scluble ana.
insoluble, on mass transfer through a‘stagnant interface as well ae a
turbulent,interfacef These measurementsvallou one-to separate the eurface
resistance and hydrodynamic effectevcf films to‘aetermine their |

independent effects.

QUANTITATIVE DEVELOPMENT

l; Statistical Characterlstlcs of Turbulent Interfaces

Comparison of pressure oscillatlons, occuring 1n two chambers
each containing a soluble gas above deep pools of liquid, caused by -

sinusoidal volume changes yields (Lamb et al., 1969):

B, -5, =@§=F%%£@“ ”inl“” - R (1)
b, p 1w1+ QlkLlﬁw) . | :

2

with Q = HARTO/VO, where H is the Henry's Law-coefficient,,A is the
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known érea of.the.inteffaceé'k#(wj is the péésiblyfrééﬁeﬁcy;dépéndéﬁt-

ﬁass transfer coefficient of thé 1iquidvsurféce, To is the time—average_
surroundiﬁg fémperaturé and -Vo is the avérége‘gas volunme Q? ﬁhe chambefs. el
b is:the.aﬁplitude of the pfessure_oécillations and XE is that.of the
bressure differenceﬂsignai. | =

| fﬁxperimentall& one may-uée either an impermeable surféce or é

§tagnanf; clean liquid éurface fqr a‘sgaﬁdérd iﬁterfacé of éaléuléﬁle
iﬁpedéﬁcé.' Indeéd,_injour expérihentélvwérk‘béth‘fypes éfbreference'
chambers hévé.beéﬁ uséa. :ﬁoﬁéQer, i£‘i; slighti& moré convenient
mathematically-to use an impermeable surface as the étandéfd reference. .
Since it has been shown (Lemb et al., 1069) that the behavior of a clean,
stagnanf inteffaée can be calcﬁlated reliably, it is a simple matter to
con%ert f;om.oné Standafd'réféféﬁce £o fhe‘other. qu the saké of
Brevity_the quanﬁitative analyéis'preséntéd héfe will deal wifh’an.
'impefméabie surface as a referehée.
| Assume that in chamber two a turbuleﬁf inferface exists, obtained
by stirrihgba pool of clean liquid; and fhat.gn impermeable intefface

exists in the reference chamber. Equation (1) then becomes

£§_=.thPt(w) o | S
ﬁ lU)_ o . v - ‘

t-

Measurement of the.indicated pressure and pressure—difference Signals

enables one to calculate the fréquency«dependent mass transfer‘coefficient,

ENOR




To find the flux»thrbughhé furbulent.intérface one must make some
assumptions conéerﬁing the natgré éf thé interfacial fluid motion. As a
first approximétion é randomly turbulénf surface méy be assuméd; following
thebsuggestioﬁ of Danckwerts (1951). He assumed thaf'a turgulént inter~
fage consists Qf a mosaic of eleménts-of varying ages, ﬁhich are randomly
repléced By fresh elements from the bulk of the 1iquid; Following this

assumption; let

8y

surface age distribution function

£(6)d6 = fraction of the interface which is occupied by particles
‘ which have been exposed there for a time;.e, within

time increment, d6.

By definition

If one assumes that the scale of turbulence is much.greater than the

depth of penetration of the solute diffusing from the'surface,:one may

apply fhe transient diffusion equation to each surface element

‘independently. -

Let o = time when an element was first exposed at the surface.

Then © =t - o = the age of the surface element and

82c ac - L :
D £)= forvt>oc,'bx20 . . (3)

9x
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The boundary conditions on c(x,8) are,

c(0,06)

H P exp(iwt) = H b exp(iwn) exp(iwd)

c(=,0) e(x,0) =0 .

Laplace transforms may be used to solve Eq. {3) subject to the listed

boundary donditions. .The solution is

Sxom) = B (o) exp(lwa - (5)1/2 } R €

where m represents the Laplacé transform variable and X ‘is the distance

from the interface. ' The Laplace transform of the flux at the interface -

may be found from Eq. (L4).

o o~ 1/2
Lin) = AH B o ey

where n -repfesents the instantaneous-number;of moles of gas above the
liquid aﬁdbthe dot above represents differentiation with respect to

time. The inverse transform (Erdelyi, 1954) df'Eq. (5) is

ﬁ(e;t)'= AH P exp(iwt)(&)/n6)1/2[exp(iwe)}{v(iwga)l/eerf(iwe)l/?] .

(6)

The average, steady state rate of absorption into the turbulent
interfacé»of‘age distribution f(6) may be found by summation over all

surface elements
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at) = | n(t,0) £(8) a8 . T !
0 . _ S ,
This gives
Q(t) = HA P exp(iwt) G(w) - o 1(8)‘
where
G(@)F (aQ/T_T)l/Q £(8) + iw f(x)d:c. e‘l/géxp(—iwe)de .
o e e S O

A mass balance at the liquid interface yields

O N 1 | )

where p = p_ + P exp(iwt)
Using Egs. (8) and (10), one can see that

kLt(w) = G(w) . : : | - .(1‘1)_ :
Tt is obvious that kﬁowledge of f(8) allows calculafion of the mass
transfer coefficient for a turbulent interface. Conversely, since one
can determine kLt(w) experimentally, £(8) can be found from measured
values of kLt(m) or G(w) if Eq. (9) can be solved as an integral

equation for the unknown function, f£(8).
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Consider the integral Eq. {9) and note that we are free tov

define f£(6) = 0 for 6 <'0. Thus

(o]

| f(x) ax = 1 for B <0
9

The integral over the full range of 6 1is
00

B2 L ee) + 10|  etxax |67 2exp(-iu6)as

B3
G (w) -

0 o S (12)

® : . - o ' :
G (w) = (qu/Z. iwd l/gexp(—iwe)de + G(w)
Evaluation of the first.integral gives

W) = (w2 + o)

‘Consider now solving Eq. (12) to find f£(8). The second part

of the infegral in Eq.'(l2) cén be integréted by parts. Combining the

result with Eqs. (11) and (12) gives

G () __.’_-% (%1/2.

This -is in the form of g Fourier integral; énd, subject to certain

continuity conditions, it follows that

| f_(g')dx'exp(-ia;e')de , _." - (13) |
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o0 ) . 1/2 ;w‘
<f(X)dX % f 2?;

exp(1w0) [G(w) + (160)2law .
—c0 ’ o (lh)

Differentiation gives

[+]

f‘(_e_’) = (1/2)(7r-9):~'l/2 (36172 & 01w632)[a(w) + (iw.g)l/g]'_

oo .
| (15)
exp(iwb)dw .

Equétion (15) reqﬁires the observation of _G(w) over bofh éésitife:
and negatiye frequencies. The negative range is obviouély:impossiblé to'f
'obsé?ye-experimentally.‘ Fortunately, howévér, the faét thét the dis-
tribution function £(6) is real maies it possible to show that-the
Ifeél part;xﬁ(w), 6f the observed frequéncy response is an even function
of W Whilé.the'imagihary parf; I(Q),iisiodd. Aftef‘some algebra,

Eq; (15) can be shown to be equivalent to

£(6) =}'(G/Tr«‘E))l/r"\ | [(3R - 2w0I)cos(wd) - (3I + 2wlR)sin(wd)]dw
| ° | | (16)

which is the form most suitable for numerical evaluation. For details

on how to do this, see Springer (1969).

2. Frequency Response of Interface Mddels

a. The Randomly Turbulent Interface

Using the previous analysis one may test’models concerning the

structure of a turbulent interface by comperison of an observed frequenéy
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response With;pne which has been predicted. Many Surfape renéwél ﬁbdéls
havé been postulated, but one of‘thé éarliésf and simplést of.thesé‘
theories was proposéd by Daﬁckwértsv(l951). vHe assumea thafvthe motion
of a stirred iiquid will continually }eﬁlace with fresh fluid those
élements which have been exposed for a finite length Qf'time. Danckwerts
-also assuﬁed fﬁat the cﬁance df'an'elementlof surface peing replaced
ﬁithin a given time is independent ofjits.éée; Hencé, the fractional
raterof réplaéement of the elements(belonging to every age group is -

equal to a constantl 5. According to these assumptions,

Calculation of the frequenéy response behavioridf such a'surface by

using Eqs. (2) ," (9), (11) and (17) yiéids

.

A a1/ 2 1/4 1] (52 s W22 . g
& = 99 [(s® + 07) "/wlltan (52 N w2)1/2‘ i

Pt A ,: .
’ ' (18)
From preliminary results by Lamb (1965)vitvappeared that frequency
response results would be similar to those prédicted b& the Danckwerts
model. For this reason, it was decided that this model would be used as
a trial bésié'for evaluating new data. The phase énd:amplitude data may
be analyzéd“éeparately, according to Eq. (18), to determine best-fit
‘ o _ . AT
values for the constants @ and s. For convenience let IAp/pt| = Alw)
. and represent the phase angle by ¢(w). Using the amplitude results in

the following form
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| "3127"-, .

()" = R Y R ¢ 1)

- and the phase in the form

2 tan ¢/(tan2¢ -~ 1) = w/s | .‘. ' ' 7(20)

one may apply a linear_least'squeres analysis to collected aata as

 shown in Egs. (19) and (20) to find Q and s. One can then graphically

compare the observed frequency‘response, accordlng to Eq. (2), with_that_;

from Eq‘,(lS)‘

b. Film-Covered Liquid'Surfaees

Cons1der next a stagnant llquld covered with a thln surface film.

_eTransport of gas through the 1nterface is descrlbed by the follow1ng '

equation and boundary conditions

-3 )
D =-w
X .
;c(m,t) = c_ = Hp,
nt) = - & 8L g p(e) - e(0,8)] .

_Assume’e:solution of the form

olx,t) = 8(x) exp(iwt) + E p_

and remember that
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p(t) = p, * P exp(iwt) -
" Let N = N exp(iwt), then

X v'Kf(iw9)1/2
A\ N ‘='

A

Tz Ep

Y (4
Ke (iw®)
.Consider an interface impedance bridge where in the test chamber
there is a étagnant liquid covered with a surface film and where the
standard referencé chamber is an -impermeable surface. .The preséure?
difference signal from such a bridge may be found knowing the flux across

the.interface; No;

)»1/2 |

Pr -5, ‘ Kf(leD | ,
I iw(kK, + (iwd)
=f DR .
The subscript indicates'that a film-covered surfdce is present in
that chambéré I denotes a chamber containing an impermeable'surface.
One may rearrange the above equation so that a linear least
squares analysis may be applied to observed pressure signals to obtain
o

the surface film coefficient K
real number to be physically realizable and therefore use iny the real

One may recogniié-thatﬁ K, must be a
part of Eq. (21).

‘Thus it is clear that, using the frequency fesponse data, one can

obtain both statistical distributions and physical constants for specific

models.
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MATERIALS
In this work the gas-liquid system used was sulfur d10x1de~water.
An anhydrous grade (99. 907 purlty by Welght) sulfur ledee was obtalned_
from the Matheson Company. The water used 1n.the experiments was
distilled Water from a laboratory supply, that had been degassed and
stored under a sulfur d10x1de atmosphere.
Two surfactants were used They were l-hexadecanol (cetyl
alcohol) and sodium 1auryl sulfonate. The insoluble surfactant
—hexadecanol was obtained from Eastman Chemlcals Company and was

reported to be a reagent grade. The soluble surfactant, sodium lauryl
sulfonate was obtalned from two sources, Procter and Gamble and E I.
du Pont de Nemourstompany. The sample from Du Pont was of questlonable
purity, butlthe sample from_Procter and Gamble_was reported to be 99 %
e : : . : Lo .

tNo:attempt*was made to purify samples further; but as»criteria'
for performance surface tension—versuseconcentration:curves were measured._
A cenco Du-Nouy'(ring—type) Tensiometer was used to measure surface
tension; the results are shown in Figs. 1 and 2. Note that despite the
unknown purlty for the sample obtalned from Du Pont, its curve in Fig. 1
agrees very well with the curve obtained W1th the carefully purified |
sample from Procter and Gamble,’indicating»that surface-active impurities
must have_been negiigible. Note also that the concentration of
l—hexadecanol is given in'monolayers presentTon the surface. They were
calculated assuming that a singlevmolecule occupies 20 sqg Angstroms

of the surface.
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Fig. 1. Surface tension of sodium lauryl sulfonate solutions
bulk liquid concentration. '
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Fig. 2. Surface tension of l-hexadecanol films versus equivalent
surface concentration in monolayers. -
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The liquid surfaces in all tests uere'initially cleanedtb&
plaoing a clean absorbent filter paner on the surface to’ramove‘dust
particles and any insolublebcontaminants that might.have oolleetedu.\.
there. | | o

. It uas found that the insoluble surfactant was best spread by
pipetting.an ether solution onto a'liquid surfaoe contained'ln a small
movable.cup.' The'solventzwas allowed toneVaporatevand’tbe cup_was
attached to the inside of tne test chamber lid; The surfactant was
‘added to- the surface by immersing the eup under the watervln the closed:
chamber. The soluble surfactant was. added by use of the cup also but
no solvent or liquid was added to the cup.. For,complete‘details'of~the
‘cleaning procedure and:the.method of“surfactant addltion see Springer*g

(1969) .

.ﬁxPEEIMﬁNfAL RESULTS‘

Before results are glven the procedure‘for presentatlon‘of
vdata needs to be explalned. As noted earller, 1t is poss1ble for
frequency response to be measured relative to either an 1mpermeablef
surface or'a-stagnant liquid_surfaoe_asvstandards in the reference
chamber. _Datavwere taken in both.uays, but were presentedﬁrelative.tobl’»

an impermeable surface in results shown here. To dlstlngulsh between .

methods of measuremento, all data p01nts taken relative to an 1mpermeable - -

surface are shown as darkened'symbols; those"taken relative to a
_stagnant llquld 1nterface are shown as open symbols on the graphs.
It has also been shown earller that data may be analyzed by

treating the amplitude and phase data results separately. The data

*
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shown for clean, turbulent intérfacés inclﬁdés plbts of boﬁh anmplitude
and phase relationships. Thesé plots aré typical of.other_résults, S0
to conserve space only thé amplitudé resulfs‘will be plotted for other
data. The tables containing results of anaiysis of data ﬁill contain
results for bo#h amplitude and phase déta. Complete tébles of all
pertinent data have been deposited as Documént No. 0000 with the ADT
Auxiliary‘Publications Projéct, Photoduplication.Service,.Library of

Congress, Washington, D. C. 20540, where copies may be secured.

l.‘vClegn Turbuleht Surfaces

| Consider a turbulent, clean interfacé, obﬁaiﬁéd 5y'stirring‘the.
pool of liquid below at a raté of 230 rpm. By compariﬁg this interface
wifh an impermeable one in a standard reférence chambér using the inter-
face impedance bridge, the frequency response shown in Fig. 3 was
obtainéd. The solid curved line repreéénts the respéﬁse predicted by
Eq. (18) uéing the values of s and Q* = Q491/2 given in‘Table I; the
stréight line is the theoretical.response ofba clean, étagnaﬁtvsurface
compared to an impermeable surface. Note that as frequency becomes
large the response of_a turbulent interface should approach that of a
stagnant interface. Introduction of turbulence to a stagnant interface
causes an increase in the surface area for mass transfer because of
ripples produced in the otherwise smooth surfage and also because of
wetting of the chamber wall directly above the ndrmal'liquid*level‘due
to the irrégular motion of the surface. The apparent.increase is shown
by the values of Q* _listéd in Tablé I. Thé dashéd linés in Fig. 3_

‘represent the theoretical response of a stagnant surface of surface area
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Fig. 3. Bridge comparison of a clean, turbulent water interfade with
' an impermeable surface. {O -liquid stirred at a rate of 230 rpm;
0O -liquid stirred at a rate of 150 rpm.) :
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Table I. Results of lease squares analysis of data for a clean, .
turbulent interface. '

Stirring Speed Phase Data Amplitude Data
- - * -
rpm _ s, sec 1 .S, secl -Q , cm
0 . 0 0 0
150 1.040.07%  1.09t0.08  0.0233t0.00007

230 2.88t0.09 2.87+0.16 ©0.0272%0.00011

'aStandard_error computed on the basis of 95% confidence level, i.e.

approximately two standard deviations.




-Lo<

equivalent fo the turbulent interface. Based anvthe surface arealaf the':.
stagnanf pool of 1i§uid'(625 cc), a gas-space avaragé volume of hSQO cc,
a Henry's Law coefficient of 0.02368 g—moles/(cc)(atm), and a diffasivify
in water of 0.0000146 sq cm/séc for dissolved sulfﬁr dioxide, Qf‘= 0.0225
em © is expected. | | | o
Application of Eq. (16) allows one fo calculate ;he age.distribution
function of the interface; the result is showﬁ in Fig. &.. The soiid line v
in this.figure representsvfhe féspanse predicted.by a.Danckwerts age-
distribution funéfion basad on vaiués of s and Q* fram Table I.
A‘aimilaf analys;s of a turbulent,_clean'inferface, oﬁtained by
stirring the liquid at-a rate of 150 rpm is shoﬁn in Figs. 3.and 5.
Table T sh6WS‘the results of thé least squarés analysis as deSCribed by.-
Bgs. (19) and (20).
Examination of these reéults indicates that'undervthe-COnditions
of'these~experiments<the'age'distfibuﬁion prpposedaby Danckwerta'is‘a
good approximation to that ogtained axperimentallj., This meanslthat
~under theaa conditions of turﬁulence the Danckwarts apﬁrOXimation may

be used to predict mass transfer through the interface.

2. Effect of soluble Surfactants

A'stagnant liéuid Qf a speqified concentration.of ﬁﬁe saluble
surfactant.sodium lauryl sulfonate was coﬁpared fo an impermeable
.reference chamber. The fréqﬁency response revealéd.that no méaaurable
change in mass transfér thrdagh.thé'interfacé could'bé datectédvat all

concentrations tested, The concentrations were 0.0001635-M,

.
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Fig, 4., Surface age distribution function versus surface element age -
for a liquid stirred at a rate of 230 rpm. Data points obtained
with Eq. (15).
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Fig. 5. Surface age distribution function versus surface element age -

for a liquid stirred at a.rate of 150 rpm. Data points obtained
with Eq. (15).




0.000327-M, and 0.00106-M. According to the Gibbs adsorption equation

these concentrations correspond to surface excess concentrationS'approxi-

mately equlvalent to l/2 l and 3.1 monolayers, respectlvely, 1f one

. assumes that a surface concentratlon of approximately lO 1h molecules/cm2

is equlvalent to a monolayer.

The effect of the soluble surfactant.on transfer tbrough a
turbulent:liquid interface was next eramined A turbulent interface;
obtained by stlrrlng the llquld at a rate of 230 rpm was compared w1th
an 1mpermeable surface The frequency response results are shown in.

Fig. 6 for a clean turbulent 1nterface and for a turbulent llquld

_at the two lower concentratiOns of surfactant. The solidvllnes in the

figure represent theoretical responses'as explainedvearlier.
Tests were also carried out at a lower turbulenCe ‘level, obtained
by stlrrlng the llquld at a rate of 150 rpm The frequency response

results were 51m11ar to those at the hlgher turbulence meaning that all

rconcentratlons tested shOWed the typical behavior shown in Fig. 6,

Therturbulent data in the presence of sodium lauryl sulfonate
were analyzed in the same manner asvthe clean interfaces. Calculation of
the surface age distribution functions indicated’that thevsurfactant'
did reduce tne intensity o6f the turbulence:at the giyen stirring speeds
but didvnot affect the apparently random statistical.nature of the surfaces.
Thus; the assumptions of Danckwerts.concerning random replacement,of
surface fluid elements are still very nearly true. The amplitude and

phase data were treated separately according to Egqs. (19) and (20).

The results'are shown in Table IT.
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Table IIﬂ

Results of least squares analysis on data for water solutions of sodium 1auryll

sulfonate. :
Stirring Speed Bulk Concentration Phase Data - ~-Amplitude~Déta

: _ : - - _— *
rpm moles/liter s, sec 1 s, sec Q ., cm 1
150 0.0001635 0.8610.192 0.853£0.106 0.0230£0.00006
1150 0.000327 0.688+0.116 - 0.612%0.097 0.0235+0.00015
150 - 0.00106b '0.578+0.180 0.5070.03k 0.0231+0.00004
230 0.0001635 1.29 £0.07 1.22 £0.250 0.02720.00024
230 0.000327 0.828%0.076 0.782+1.17 ~ 0.0274+0.00061
230 0.00106 001

0.699+0.060

2.h2 £0.66

0.026 *0.

aStandard error computed on the basis of.95% confidence level, i.e. approximately two .

standard deviations.

bSodium lauryl sulfonate sample obtained from du Pont was used in this run only.

"‘Sf(_
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‘For the 0.00106-M liquid concentration 6f éodium lauryl sulfonate
an unusual phenomena was obsérvéd at a stirring speed of 230 rpm.
During pressure oscillations in thé gas phase.thére occured oscillating
bubble.nucleation and growth in the liquid phase. Thé nucleation and
| growth bégan as the gas pressure decreased and becéme a maximum wﬁen the
gaé pressure‘was smallest. As the gas pressure increased, the buﬁbles
- began to disappear and the bﬁbble concentrationkwas nearly zero ét the
) maximum gas pressure. Figures T and.8jshow tﬁe bﬁbble concentrations ﬁt
maximum and minimum values, fespéctivély. These'pictures wefe taken
when the frequency of oscillation>o§ the gas pressurg-was_o.l cycles/séc;
The formaﬁion and gréwth bf bubbles was found néarly to disappéar as
the frequency incréaséd‘to'0.7 éyclés/éec;v |

Treatﬁe;£ﬁof the fréduency résponsé résﬁlts acéérding to tﬁé |
Danckwerts model showed‘aic0nsiderable diffefence betvéen‘ s values
calculated ffom phe amplitude and'thé phase data,vaé shbwn in Tablé II. |
Obvibuﬁly, a.Danéiwérts diétribution cannot reaspnably describe these
results. The oscillating bubble concentration caﬁsed the apparent
liquid volume and the gas-liquid surface area to Vary with time aﬁd
also with frequency 6f ésciliatidn. No réasqnable conclusions could be
drawn from these data.

The phenomenon apparently occurs because reduction of the gas
pressure during oscillatién produces a liquid so;ution that ié slightly
oversaturated. The reduction in surface ténsion owing tb the surfactant's
presénce aiiows_bubblés to form and grow more easily. At'lowér

concentrations of surfactant very few bubbles were observed at any stirring
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Fig. 7. Photograph of 0.00106-M sodium lauryl sulfonate solution
at time of maximum bubble concentration. (stirring rate of 230
rpm. )
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Fig. 8. Photograph of 0.00106-M sodium lauryl sulfonate solution at time
of minimum bubble concentration. (stirring rate of 150 rpm.)
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speed. Because of the intensity of stirring, a few*entrained bubbles_f

could be seen even in & pure liquid.

3. Effect of Insoluble SurfactantS'. T R N h -
Insoluble films of l—hexadecanol were placed on the surface of a

stationaryvliquidvand compared to a clean stagnant liquid surface as &
standard reference chamber Concentratlons equivalent to 1/2 1 and 2
monolayers Were tested. Unlike the results for a soluble film,pa
vdefinite film resistance to éas transport was observed. Figure.g shows
the frequencvhresponse results'for the three concentrations tested. The
solid lines represent solutions to Eq (21) using in each case'the

value of K which . produced the best fit of the data (Table III)

| " The effect of the insoluble film on transfer through turbulent
interfaces was next analyzed. Con51der -8, turbulent surface covered with
a film of l«hexadecanol Wlth the liquld stirred at a rate of 150 rpm
When th1s surface was compared to an 1mpermeable surface as a standard
reference, the_results shown in Fig. 10 were obtained. The theoretical
s0lid line in this figure corresponds to the results obtained forsafclean
turbulentbinterface. Concentrations equivalent to l/2, 1l and 27monolayers
Were;used."

_ When the stirring rate was increased to 230'rpm similar results
were obtained;-indicating that insoluble films atrthese turbulence levels
do not reduce mass transfer rates. | .

Results of the least squares analysis on the previous data

according to a Danckwerts model are shown in Table IV.
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Fig. 9. Bridge comparison of a stagnant liquid surface, covered by a
l-hexadecanol film, with a clean stagnant liquid surface.
(O -1/2 monolayer equivalent surface concentration; A -1
monolayer; [ -2 monolayers.) :
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Table III. Calculated fllm coeff1c1ents from least squares analys1s of
data for stagnant surfaces covered with l—hexadecanol o

.. Surface Concentration in . Film Coefficient

_-Equivalent Monolayers o » o cm/sec
1/2 | © 0.00754t0.00112
1 0.00385+0.00070
1% ~ 0.00446%0.00048
2 - | © 0.0036L4+0.00056

a, . . . : . : . ) . " .
‘These data were taken in a separate series of experiments by comparing
a film-covered surface with an impermeable surface in the reference

chamber.
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Fig. 10. Bridge comparison of a turbulent interface-(stirring_speed,
150 rpm), l-hexadecanol surface film added, with an impermesble
surface. (O -1/2 monolayer equivalent surface concentration;

A -1 monolayer; O -2 monolayers.)
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Table IV. Results of least squares analysis on turbulent data for l-hexadecanol.

. Amplitude Data

Stirring Speed- Surface’Cdnqentration_inr, PhasevDataj - |

. P _ . S . S - * -
rpm - Equivalent Monolayers. ' s, sec 1 . -8, sec 1 Q , cm;l

150 1/2 1.16 *0.47% 0.9740.175 .0234£0.00009
150 - - 1 .0.875%0.226 1.01 £0.20 .0231#0.00011
150 : 2 . 0.9140.219 1.01 t0.21 .0232£0.00012
230 - 1/2 3.04 0.31 2.29 #1.11 .0280t0.00149
230 o 1 3.16 *0.86 1.68 *1.53 .0309%0.00180
230 2 3.14 #1.51 .0311+0,00214

1.51 *1.99

®standard error computed on the basis of~95% confidence 1évél, i.e. approximately two

'standard deviations.

_.fSSf
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'DISCUSSION oF RESULTS

The results lndlcatlng that the soluble surfactant sodlum lauryl
sulfonate ‘exhibits no measurable surface re51stance 1s in accord w1th
results of other researchers who 1nvest1gated expanded—type surface
layers (Bussey, 1966)7 Apparently the molecules inxthe»surfacevare‘
loosely bound‘and form an open.latticevthrouéh which the‘gas molecules

‘may easily pass. The measured resistance of a l-hexadecanol film in

the compressed state (i.e. at least 1 monolayer present ) is comparedeith

results of other researchers in Table V. Our measurements are in

agreement w1th Plevan and Quinn (1966) who.also.used the sulfur dioxide~.

water system experlmentally. An order of magnltude agreement is
obtained between our work and others when the re51stance of l—hexadecanol
films to passage of SO molecules is compared with transport of C02
molecules " -hexadecanol molecules are belleved to be closely packed |
together.on the surface of water formlng a rlgld 1att1ce through Whlch ‘
gas molecules pass with some dlfflculty.‘ By estlmatlng the thlckness
of a monolayer film of l-hexadecanol (approximately 25 Angstroms)
one may calculate the apparent-diffuslon coefficient of the gas molecules
through the condensed monolayer. The result is on the order of l0f9
vsq‘cm/sec,v It seems that the surface film_behaves.more likela‘solia
than a llquld |

The results of surfactant behav1or at turbulent 1nterfaces are
more significant and qualitative explanation more difficult. In the'vﬁ
presencevof'turbulence, several film properties come into plaf. A

film must'be able to withstand bombardment of the interface.by eddies”
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Table V. The surface resistance of a 1-hexadecanol film compared with
‘ the results of previous investigations.

Source , . , Gas—Liquid Systém _Surface Resistance
' ' sec/cm
Blenk et al. (1960) 00,,~buffer o - g0®
Sada et al. (1967) | - 00 -water 105
Plevan et al. (1966) , _SOZ—Water 170-215
This work Sog—water | _ . 22k-275

_aAll resistances reported are for films with ét least 1 monolayer

equivalent surface concentration.
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generated-far.from the surface; The elastic'and flow properties of a
film become important as the surface‘distorts ow1ng to turbulence. 'lf
the scale of turbulence is large enough to0 cause the liquid surface to
be broken, recovery of the film after collapse becomes.important: The
recovery speed mayvdepend upon.the adsorption rate at the interfacé, |
the surfactant s diffusion rate in the liquid and perhaps even 1ts
diffus1on rate across the surface. To attempt a reasonable explanation
of the results obtained here, one needs to be able:to estimate time
constants for the above film phenomena}u Let us briefljveXamine'some of;
the properties of films reported in the>llterature. o

A discu551on of dlfqulon limited mass transfer rates of surfactants
is given in Davies and Rideal (1961) They con51dered a system in
which only a thin stagnant layer of liquid separated the surface fllm
from the stirred bulk solution. The adsorption rate of surfactants was
found from:experiment to be strongly dependent on the surfactant's
bulk concentration and was predicted wellvijaniindiCated theory.
Application of thisftheory showed that.for lauryl sulfatevions, after
a sudden lO%_change in surface concentration,-thevrate of adsorption was
such that the surface was 60% restored to eduilibrium'after 6.4
milliseconds. The bulk concentration Wasfld—3M.‘ By contrast, consider
lauryl alcohol at a surface'concentration equivalent to approximately
1/2 monolayer. After a sudden 10% change in surfacevconcentration, the
rate of adsorption was such that the surface was 60%.restored to
equilibrium after 60 seconds. For derivatives with longer chainsbthe
rateslbecome correspondingly‘smaller, and the times correspondingly

longer.
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ﬁesults of work by Hanson (1961) showed that'adsorption was
not solelf.dlfquion,limited, 'ﬁe stated; if it is assunedithatvspreadiné
 pressures depend on amounts of solute adsorbed andron subsurface
concentration:in the same manner in dynamic and equilibriumvsystems and
if amounts ofﬁsolnte adsorbed and‘Subsnrface concentrations are inferred
from observationvof spreading pressure*tine data on this basis, then
adsorptlon llmlted solely by diffusion fails to explaln the slow 1n1t1al
varlatlon of spreadlng pressure w1th,t1me.. Except for this 1n1t1al
behav1or diffusion must play an 1mportant role in llmltlng the adsorptlon
rate. The adsorptlon appears to be dlffu31on*controlled except for an
initial tlme lag; tlmes requlred to reach any partlcular spreadlng
'pressurevare always longer than would be expected if dlffu31on alone were
the llmltlng factor.

| McArthur and. Durham (1957) studied spreading rates of fatty

alcohols that form condensed or rlgld fllms The tlme to spread a
~distance of 76 cem in a test chamber 91 x 14 x 10 cm was measured.
Spreadlng from 2Amm diameter particles of 85% cetyl alcohol required
15—18 minutes to reach a surface nressure of 20 dynes/cm. The
equilibriumdspreading pressure,vor surface tension reduction, of cetyl
alcohol is.hh dynes/cm. Recovery of spread-films was assessed by
compressing them until‘they\collapsed and then observing the rate_of
.increase of_surface pressure. Aftervspreading 95% cetyl alcohol,
recovery,to'éo_dynes/cm reqnires 5 ninutes.

Healy and La Mer (196L4) studied’damping of capillary waves by

condensed monoleyers and their effect on retardation of the evaporation
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of.water. Their experiments invo;ved osdillation'of avhorizontal bar
in a liquid surface at a given amplitude and frequencj. They found that
under djnamic conditions the sﬁrface pressure nas reduoed more:than could
be accounted for by the increase in eurface'area dae to turbulence.
They observed a maximum plafean for surface pressure under d&namic
conditionevmuch_lower_than the equiliprium.spreading preseure,vindicating
.that dynanic‘conditionsrmay place a restriction on attainabie surfacev
pressure. They postulated that the.reduction'in surface pressurevwas_
due to submergence of monolayer molecniee and conciuded tnat:tne sub-
- mergence shouid pe.highest at tne bar. Nevertneless,_no film breakage .
could beropserved; They also found_that recovery of the static-Surface
pressurevﬁhen the disfurbance was removed was iniﬁiaii&vrapid bﬁt the
final approach to equlllbrrum was siow :. B .. |

Sakata and Berg (1969) measured the surface dlffu31v1ty of
myrlstlc acid, whlch forms an expanded surface layer i They found . a
surface diffusivity of 3 X'lO—h cm /sec indicating that expanded mono-—
layers benave'much like a liquid. Blank and Britten'(1965) predicted
" that the snrface diffusivity.of condensed 1ayers, like_l«hexadecanol;
shouid be ‘'on the order of 10—8 cme/sec indicatingra very rigid structure

of the surface layer.

' Application of the above information to interpretation of measured

frequency responses at. turbulent interfaces with snrfactante present
can be qualitative'onlyu With the aid of this information, the following
conclusions concerning surfactant behavior at turbulent interfaces seem

reasonsble.
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.The measured response of turbulentllnterfaces lnltlallybcovered
w1thvl-hexadecanol fllms 1nd1cates that the degree of turbulence wasv
high enough.that the rlgld film must have been completely broken up and
submerged 1n the'bulk llquld vaonelwere to assume that the film was
broken up 1nto hydrocarbon partlcles onvthe orderrof d 1 mm in dlameter,
Stokes LaW'would 1ndlcate that the tlme requlred to rise the averagev.
helght of the bulk llquld (llquld depth.ls 8 lnches) would be approx1mately
1. 7 mlnutes Slnce the spreadlng rate and the adsorptlon rate of
l—hexadecanol is very small compared to the average rate of submergance
-of any surface fluld element, 1t is unllkely that apprec1able surfactantv
would be present on the stlrred surface.: The surfactant enterlng the
surface through turbulent mlmlng w1ll be 1mmersed in a , fluid element
Whose concentratlon w1ll be equal to.the very low bulk,concentratlon
offsurfactant Slnce only enough materlal was added to form a monolayer,
m1x1ng w1th the lO llters of bulk llquld made the surfactant s concentratlon _
extremely small | Thus, only a small fractlon of the surfactant or1glnally
added to the surface would ex1st there after the fllm is broken up. lf :
_one could reduce'the turbulence 1ow enough,_there would be some,level.at
which the monolayer would become stable. * Under these conditiOns one
could 1nvest1gate possible damplng of 1nterfac1al turbulence by condensed
fllms. Unfortunately, 1n the experlments carrled out here, the turbulence ‘
level could not be- reduced much,further w1thout making the measured
pressure—dlfference signal prohlbltlvely‘small

By comparing tlme for adsorptlon.for the soluble surfactant w1th ,:
fluid element helf llves, one can see that even if the.fllm were,broken V

some recovery should be obtained. As soon-as a portionvof'the,interface'
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is swept clean of surfactant ‘materlal rmmedlately beneathvcan dlffuse_
to the surface and ads‘orb | O.ne ca.n ..env1s1on lslands of surfactant on
the turbulent surface. Fluld eddles whlch strlke these areas fromv
below may be sllghtly damped as postulated by Dav1es (196h)

It must be reported that in all turbulent runs made that nov
v1sual change in the surface turbulence could be seen. Nevertheless,
the measured average age of the surfaces‘ranged from‘approximately
0.3 ;'é}o seconds in experimentsvvith.and without surfactants.

| ‘These results'indicate that owing to the‘nature of the>surface
films formed, a liquid typepsurface.film can'affect hydrod&namics at a
turbulent<interface.eveniin the-presence of.vigorous'turbulence5 oVing.‘
to the film's lic_luid mobility and fast rate of recovery.: -.on ‘the other .- |
hand, a'condensed, insoluble'film is:very,rlgld*and-SIOW’to.récover'after
rupture | ~Its presence may . only be: 1mportant at -low- turbulence rates. The
results reported by many researchers on the retardatlonvof the rate of
_water;evaporatlon help to strengthen thls conclus1on.»-They havevfound

that even a slight wave action caused by wind.or boating on water

reservoirs considerably reduces the effectiveness?of l-hexadecanol films.

CONCLUSIONS

Although the.lnterface 1npedance brldge 1s.not slmple to operate,
it has yielded considerable lnformatlon concernlng 1nterfa01al turbulence.
TheAapparatus is quite useful in measuring surface film_reslstances.
It.eliminates many problems encountered with previous teéhniques.h
Measurements can be carried out at small contact timéS, WhiCh Were.not

possible previously, and density-driven convection currents have
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negligiblé.effecf."The'ffequency_fesponse da£a>éiiow.one t§ exémine
the staﬁiStical natﬁré of fluid_iﬁéerfaéé as.wéil'as fheir ﬁime—‘ |
'avérage ﬂéhévibr. | | | | o o
| " The'important proﬁlém of sﬁrféctant behavibr at_turbﬁlent 
| interfaééé.has béén investigatéa‘ itvwas found that soluble filﬁs can
dampenvﬁurbuienée at the intérfacéxand réduce mass transfér rates; while
insolubié.films'kénd to break ﬁp.and to have no measuréblé effect on
'maéé tréﬂsfér'rates; | | o

Tﬁé reéulté of thié.paﬁé?fwéféjAféwﬁ.from dafa taken éf-higﬁ'
vturbulenée.¥atés ﬁhéré £h§ sca1é of fufbulénce was much gfeater £han_the
depﬁh of pénétration of the dissolving gas; This ty@ékéf turbulenée_is
_deécribea wéll by the aésﬁmpfibné of Danckwerts (1951), as expérimental
results yerify. ~As turbulence is reduced, thesé assumptions will nol
longer be valid and the felatiﬁe motion éf liguid at different levels
close beneath the surface may not be disregarded. Solution ofvmodels ofv
this type are ﬁuch more difficult as can be seen in work by Scriven
(1968) in.which irrotdtional stagnation_flow near interfaces is considered.

) Anothef impbrfant problem not resoived here occurs wheﬁ turbulehce

is not great. enough to_cause collapse of the condensed films; Sﬁrface
resistance t§ gaé ﬁransport plus poséible hydrodynamié’effects.like.

those mentioned in the preceeding paragraph may be present.
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NOMENCLATURE

A é’ area of liqﬁid surfacé,isqvcm :
c. = ,concéntration of gas in liquid, g—ﬁoies/liter'
C = capacitancé of.condénsér in analgous électrical bridgé
CV = molar héat capacity of gas at constant volumé
o = diffusion coéfficieﬁt of dissolvéd gas in liquid, sq ém/séc
H e Henry's Law coéfficient for gas in ii§uid, g-moles/(cec)(atm)
kL‘ = liquidvﬁhasé mésé.transfér coéfficiegt, cm/sec  -
K = ;surféce film mass transfér coefficient, cm/séc
n = nﬁmber of moles of gas in chambér |
p .= gaé'pressufe, atﬁ
P = 'amplifudé of gas préssuré~pséiiiatioﬁs;:atm
Q= R/,
Q* = vQ,@l/g
= impedance of resisfaﬁce élement in analogous electrical bridée
R = gas cohstant, 82.06 (cé)(atm)/(g—mole)°K) |
s = 'replacemeﬁt frequency of fluid elements in liquid surféce; se_c_l
S = inside surface areé of chamber, sq cm
t = tiﬁe, sec
T = femperature of surroundings, °K
U = heat transfer coefficient between gas and Walls.of chémber
vV = volume of gas space in chamber, cc | |
% = amplitude of gés volume oscillations, cc
X = distance from intérfacé into liquid, cm
Y< = .ratio of heat capacitiéé for gas

«
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frequency of oscillétions, radians/séc
time—averagé value

chamber numbér, référéncé chambér
chamber numbér, test chamber
film—covéred surface’

sﬁagnant surfacé

turbulent surface
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APPENDIX A
EXPERIMENTAL APPARATUS
GENERAL DESIGN CRITERIA | -

An appEEatus, called an_iﬁtérfacé_impédance bfidge, was briefly
described in Chaptér 1. Désign.and construction of thé apparatus will
be given-in detail in this section.

| .The expefimental apﬁaratus EndvféchniQue Eust méet‘the following
cohditiéhs. o | | | |
. (1) construction of two chambers as nearly identical as possible

(2)‘ afmechanical system capable of produciné gas pressure.

oscillations oﬁer a suitable range of fréqﬁency'

(3) an instrument system capable of measuring the pressuré

signals

(k) a gas-liquid system which wiil yield a sufficiently large

pressure-difference signal.
A schematic of the system and photographsvof the chambers and
thesﬁeéhanical system are shown iﬁ Chapter 1.
CHAMBER CONSTRUCTION

In construction of the test chambers, the folloﬁing factors had
to be.kept in mind. One ?eeds a large ratio of iﬁterfaciﬁl areEEto'gas :
volume to ensure a measurable absorption sigEal, but at the same'fime:
the gas s?ace must.be deép énough,to Ellow turbulent stirriﬁg of the
liquid surfacé without_splashing onto.thé 1id. A lérge volumé is needed
to énsuré né appréciéblé changés in.bulk.composition‘during absorp#ion—

desbrption, and more Importantly, to allow placement of a stirring system
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w1th1n the liquid to produce 1nterfaclal turbulence. No breahage of'the
llquld surface by a stlrrlng system can be tolerated ’Therefore5 one :
-must allow for stlrr;ng_from below. A transparent chamber and top is
desirable to allow visual obseryationAof:the liduid,and surface duringt
operation; | | | | N | | |
For the abovetreasons affive:éallon PyreX'solution-jar was.“v"v
selected for chamber constructlon., Two 1dentlcal chambers ‘were madevln
the follow1ng manner. The tapered top of the solutlon Jar was cut off
and the surface ground smooth to- produce a contalner 11. l 1nch i. d -~ and
approx1mately 8.5-1nch in helght. A stopcock‘wasvfused‘lnto the bottom
»qof the Jjar for 1ntroduct10n of the llquld solutlons. A valve arrangement
'permltted one to bubble gas 1nto the llquld through the stopcock in
order to saturate the llquld solutlons w1th the pure gas. A 28/12
Pyrex ball JOlnt was also fused 1nto the bottom of the chamber to hold
the- stlrrlng system to be descrlbed 1n more detall later l v
| It was dlscovered that theﬂchamber needed to be baffledvln’order ’
to minimize vortex formatlon .and to produce random turbulence at the
‘1nterface.»bA system of four baffles was placed 1n.the chamber.' Each.“
'baffle was one 1nch w1de and came to W1th1n l 5 1nches of the llquld
surface : Since no easy way to attach the baffles to- the walls of. the.
chamber could be seen, they were constructed of Pyrex glass w1th a
framework that rested on the chamber,bottom. A glass rod, attached‘to3.
the bottom of the framework, protruded into the stopcock:neck at the -
bottom ef the tank and ke;ét.,the' baffle frameworkvfrom n}ox;i,ng;'_' One of
the chambers and the baffles are shown in Fig. A—l In orderlto;measure

the liquid temperature durlng experlmental runs, a small thermometer

was attached to the baffle framework 1n,each-chamber.
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Fig. A-1. Photograph of Pyrex chamber and baffles.
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CHAMBER LID

The chamber iids wéré COnstQuctéd of Qné,inch thick Lucite to
allow visual observation of the liquid surfacé duéing operétién. Four
1/2 inch gas inléts wéré mountéd in thé 1lid to allpw connection of the
éhémbér to a Neoprené balléon, actually, a hospital rebréathing bag, used
to vary the gas volumé sihsuqidally. Thé gas inlets wéré baffled to |
eﬁsure that incomiﬁé gas during oscillétion did not_disturb”the liquid
surfacg, which‘Waé approiimately oﬁe inéh,Bélqw tﬁe lid. An inlet ﬁas
provided in thé céntér of thé 1id for connéction of pressuie transducers
and a gas purge line. Provisions wéré also made for introduction of small
'amoﬁnts bf surfactanf. | |

Surfactant could be addéd to one of thé chambers eithér by
hypodermic syrinée through.a rubber‘seal or by small movable cups
attached to the inside of the 1id. Three cups were éttéched_to tihy
rods which protruded through a rubber seal in the 1lid. A drawing of
the center inlef and cups is shown in Fig. A52. The 1id seal to the
glass chamber was provided by a butyl. rubber O-ring resting‘in a machined
groove.

 Each chamber rested in a wooden base filled ﬁith Plaster of
Paris fo_fit the contour of the chémﬁer bottom.‘ The 1id was held
tightly:in plécé byvfour metal rods attached to the 5ase and seéured to

the 1id with wing nuts.
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| |§ sl Rubber seal

¢ 2 between two

s H metal washers
Transducer __ , '« Purge
connection - | line

2
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cups

XBL 6910-5767

Fig. A-2. Drawing of center inlet to chamber 1lid, showing movable
cups and gas line connections.



'THE BALLOONS
The Neopfene balloons, connected to their respeétive glass

chambers through a manifold and four lengths of 1/2 inch i.d. butyl

rubber vacuum tubing, were placed inside sheet metal boxes. The insides.

of thé boxes were contoured to an elliptical shape by ihsertion of pieces

of hardwood (see Fig. A-3) so that a good sine wave'résponsé_inwgas>
pressurerbf thé chamﬁéfs couid be obtéinéd when thé hinged covers‘of
the boxes'wére‘movéd to compress and e#pahd the balloons. Tﬁelballoons
(3 liter, Neoprene, No. 20795), obtained from Monoghan Co., 500 Alcott
Ave., Dénvéf, Colorado, 8020k, had to be modified slightly before ﬁsg.
Since the balloons were inténdéd for hospitél.use the ends were not
rounded, (see Fig. A-4). This meant that the balloons did not fit
comfortably in the boxes; the ends had to be folded ovef. The pressure
response of the two separate chambers reacted more nearlyiidenfically
after ﬁhe ends.of the ballooné were tucked inside the balloons and the
.ends plugged with either Duco cement or silicone rubbef sealant.
| Interconnecting lines containing metering valves allowed one

to purge both chambers either thfough‘the lid or through.the manifolds.
Purge was possible with sulfur dioxide or air through an exhaust line

leading to a hood.

. THE DRIVE SYSTEM
The mechanical linkage and drive system used to compress and
expand the balloons is shown in Fig{ 3 of Chapter I. The components

are described below.
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Fig. A-3. Photograph of insides of sheet metal boxes.
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Fig. A-L. Photograph of Neoprene balloons before and after modification.
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A d.c. shunt-wound motof (2500_rpm; 1/3 hp, No.-G56—25) and a
SCR controller (No. SH-T3) were obtained from Minarik Electric Co., 224
East 3rd Street, Los Angélés, California, 90013.> The motor was affached
to a Zero-Max Dfivé (modél Q1) obtainéd from Zero—Méx Co., 2845 Harriet
Ave., South,_Minnéépolis, Minnésota;_ Thé'Zéro—Méx Driﬁé is a meéhénical
speed ﬁeducér that‘givés étéﬁléss Variaﬁié spéed frém zeio to.maximum by
changiﬁglfhé distance that four or ﬁore oﬁe—way ratchété rdtate fhe
outpﬁf'shaft.wheh the& mové back andvforth succeSsivély. from the input
shaft an'eccéntric'ﬁotion causés linéar motién to.bé applied to the one-
way ratchefs. By varying thé degree of eccentricity_on‘thé inbut shéff,
the outpu£ épeed may'bé continuously varied from nearly zero‘to maximum._'
By using four or.more dverrunning clutches and driving them'frém the
eccentrigs'suéceésively, the outputvrotation is éontihuous..

One drawback to thié unif is tﬁat fhe output shaft is not seif—
loéking.  The Zero-Max unit waé connected to a Worﬁ_gear reducer |
(Winsmith, ieLR, Series No. 1 CB, 15:1 and 40:1) obtaiﬁed ffom the
Otrich Co;, 3654 Grand Ave., Oakland, Califdrnia. The.ﬁorm gear served
two purposes: it served as a self locking mechanism bétyeen the Zéro—.
Max unit and the shaft driving the balloons, and the usé of feducers of

two different reductions expanded the range of variable speed for the

1
i

drive system. The worm greér reducer rotated an armvwhich'waé'attached
to a variable length shaft. Thé degrée of eccentricity of the shaft

on this arm could be varied to allow amplitudé variationbin the gas
préssuré Wavés.' Thé linear motion of the shaft was diréétéd fhrqugh

porous bronze sleeves housed in a metal casing and bathed in oil.
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The single shaft drove two separate arms attached to each of the
hinged doorways; It was hoped that this mechanical llnkage would produce
nearly identical'volume changes in the two chambersr ‘Through the
combination of the SCR controlled motor, mechanical.speed'reducer, and.'
use of two different—ratic worm gear reducers, it'was'pcssible,to vary
the output speed of:the.mechanical drivebcontinuously-from'0.03 to
9 cycles/secf_ Some typical pressure,waves generated b&'this system are
shown in Fig. A-5, for Which.the frequency of oscillation was 0.5 cycles/

sec.

ELECTRICAL EQUIPMENT

Since the difference of nearly rdentical signals was needed,
differential pressure transducers capahie_of measuriné signals less'than
one 1nch of water were purchased from Hewlett Packard Sandborn D1v131on,
1101 Embarcadero Rd., Palo Alto, Callfornla A 31hgle ended transducer
(model 268A range t 20 1nches of water) was.purchased to'measure'the |
pressure of one of the chambers relatlve to atmospherlc pressure These
signals were on the order of % '16.6 inches of vater. A differential
transducer (model 270, range * 15 ihches of water) was purchased to
measure thevpressure difference between chambers. By experiment, this
transducer was capable of detecting changes in pressure as‘suall as.
' 0.001 inch of water. The signals to be measured were on the order
of 0.025 inch of Water. The differential transducer was approximately
three times as sensitive as the sihgle ended transducer ahd vas reported
to produce a differential error less than 0.01% of the'applied pressure.
The trahsducers were connected to a Sanborn Transducer—Amplifier—Indicator

(model 311A) and then to a Sanborn two-channel inking recorder.
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| filter set at 2x experimental»frequency .-filter set at experimental frequencyv

pressure4difference‘signai.

compression peak

XBL 6910-5704

Fig. A-5. Typical generated pressure waves at 0.5 cycles/sec. The upper
waves represent a balahce signal at two different filter settings:
(note second harmonic content), attenuation x20. Lower waves represent
input signal to a single chamber, attenuation x2000.
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Because of the signal noise and introduction of.harmonics due

to an imperfectly generated sine wave input, it was necessary to filter

the differenee signal. For this purpose,‘a variable'band—pass filter
(model 330B(R), range 0.02 to 20.0 cycleS/sec) {:as purchased from | :
Krohn-Hite. Corpveration, 5 80 Massachusetts .Are., Cambridge, Mass., |
_02139; The.upper and lower cutoff frequencies ceuld be selected
independently; For oﬁr purposes,.setting both cutoff frequencies te the
desired experlmental frequency gave best results

Although the phase relatlonshlp between the measured dlfference"
51gnal and the pressure response of one of the chambers could be deter-
mined from the recorder output, a much.more accurafe and convenlent
result could be obtalned by dlrect analys1s of the electrlc s1gnal
The electronlcs department of the College of Chemlstry bullt a quadrature
demodulator that could handle the 31gnals dlrectly. The.apparatus, llke
arlock-in-amplifier,-is basically a phaee-sensitive‘deﬁecter which cenv
be considered_Simply as a doﬁble-poie,'doﬁble—throw~reversiné switch. : |
The/position of the switch is determined 5y the polarity of the reference |
input. -If the input signal is a noise—free_sinusoid and is in phase with
the reference signal, the oﬁtput ofrehe swifch will be a full ware
vrectified siﬁusoidal waveform. When flltered by an RC 1ntegrator the
output will be proportlonal to the rms value of the input 51gnal. HOWever;
. 1f the input signal and the reference 51gnal are shifted in phase by
- 90°, the integrated output of the switch_will be zero. Thus, the output
of the integrator is proportional tO’the'rms value of the inpuf signal -
and to the cosine of the phase angle between the input signal and.the |

reference.
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The demodulator consists of two circuits as described above,
but with the reference 51gnal shifted 90° in phase in the second
01rcuit. The’ output of the second 01rcu1t is proportional to the rms

value of the input signal and to the sine of the phase angle between the

input signal and the reference} A somewhat analogous detector may be

constructed'using an analog computer. Figure”A—6 shous a block diagram'
of the apparatus and also the equivalent analog computer circuits. A
complete c1rcu1t diagram of the Quadrature Demodulator may be found in
record book 58 hOO D-R on file in the Department of Chemical Engineerlng,
Univers1ty of California Berkeley. | |

Slnce the 1nput—output phase relationship of the band—pass filter

is frequency dependent, a small deVice named the Harmonlc Analyzer was

: built to aid in adJustment of the frequency relationship between the

filter and the experimental apparatus. The principle of operation

relies on the fact that the generated sine wave has considersble second

harmonic -content. Figure A-T shows a block diagram of the apparatus

and a circuit diagram. Notice'that the difference of the pressure signal of
one of'the:chambers and this signal filtered, when'the frequency is
properly adjusted, will contain the harmonic and noise content of the .
original signal. Ad justment of the filter settlng while observ1ng this -
difference reduced the fundamental content until at the'proper frequency

no fundamental was left. vBalancing was not difficult.
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~ Block diagram of the quadrature demodulator -and the
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Fig, A-T. Block diagram and circuit diagram of the harmonic analyzer.
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STIRRER SYSTEM

Thé stirring shaft enteréd througﬁ thé bottom of the test
chambér so that_the interfacé would‘not bé‘disturbéd. A machined
Téflon ball was préss—fittéd onto thé shaft and pinned there; Thév
ball mated with thé 28/12 Pyrex ball joint that had been.fuéed‘into the
bottom of the chamber. Teflon dry spray lubricant (no. 516045, Chemical
Rubber Co.; 2310 Superior Ave.,’Clévéland, Ohio) was.used on the ball_
Joint and ho léakage of sofﬁtiohvwas‘détécte& at‘anj timef.

The&oﬁly stirriné paddle uséd in this Wbrk was three-bladed With
allowance for adjustment of thé ang1e 6f inclination of each biaée;
The bladeé, éohstrﬁcted of i/lé—inch stainless steel, were 2.5 ihches
long and 3/k iﬁch_wide.. The outside édge of thé biade wasviocatéd
three inches-from thé centerline of the stirrer. Thé angle of inclination
(25° frbm the horizontal) waé selected by visuai exémiﬁation of the
character bf turbulence produced gt the interface until the most random
interface was produced. The stirrer was located gpproximately 2;5‘inéhes
from the béﬁtom of the container and was approximatelyvh inches from the
liquid surface. The stirrer was rotated inhsﬁch a way as to force
liguid towafd the liquid surf#ce. Figure‘A-B shows the stirring paddle,
shaft and type of bali Joint used. The six-bladed impéller éhqwn iﬁ
this figure was not used becaﬁse even in the baffled tank a significéﬁt
vortex was fqrméd. | o

Thé'stirrér was driven by a Bodine shunt wound d.c.‘motor
(172§,rpm, 1/15 Hp, no. SH33) purchas.éd from the Min'ar?i_k Electric Co.

Speeds as low as approximately 100 rpm could be obtained. A piece of
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Fig. A-8. Photograph of stirrer and shaft.
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butyl rubber tubing was used to connéct the stirrér shaft and ﬁéfof;
Turbulence tests wére madé at two stirring’spééds, 156 and 230 rpm.
Figurés A-9 and A-10 show thé type of-interféce formed for s cleanIWater
solution at the'indicatéd stirring spééds. |

Photographs of - turbulent interfaces with surfactants added were

also taken. The effect of the presence of 2 monolayers of:lfhexadecahol'

on surfaces at lBO.and 230 stirring spééds showéd no noticable change in
| the appeérance of thé_turbulént intérfacé. - Stirring of 0.001-M solution
of sodiumvlauryl sulfonate at the twanpéeds glso -produced an interface
indistinqﬁishable from the clean.iﬁtérfaces;-'The phétégréphS'may be -
found in record book 58—hOO-D;R on file in the Department of'Chemical.

Engineering at the University of California, Berkeley.

MATERTALS =

_Thé Lawrence Radiation Léboratory distilled water system‘wés‘
used as a water suppiy. jSurface tension measureménts indicated that-thg
water was relatively free from impurities. The water was degassed by
passing it through a packed column fillgd with'glass rings. Distiiled

water entered at the top of the column and was withdrawn from a boiling

 flask at the bottom. The liquid was then saturated with sulfur dioxide -

gas and stored under a sulfur dioxide atmosphere.
“Anhydrous grade (99.90% pure by weight) sulfur dioxide gas was

 obtained from the Matheson Company, Inc.
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Fig. A-9. Photograph oc a clean turbulent water interface stirred at a
rate of 150 rpm.
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Fig. A-10. Photograph of a clean turbulent water interface stirred
at a rate of 230 rpm.
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Twoiéurfacfanfs were té;ted, sodiuh léuryl sulfonafe (water
soluble) and l-hexadecanol (Watér:insoluble). 99% pﬁré sodium lauryl
lsulfonaté'waé obtainédvfrom Proctér énd Gamble, Cincinnati, Ohio. A
secohd‘samplé.of unknowﬁipuritybwaé obtained from E. I. du Pont.devNemours
Cd., Wilﬁingfon, Délawaré. Thé chéﬁical formula of this cdmpound is
NaC, ,H,:S0, and its molecular weight is 272.39. l-hexadecanol was
obtained from Eastman Chémicals Co. :The chémical.was classified as
"Eastman Grade', which was réported as being "similar to réagent grade."
‘The melting point'rangé was reported as being 48-49 °C. The chemical
férmuia of this coﬁpound is Cl6H33OH and its molecular weight is
242.4Lk. No attémpt was made to purify any of the chemicals.

| In some experimental tésts, avthiﬁ film was laid on the watéf

surfaces to make them impermeable to mass transfer. The film chosen-

was Du Pont's poiyvinyl fluoride, Tedlar, of 1 mil thickness.

A
T
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APPENDIX B
EXPERIMENTAL PROCEDURES
SURFACE CLEANING | R :

Beforé each group of eipériménts.was bégun an attempt_wasrﬁéde to
clean the iiquid intérfacés. Solid pérticlés, such és'dust, and any
_insolﬁble surfacfaﬁts could be rémoﬁéd this:way,vbut solublé'contéminants
| wouid'fé@ain. Pieces of shark skin enalytical Filter paper (Schleicher
and Séhue;i)'weré.cﬁtzto juét fit on‘thé iiquid surfaées‘iﬁ'the cﬁambersf
Therfiifer paper ﬁaé placed on éﬁé‘sﬁffaéé and ﬁséd as a blotter in an
attempt»tp.rémofe-a~layér of liquid from the interface aléngiwith
contaminénts. This_méthod'of cleaning did rémove visiblé dusf particles
from distilled water samples and-slightly in§réased the measured surface
feﬁsi@n. As a fufther test of the cleaning method, a Singlé monoiayer
of l-hexadecanol was placed on a surfacé of distilled water just before
blotting'ﬁas attempted. The resulting-obserﬁed surface tension was
nearly'fhat_of-pure water. Each time water waévtransferred into the
testwchambérs, the liquid-Surfaceé were cleaned in this mannervsevéralv

times before experimental measurements were begun.

ADDITION QF SURFACTANT

‘Thermovable cup.arrangementLaliOWed dddition ofvsurfactént to
the liqﬁid interface in thévtest chambér without interrﬁption of the
balance adjﬁstment of the bridge. Attempfs to add surfactant by using
a solvent and then évaporating the solvant by sulfur dioiide purgé for
sevéral minutesvrevealed that thé‘ﬁridgé balance was afféctéd enough to
prohibit'accuraté méasurémént of the impédance change'of thé intérfacé due

to addition of the surfactant._
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deium lauryl”sulfonate waslpléced in the cups in soiid form.
After balancing of the‘bfidgé, oné of thé cupsvwéé imméfséd into the
liquid and tﬁe éffect of thé'surfaétant on thé.bridge.impédance was
examined. For stagﬁant liqpidvméasuréménts the cupbéould be left under
thé surfécé without inferférring with thé intérface or measurements in
any way. But, the preséncé of thé cup bétwéen thévintérfacé and stirrer
in the turbulent expériménts could intéffére with'mixing in the ligquid.
After it was’determihéd that thé solﬁblé surfactanf did not add any |
measurable surface résisféncé to maés transfér; the tést chamber was
opened énd thé cup>rémoved fram thé chambér, since rebalanéing of the
bridge‘couldvbe accompiishéd as if no surfactant Weré présent. vThe other
cups remained.in the test chaﬁber with solid surfaétaﬁt in them for
later meaéurementé af higher concentrations.

Since such small quantifies df insoluble surfacfant neéded to.ﬁe
added, it was not pfaéticél to attempt to weigh this méterial into the
_cupé'in solid fbrm. Solutions of l—hexadécanol ethyl efher were |
 prepared éﬁd“the proper amountvpipetﬁed (0.2 m1) into the cups. It waé
found that proper spreading of the film couldvoniy'be.obtained if a small
amount of water was first added to the cups before the solution was placed
on the liquid; The cups were prepared prior to filling the‘chambers with
the saturated.sulfur dioxide solutién;.purge of the chambers ensured that
all solvent was certainly évaporated béfore balancipg of the bridge
- was begun. In the stagnant liquid experiments, the cups were immersed
in the li@uid but were not léft theré.' After spréadiﬁg-of thé,sﬁrfactnat
:had occured, thé.cup was rémOvéd.thrqugh the intérféce and schréd

tightly agéinst the lower surface of the 1id. To be sure that the above
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procedure worked effectively, many preliminary tests were made by place- .
ment of films on distilled water in this manner followed by measurement

of the resulting surface tension.

PHASE MEASUREMENT

: The quadrature.demodulator, built for phase measurement, uas
1neffect1ve for 51gnal frequencles below 0 3 cycles/second. For _
_experlmental measurements below thls freduency, the phase was measured
dlrectly from the strlp chart outputs. Slgnals at O. 3 cycles/second were
measured in both ways for comparlson of results; It-was found that the
results agreed w1th1n approx1mately 2 3 degrees of phase angle. :

.For frequencles below O 3 cycles/second the follow1ng procedure
was followed.’ The band—pass fllter was set at the des1red exper1mental
frequency and through use of the harmonlc analyzer the motor speed was
'_adJusted untll the experlmental frequency and the fllter settlng were
_nearly-equal. Slnce phase adgustment could not be made exactly, the
1nput—output phase relatlonshlp of the fllter had to be measured by
using the pressure s1gnal of one of the chambers as an input 51gnal.

By knowing the phase characteristics of the.filter, itFWaSvpossible to
find the'true phase difference between the filtered presSure-difference}.
signal and'a reference pressure.signal by measurement of.the recorder:
outputs.’ | |

When the frequency of gas pressure osCillations was greater than
' O.3vcycles/second, the demodulator was uséa, Before meaSurement thev
demodulator had to be'calibrated at each.neW'frequency to_be_tested, since

the reference signal Input contained a variable phase adjust:control‘that
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alloﬁed variétion of the phésé relationshiﬁ‘ﬁétweenffhejreference ihpﬁt
and the signal input. For éalibfation wé'ﬁsea oné'of the éhambéf
pressure signals as input‘énd as{reféréncevsignalvtb the démddﬁlator.._By.
observation.of thé oﬁtput of one-of_thé:channéls of %hé déméduiafor,
thé phase‘differénce bétwéén thé.two input sighalé could bé.adjusted to
éero. | H | |

| After calibration oné could adjust thé filtér frequency and the
experimental fréquéncy fo Bé néafly équal 5y obsérvatiOn of the phasé.v
differeﬁce.between the inbut and output of the filterf »Oné of the cﬁamber
préséuré éignéls was uéedvés filtefvinputvand réference input to tﬁe‘
demodulafdr‘while the fiiféf oufbuﬁ.was used as the iﬁpuf signal.to the
demodﬁlaﬁér; Observation of a single.channél of>£h¢ deﬁodulator indicated
When fhe phaSé.relationship of}£hé_inpﬁt—outputiof thé-filte? Waé Zero
w;thin tﬁéHQCCuracylof thé instruménf. The demodulator could now be ﬁsed
for'measuremeﬁt of fhé phase‘difference oflthe‘desired experimental
sigﬁals. o |

Thévoﬁtput of the demodﬁlatof:cohsisfed bf'two electrical signals,
onevproportional to the sine of the phase differencé between the input
signél and the reference and the other proportional tq the cosine of
the phase Aifference. The arctangent of their ratio gave the desired
phase diffgrence.

Thé accuracy of the demodﬁlator was examined by generating sine
waves inbaﬂ analog computer of known phase différencés’and measﬁring the
phase différences using thé demodulator. Thé,résu%ts aré shown in
Fig. B-1. -ThéSe curves'wéré uséd to.make slight corréctions in thé

demodulator measurements of experimental signals.
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Fig. B-1. A The phase respohse characteristics of t_he. demodulator as a
function of signal frequency (Test signals supplied at analog
computer. ) .




-93-

AMPLITUDE MEASUREMENT
| itbﬁas'found that thé'géﬁegatedkéiﬁe ﬁaveé containéd on the order

of'ld%,harmonics (mostly séCOnd hérﬁénic)véﬁd:randoﬁ‘npiééf The
differenéé of two sﬁch impure Signalé thatvaré ﬁea?ly'idénticai must
contain large amounts of noiéé and.harmqnics in compafison td the small
fundamental différéncé. “Thé béﬁd—éaés filtef.eliminéted thé noise but
wés'not able to rejécf ali of the second harmoﬁic content. To avoid
doing a céﬁfleté‘Fouriér anaiysi§ of.thé output'signals, the following
méthod was devised. | o

rThé ampiitude of thé préSéur;;differénce-sigﬁaiﬂwasrmeaéured at
£wo differént.settings of'thé filter fréquency. ﬁirsf; fhe amplitude
waéumeaéuredhwith thé fréquency of thé éxpériment aﬁd the filter equél.
The filter was thén sét at twicé thé éxperimental frequency and the
amplifude.measured a secoﬁd.timé.‘ Therfirst measuremént emphasi#ed the
fundameﬁtal content of tﬁé pressure—difference signal While the second
 measurement emphasized_thg second harmonic content. By knowing the
atténuation'characteristics of the filter one could calcuiaterthe funda-
mentél content of the signai assuming'i£ was composed of only firét and
second harmonics. The attenuation characteristics of the filter were
measured by the use of the‘ahalog computéf. The results are shown in

Fig. B-2.
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Fig. B~-2. Attenuation characteristics of the band-pass filter as &
function of frequency whee Y = the amplitude ratio when the
filter frequency is set at 1/2 the signal frequency and 2 =
the amplitude ratio when the filter frequency is set at twice
the signal frequency. X, the amplitude ratio when the filter
frequency and signal frequency are identical, is a constant 1.89.
(Test signals supplied by analog computer.) :
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BRIDGE OPERATION

Bobh,Pyrex chambers and all parts that could come into contact
with‘the'liquid solutions were cleahed using hexane folloved.by'rinsing
with distilled.water, warm.chroﬁic»acid solution, -and aistilled water
once.more} After cleaning,.the chambers.were placed on their‘bases and.
'all partS'asSembled; ‘This ihcluded bositioning of ﬁhé stirrer, securing
of the 11ds and connectlon of 1nput—output lines to the chambers. The
llquld solutlons were forced from storage chambers to the test chambers
by increasing the sulfur ledee gas bressure above the liquids in the
storage chambers; At the same tlme, the whole apparatus was flushed with
sulfur dioxide to remove traces of air. After the chambers were fllled
to the de51red level, purging Wlth sulfur dioxide was contlnued and the
balloons were osc1llated After several mlnutes the osc1llatlons were
stopped and the gas_pressure set at the average operating value. It was
discovered that an initial average pressure of 21.8>inch of water above
atmospheric bressure was heeded‘to produce reasonably good sine waves
by compression and expansiOn of the balloons. This average pressure
was maintaihed by bleeding sulfur dioxide into_the gas space.until‘
equilibrium_betveen gas and liquid was obtained. Stirring of the liquid
helped to reduce the time required for saturation. In some cases gas
was also bubbled through the liquids to speed up saturation.

After saturation of the liquid in both chambers, the liquid
interfaces were cleaned as erplained prevlously. Many times it was
also necessarv to wipe the'Chamber 1ids dry since splashing of liquid

onto them during saturation often occured.
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The bridge was how ready for exéeriﬁental measurements to bé
made. Since many different éxperimeﬁts weré run, siightly different
operating procedurés Wéré uséd, but_alwﬁys the aﬁoﬁévpreparafion'was
necessary.

During bridgé operation sevéral parameters mﬁst‘bé measured for
pfoper ahalysis of>£he data. Thé iiquid'iévél in éaéh_chambér_must'ﬁe
measured so that one ﬁay calculaté tﬂé ?blumé of the gas space. Thei
lével in fhe test éhémﬁer'wﬁs képt at nearly thé same valueffdf all
exﬁeriments. The liquid témperéturé.inbéach_Chambér was ﬁeasufed duriﬁg.
évéry fﬁn.v For experiment; ﬁi;h tufbuléﬁt éurfécés, the stirriné‘speed
was:meésuréd and'adjﬁsted»by a Sfrobé-Tac. All of fhé abové ihformatidn
was reé§rded alonngith the préésure.méasﬁrements and is éhéwﬁ with the>
tabulated data in Appéndix C; o |

v For measﬁrement:of mass fransfér through é clean stagnaﬁt infgrféce,
the f§llowing procedure wasvfollowed. After preﬁaratiqn of the bridge as.
expléined above,'a‘Tedlar film WaS’pléced on the surfacé‘ofvthé liéuid
in each chamber. The lids were secured/and the gas épace purged with
sulfur'dioxide to reﬁove all traces of air. After gas—liquid equilibrium
had been reached>at thé avefage,operating'preSSuré, the filter and the
experimenﬁal frequeﬁcies were adjusted as described earlier. Since
response of the two chambers shduld be identical, the pressure-
différencé signal'bétwéen.them waé adjusted to its smallest possiﬁle
?alue.by removal of l%qpid from one of thebchambérs. Whén reduction of
the signal was no longer possible, the'bridge‘wés consideréd balanced.

The balance signal was recorded and then the Tedlar film on the test

ok e
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surface was immersed in the liquid.: Because the dehsity of the film
was nearly that of thé'liquid, iﬁmersion was not difficult.

After imﬁersion of thé film thé'résponse of the clean, stagnant
surface wasvmeasuréd‘at oné frequency. vSimilar éxperiménts were carried
out at sgveral fréquencies. Each time the frequency was chaﬁged, the
balance 6f tﬁé bridge was disrupted. Tﬁerefore, one must_bégin thé
procedure by ;eplacing tﬂe submérged filﬁ and rebalancing the bridge
again atueach new fréquency.‘ - | .

If one wishes to compare any interface, except a clean,

. stagnant surface, with an impermeable surface, the following prbcedure

may bé foliéwéd. After prébéréfion of the bridge apparatus as described
earlier, é Tedlar film is ﬁlacéd on the liquid surface 6f the reference
chamber.. The chambers are purged with sulfur dioxide.to remove aif and
thevgas and liquid allowed to comé to equilibrium at the average
operating pressure. Experiment has shown that ﬁassvtransfer fhrough
a cléan,.stagnant interface is reproducible and agrees weil with theory
(see Fig. S”of Chaptef'I). .One may také advantage of this result by
using the known response of a stagnant water interface as a reference
surface for the bridge. The phase response of such an interface was
not shown earlier but was also quite reproducible as mentionéd in Chapter
I. It wés found that the bridge could most eésily bé balanced by com-
parison of its phase'résponse to the theorétical value of -45 degrees,
since therhasé is much.moré sénsitive than the amplitude rééponse.
Aftér the experimental frequency and the filtei'- seﬁting Wére'
adjusted, thé'bridgé wes balanced by comparing a stagnant, cléan inter-

face with an impermeable one through phase readings. The conditions
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in the test chamber were then flxed dependlng upon what measurements
were to bhe made. The response of the brldge at the indicated frequency
was recorded. For example, if one w1shed to measure the response of a
turbulent lnterface, the stlrrlng speed was adJusted and the stirrer
turned on. The response wWas then_measured._ If one Wlshed to measure
the response of a stagnant, film-couered surface;‘the cups, containing
surfactant, were immersed into the liquid and a short time allowed to
ensure spreading of the film or solution of the soluble surfactant.

Since the liquid and.éas are not-exactly in equllibrium, stirring
of the liquid in one of the chambers causes a sliéht driftvin the pressure-
difference signal. During response measurements, the.drift ls compensated
by addltlon of sulfur ledee to the gas space through a meterlng valve.r
The optlmum condltlons for operation was obtalned when the llqu1d in the
test chamber is Jjust sllghtly undersaturated;v Compensatlon for gas lost
ouing to.solution is a simple matter. On the other hand, if the llquld
is slightly oversaturated,.stirriné of the llquld,causes the average pressure
in the chamber to increase and compensation is difficult.

" After one has made measurements at one frequency, a new operating
frequency is picked and the bridge balance is compared with the
theoretical response. Only minor adjustments are usually needed when
using the clean, stagnant interface in the bridge reference chamber. For
tests on;a clean turbulent liguid. rebalancing is a simple matter since
one need only turn off the stirrer and change the frequency. But,; when |
measuring the surface resistance of g film layer, the test chamber
must bevemptied, cleaned and reassembled before balance can»be achieved

again. The new liguid surface in the test chamber must be cleaned and
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.the bridge balanced before measuréments at the new frequency can
bé.made. | o |

If oné wishes té,méasﬁré inferfagial réspdnsés comparéd to a
clean,vstagnant liéuid asva standard"référénce, the following procedure
‘could bé followéd. Aftef preﬁé&atioh.of tﬁé bridgé aﬁparatus as described
earlier,.the experiméntal fréquéncy was adjustéd tovthe valué of the
filter séttiﬁg. Since the résbonsé'bf two cleén, stagnant liquid_
sﬁrfaces shoﬁld‘be ideﬁtiééi, thé'difféféncé‘signal between two such
surfaées‘is ﬁsed aé thé.bridge baiancé.point.. Thé pressure~difference
signai of the two chambers is made as small as possible by removing
liquid from one of thé chambérs. Whén the éignal cannot bé réduced
further, the bridge.is cdnsideréd balahced,and thé smail residual
balance'signal is measured. The suffacé conditions in the test chamber
may Be alte?ed aé desiréd and the fééponsé ﬁéasuredf Whéﬁ one Wishés to
.éhahéé to é new operating frequency, rebaiancing is necessary as described
in the préceeding péragraph.

'~.Since it was determined that'sodium lauryl sulfonate exhibited
no meaéurable'surface resistance to mass transfer, turbulent experiments
with this surfactant could be carried out using the_same balancing
procedures'mentioﬁed for measurement of clean interface responses.

Tﬁe procedure for'measurément of the response of turbulent
interfaces was slightly modified when l-hexadecanol films were initiélly
spréad on the stagnant surface. Data on such‘surfacés weré only taken
relative to é clean, stagnant ligquid surfacé as a standard réferénce.

After preparation of the bridge apparatus, the experimental frequency
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was adjusted to match that of_thé'filtef. The;bridgé was balanced'by
minimizing the pressuré.differéncé bétwéen two cléan, stagnant surfaces.
The balance point was récordéd and surfactant added td thé surface of
the téstrchamber.‘ To ensﬁfé that tﬂe film had spread, thé film reéistance
was measuréd and compared to earlier tests. Thé stirrér wés turned ohv
and thé responée of the film—covéréd, turbulént-surface méasured.

Analysis éhowéd that wﬁén‘a film of l—héxadecanol W;S spread on
a distilled water interface, thé sufface tension féduction cduld be
reproducibly measured in the test chamﬁer;. If such a film—éovered'
surface was made turbulent aﬁd then the turbulence rémoved,vthe ofiginaily
measured surface tension reduction could Bé.meaéured-after alléwing 8
few minuteé fdr the film £§ réoriént itsélf at the liquid surface. 'éiﬁce”
the turﬁulent_action of thé liquid was founa not permanently to gffect-vﬁ
the film'é.propgrfiés, séveral surface resistance‘measurements-could be
made in succession at one frequency without having fo rebalance the.bridge.
After examining the turbulent response of a film-covered sﬁrface, the
stirrer was turned off and, aftef a fewlminutes, the films surface
resistance on a stagnant liéuid was remeasured. Since it was found that
the film resistance had not changed, measurements at a different stirring
rate éould be carried out without rebalancing of the bridge. Indeed, tﬁev
surface resistances of l~hexadecanol films of threé different concentrations
with each film subjécted to two différént turbulencé levels wéré measured
at each,expériméntal fréquency without rébalancing of the bridge. After
each turbulent méasurémént, thé'réturn of thé‘film's surfacé résisténcé

was measured.
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Of course, when measurements at a different frequency and
desired, the test chamber must: be dréined, cleaned, reassembled and the

proper balancing procedures begun again.

EXPERTMENTAL ERRORS AND DIFFICULTIES

| Air in the gas spacé of éither chaMbér g;éated errors in thé
measured absorptioh signals. .Tﬁb stépé wefé'takén to minimizé the amount
of air~in the chambérs. Thé watéf waé initiélly degassed and stored under
é sulfur dioxide atmosphéré, and particular céré was ’tak.en to ensure that
" the entire bridge apparatusvwaé purgéd with sulfur dioxidexsufficiently
fo remové néarl& all tfacés of air contaminétién.

_. Slight ﬁechanicélvdr ph&éicai différéncés in thé twb sides of
the impedance bridgé.wéfe unavoidablé._ Thesévmiﬁor différeﬁces broduced
a cerfaiﬁ irreﬁovable error signal whenbfhé'bridgé apparatﬁs was
balaﬁcéd.v

vCéndensation of water vapor onto_thé chaﬁbér lids could change
the observed response of thé bridge by chénging the exposed liquid
. surface érea of eitﬁer chamber in an unknoﬁn amount. Splashing of
liquid.dnto thevlidsvduring turbulént runs might also occur. Particular
" care was taken to dry the lids before opefation and to be qertaiﬁ that
they remained dry during measurements;

There was a slight random drift of the pressure-difference
signals dué'to irregularities of turbulence_levéls ahd slight under-
saturation of the liquid_solutions.A The résponSés were calculated from
thé chért recordings that showéd thé 1éast drift and sévéral cycles_wére

averaged to ensure that error owing to the drift was minimized.
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The input pressure signal to each of the chémbérs contained
apprbximafely*lo% sécOnd harmonic. Assuming tﬁe bridge apparatus
behaves linearly, the réqunsé of thé'Bridge ﬁust be thé suﬁgréosition
of the separaté fesponsés whénva pufé sine wave and a pﬁré éécond |
harmonic are supplied to the bridgé. Thé amplitude of the fUndaﬁental
response. was extracted.ffom the combined signal.by assuminé that only
fuﬁdamentél.andvéécond hafﬁonic ﬁéfé presént. Anélyéis shoﬁéd that this
was a good approximation. | ‘

| Analysis of thé combiﬁéd féspbnsé to obtain the phase charécferistics
‘of the fundamental résponsévwas carriéd oﬁt as if'theﬁséépnd haimonic had
no effect._ A small amount-of érror must havé Bééﬁ introdu#ed in the
phase.resuitsvfrom this assumption. it was réasdﬁed that the érrér_
sﬁould be;smali fér the‘folloﬁing réaéons.. At all'fréquéncies ébove: '
0.3 cycleé/sec the signals wére filtéred twice before measurement‘bf.
phase occured, oncé by thé band—pass filté£ and agaih by the bﬁilt in
filteré éf the quadrature demoduiatdr.. The amounf of second harmbnic
remaining in the response should héve been a small fraction'of.the
initial content. Also, the phase response of the bridge approached a
limiting value as freguency got large, Wherevsecond harmonic content
Was largesf, and.the phase response of.the fundamental and second
vharmonic signals approached each,othér. As frequency became small, the
pressure—difference.signal becamé largé and‘the sécond hafmonic contgnt
decreased. The error in thé phaSe.méasuremént in this mannér would bé
largést for intérmédiaté valués of fréqﬁéncy. Rough Calcﬁlationvshowé

that a maximum error of less than two degrees would be expected.
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The méjor eiperimenf#l.difficulty eﬁcounteréd in this ﬁork was
owing to the nonreproduciblé performahce-of the Neobréne.béllbons. .Manf
new balloons perfofméd unaccéptaﬁly in that bélaﬁce of thé ﬁridge with-
out thévpfesencé of a . large érror signél was impdssiblé;. Evén the
balloons fhatjwe?e”accéétable inifia;ly oftén changed tﬁeir behavior
with time. bThe balléons wéré also Quité susggptiblé fp puncture,'
requiring frequent repaif aﬁd terminafion of éxperimeﬁtal.tests being
madevéf ﬁhé £im§. Afterzﬁaiancing of thé 5£idgé ﬁhe baléﬁée point could
not be'reliéd-On for véry long périods of time, necéssitéting frequént
balancing.during measuréments. |

Tt iS‘desirablé;toiimprové'thié part, of the apparatus if additional
vwérk is toibé carried out usingvthis:équipmentu‘ One nééds é reproducibie
way of varying the gas volume of éach)chambér,v Stainless'éteel expansion
bellows might bé successfully used but their cost iS'high;. Another
alternativg is to use.two machined pistons, but possible.gas leakage.
might prove to be ﬁog big Of a problem. Lamb (l§65) uséd.machined

Teflon bellows; Reinvestigation of these bellows might be fruitful.

REPRODUCIBILITY OF DATA

The linearity of.the bridge response was verified by measuring the
response at different gas pressure émplitudeé. The reproducibility of data
was tested by measuring the same résponse in.sevefal différent runs..
The reproducibility of the data was also supported by measuring responées
of interfaces comparéd to two différént standafd'reféfénces. ‘Conversion
of data from one standard feferencé to the other showed quite good

agreement between the'results.
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APPENDiX c

Tebulation of Tndividual Runs

Run Number

Signal Measured

Interface Conditions

1-8

10
11
12

13
;h
15

16
17

- 18-20
21-26
27-30

31-32

33-3L

(p

(p,

(ps

(py

(pg

(pf

pt)/pt

v )/p,
Pt)/pt

pt)/pt

Clean, Turbulent-230 rpm

Stagnant, 0.000327-M

sodium lauryl sulfonate

Turbulent-230 rpm, 0.000327-M
sodium lauryl sulfonate

* Turbulent-230 rpm, 0.000327-M

sodium lauryl sulfonate

Turbulent-150 rpm, 0.000327-M
sodium lauryl sulfonate.

Stagnant, 0.00106-M _
sodium leuryl sulfonate

Turbulent~230 rpm, 0.00106-M
sodium lauryl sulfonate

Turbulent-230 rpm, 0.00106-M
sodium lauryl sulfonate

' Clean, Turbulent-150 rpm

Clean, Turbulent-150 rpm

‘Stagnant, 1 monolayer

l-hexadecanol

Stagnant, 1/2, 1 & 2 monolayer
l-hexadecanol

Turbulent-150 & 230 rpm
1/2, 1 & 2 monolayer
l-hexadecanol

Clean, Stagnant

Turbulent-150 & 230 rpm

" 0.0001635-M sodium lauryl
. sulfonate . .

(continued) -
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Tabulation of Individual Runs .Continued.

- pt)/pt Turbulent-150 rpm, 0.00106-M
sodium lauryl sulfonate
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Run # 1-8

Type of Reference Chamber ‘ Clean, Stagnant Surface -
(Chamber 1)- . U
Surface Conditions of’ o » ‘ Turbulent, 230 rpm
Test Chamber : DR ' stirring speed
(Chamber 2) Y ’ o
Surfactant . ‘ ’ : - None
Reference Chamber  Test Chamber
(°c)y ' - .
Gas Spaée 3.175-3.227 - 2.859-2.870

Height (em)

_ - Comparison of Stagnant = Coﬁparison of.Impérméabie.
- Frequency and Turbulent Surface ‘and Turbulent Interface
cycles/sec  (Measured Signal) B (CalCulated Signal)
| By -8B, L (B -8/,
0.03 0.212 L -95.6 0.255 L -88.6
0.055 0.10k L -99.1 0.132 L -87.0
- 0.083 0.0635 £ -101.9 10.0855 L -85.4
0.090 0.0609 L -101.9 0.0820 L -85.3
0.167 10.0286 . L -104.6 0.0kke. L -80.1
0.20 0.0247 L -10k.7 0.0390 L -79.1
0.30 0.0146 L -105.7 0.0268 L -Th.2
0.48 0.00858 L -102.3 ~ 0.0190 L -67.8
0.50 0.00712 L -103.5 0.0175 L -65.8
0.51 0.00693 L -102.9 0.0173 L -65.3
0.80 0.00418 L -96.7 0.0130° L -59.9
1.15 - 0.00277 L <90.0 -0.0105 L =55.9
1.50 - 0.00202 L -83.5 ' 0.00900 L -53.2
2.00 S 0.00162 L =77.T7 0.0077T L '-51.6
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Run # 9
Type of Reference Chamber Clean, Stagnant Surface
(Chamber 1) - :
Surface Conditions of v ’ "~ - Stagnant
Test Chamber :
(Chamber 2)
~ Surfactant - : ’ 10.000327-M sodium lauryl
» : sulfonate
" 'Reference Chamber ' Test Chamber
Liquid Temp. 25.9  26.5
(°c) - -
Gas Space : 3.37 ' 2,82
Height (cm) ' o -
Comparison of Two Comparison of a Stagnant and

Frequency’ - Stagnant Surfaces Film-Covered Stagnant Surface
cycles/sec  (Balance Signal) (Measured Signal)

- [(p, = 2,)/p,] o |(p, - pp)/p,l

0.07 0.00033 "~ 0.0006k4

0.10 ‘ 0.0005 0.00073

0.30 0.00087 o 0.00073

0.50 - 0.00118 o ©0.0011

1.00 0.00105 . © 0.0012
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Run # 10Q

Type of Reference Chamber
(Chaimber 1)

Surface Conditions of
Test Chamber

Clean, Stagnant Surface .

Turbulent-230 rpm -
stirring speed

(Chamber 2)
Surfactant ' 0.000327-M sodium lauryl
: sulfonate
Reference Chamber  Test Chamber
Liquid Temp. 259 26.5
(°c) S , .
Gas Space 3.212 2.820

Height (em)

Coﬁparison of Stagnant

Comparison of Impermeable

Frequency and Turbulent Surface and Turbulent Interface
cycles/sec (Measured Signal) (Calculated Signal)
| (8, - $,)/8, (8, - 8,)/8,
0.064 ~  0.0381 L -102.8 0.06L8 L ~76.4
0.30 ' 0.00561 L -85.0 0.021 L -55.2
0.70. 0.00232 L -7Th.9 - 0.0128 L -50.14
1.00 o;ooiél L -6k4.9 L -48.6

0.0108
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Run # 11

Type of Reference Chamber
(Chamber 1) .

Surface Conditions of
Test Chamber '

' Impermeable Surface

Turbulent, 230 rpm
stirring speed

(Chamber 2)
.Surfactant - 0.000327-M sodium lauryl
: sulfonate
Referérce Chamber ~ Test Chamber
Liquid Temp. 25.9 26.5
(°c) -
Gas Space 3.212 2.82 ‘

Height (cm)

Comparison of Impermeable

Comparison of Stagnant

Frequency and Turbulent Interface and Turbulent Interface

cycles/sec (Measured Signal) (Calculated Signal)

| (8, - B,)/8, (B, - 8,)/8,
0.048 0.0830 L -80.0 0.0531 . L -103.5
0.10 0.0L459 L -72.0 0.0238 L -102.6
0.20 0.0266 L -60.0 10.00873 L -94.6
O.SCv 0.016 L -53.1 0.00382 L -79.9
1.00 | 0.0112 L -48.8 L -63.0

0.00230
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Run # 12
Type of Reference Chamber - 'Cléan, Stagnant Surface
(Chamber 1) : : o
Surface Conditions of - Turbulent, ISO rpm
Test - Chamber : : stirring speed
(Chamber 2) : ' ;
Surfactant - ~ 0.000327-M sodium lauryl -
. ' ‘sulfonate
Reference Chamber  Test Chamber
Liquid Temp. 25.8" - | 26.2
(°c) .
Gas Space " 3.175 o . 2.86.

. Height (em).

Comparison of Stagnant Comparison of Impermeable

Frequency and Turbulent Surface “and Turbulent Interface
cycles/sec (Measured Signal) Calculated Signal) '
(5, - 8,)/%, ' (B, - B,)/8,
0.05 0.0336 L -112.0 | 0;6618 L.-76.6
0.07 0.02k2 L -11k.3 0.0482 L 74,2
0.10 © 0.01kk L -116.6 0.0356 L -68.1
0.20 - 0.00k91 L -120.3 0.028 L -57.9
0.30. 'o.oosoh L -118.3 o o.0175 L -5h.9
0.50 0.00153 L -110.6 0.0134 - L -51.2.
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Run # 13 .

Type of Reference Chamber

(Chamber 1)

Surface Conditions éf

Test Chamber
(Chamber 2)

Surfactant

Liquid Temp.
(°c)

Gas Space
Height (cm)

Refeérenceé Chamber

Clean; Stagnant Surface .

Stagnant

0.00106-M sodium lauryl
sulfonate

" Test Chamber

26.0

3.175

26.3

2.86

Comparison of two

Comparison bf Stagnant and

Frequency Stagnant Surfaces Film-Covered Stagnant ‘Surface
cycles/sec (Balance Signal) - (Measured Signal) :
l(pl - p2)/p2| l(ps - pf)/pfl
0.10 0.00005 0.00018
0.30 0.00073 0.00046
0.50 0.00185 0.0017
1.00 0.0008T 0.00087
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Run # 1k

Type of Reference Chamber
(Chamber 1)

Surface Conditions of
Test Chamber o

Imperméable Surface

Turbulent, 230 rpm
stirring speed

(Chamber 2)
Surfactant 0.00106-M sodium lauryl
' _ sulfonate S
Reference ‘Chamber . Test Chamber
Liquid Temp. 262 26.5
(°c) :
Gas Space - - o 2,937 2.86.

Height (em)

Comparison of Impermeable

Comparison of Stagnant

Frequency and Turbulent Interface and Turbulent Interface
cycles/sec (Measured Signal) (Calculated Signal)
(8, - ,)/8, (8, - 8,)/8,
0.05  0.113 L -77.5 0.0797 L =90.2
0.10. -~ . 0.063 L -71.0 0.0387', L -88.2
0.20  0:.032h L -60.0 0.0138 L -80.9
0.50 0.0166 L -51.5 L

0.00419 ~T70.6
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" Run # 15
Type of Reference Chamber : Clean, Stagnant Surface
(Chamber 1)
Surface Conditions of o ' Turbulent, 230 rpm
Test Chamber ) C ’ stirring speed
(Chamber 2) '
Surfactant o ' ' 0.00106-M sodium lauryl
' sulfonate
Reference Chamber — Teést Chamber
Liquid Temp. ' 26.1 26 .}
(°c) B o .
Gas Space 3.21 2.86
Height (cm) '
-Comparison of Stagnant Comparison of Impermeable
Frequency and Turbulent Surface and Turbulent Interface
cycles/sec (Measured Signal) (Calculated Signal)
0.30 0.0100 L -71.h 0.0258 L ~55.3
0.50 : 0.00468 L -67.0 0.0172 L -51.1

1.00 0.00179 L -63.6 0.0107 L -48.2
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Run # 16.

Type of Reference Chamber - _ Impermeable Surface
(Chamber 1) :
Surface Conditions of V Turbulent, 150 rpm
Test Chamber o ' stirring speed
(Chamber 2) -

Surfactant . _ None

Référence'Chamber_ ‘Test Chamber

Liquid Temp. 25.9 26.2
- (°c). '

Gas Space = , 3.33 ‘ - 2.86

Height (cm)v

Comparison of Impermééblé‘ Cdmparison of Stagnant
Frequency and Turbulent Interface - and Turbulent Interface
cycles/sec (Measured Signal) (Calculated Signal)
(5, - 5,)/8, - (B, - ﬁt)/ﬁt

0.05 0.0785 L -81.50 0.0505 L -107.0

0.07 - 0.0548 L-19.4 0.0321" L -113.3

0.10 C.o0.0M L -75.0 0.0215 L -113.7

0.20 0.0240 L 6.6 10.00828 L -116.4

0.30 - 0.0185 L -59.6 - 0.001482 L -116.0
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Run # 17"

Type of Reference Chamberv
(Chamber 1)

Surface Conditions of
Test Chamber

Clean, Stagnant Surface

Turbulent, 150 rpm
" stirring speed .

(Chamber 2)

Surfactant_ Noné
Referénce'Chambér Tést‘Chambér

Liquid Temp. ~ = 25.9 26.2 |

(°c) '

Gas Space 3.33 2.86

Height (cm)

: Comparison of Stagnant
~ Frequency and Turbulent Surface
cycles/sec (Measured Signal)

(8, - 5,)/5,

Comparison of Impermeable
-and Turbulent Interface
(Calculated Signal)

(pI -'pt)/pt

0.10 . 0.0211 L -113.4
.0.50 ©0.00234 L -116.6
1.00 °~  0.00083 L -108.4

0.0hk12 L -7h.5
0.0136 L -54.6
0.00937 L -ko.7
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Run # 18-20

Type of Reference Chamber -

(Chember 1)

Surface Conditions.of.
Test Chamber ’
(Chamber 2)

Surfactant

Reference Chamber

Impermeable,Surfaée”

Stagnént .

. l-monolayer of

l-hexadecanol

‘Test Chamber

' Liquid Temp. - . . 25.9

(°c)

Gas Space
Height (cm)

:'3.175 :

26.0

2.86

~ Comparison of Impermeable and
Film-~Covered Stagnant Surface

Comparison of a Stagnant

and Film-Covered Stagnant

Frequency (Measured Signal) ‘Surface (Calculated
cycles/sec‘ ' (ﬁl _ ﬁe)/ﬁg Signal? _
(5, - 8,)/5,
0.05  0.0300 L -58.0 0.012h £ -11.9
0.0 0.0167 L -62.3 vo;013i L -22.3
0.20 - - 0.0110 L -67.3 0.0106 L -21.5
0.50  0.00560 L <130 - 0.00810 L -25.9
1.00 . 0.00286 L -76.7 0.00667 L -31.8 :
2.00 0.00180 L L -34.0

=75.7

0.00486
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-Rm1#2L26

Type of Reference Chamber
(Chamber 1)

Surface Conditions of
Test .Chamber ’

Clean, Stagnant Surface

’\Stagndnt'

(Chamber 2)
Surfactant 1/2-mpnolayer of
o l-hexadecanol
Reference Chanber Test Chamber

Liquid Temp. "23.4 23.8
(°c) o ' .
Gas Space. 3,175 2.86 I
Height (cm) -

Comparison of a Stagnant Comparison of Impermeable

and Film-Covered Stagnant and Film-Covered Stagnant
Frequency Surface Surface

(Calculated Signal)

cycles/sec (Measured Signal)

0.05 0.0100 L 7.0
0.10 0.00850 L -11.7
0.20 " 0.0078s L -14.8
0.50 0.00648 L -20.2
1.00 0.00431 L -23.9
2.00 ©0.00383 L -29.1

0.0324 L -56.0
0.0216 L -57.5
0.0137 L -61.7
0.00726 L -67.0
0.00516 = L -62.5
0.0028L L -66.6
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Run # 21-26.
Type of Reference Chamber Clean, Stagnant Surface
(Chamber 1) ' ' :
Surface Conditions of - Stagnant
Test Chamber ‘ '
(Chamber 2) -
Surfactant o1 mondlayer of
S l-hexadecanocl
Refererice Chamber ~ Test Chamber.
Liquid Temp. 23.4 ‘ 23.8
(°c) :
Gas Space - 3,175 . 2.86
Height (em) .
Comparison of a Stagnant »~ Comparison of Impermeable
. and Film-Covered Stagnant and Film-Covered Stagnant

Frequency Surface _ Surface )
cycles/sec (Measured Signal) (Calculated Signal)

0.05 °  0.0lk2 L -11.0 0.0289 L -60.8

0.10 - 0.0124 - L -17.9 0.0179 L -63.2°

0.20 . o0.0112 L -23.5 0.0103 L -68.1
1 0.50 0.00925 L -28.1 ~ 0.00458 L -80.3

1.00 0.00643 L -30.9 0.00310 L -75.0

2.00 0.00k90 L L -713.3

-35.5 0.00169
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Run # 21-26
Typé of Reference Chamber ‘ : Clean, Stagnant Surface
(Chamber ‘1)
Surface Conditions of : ' Stagnant
Test Chamber
(Chamber 2)
Surfactant : 2 monolayers of
l-hexadecanol
Reference Chamber  Test Chamber
" Liquid Temp. 23.4 23.8
(°c) '
Gas Space 3.175 2.86

Height (cm)

Comparison of a Stagnant Comparison of Impermeable and

Frequency ’ and Film-~Covered Surface Film-Covered Stagnant Surface
cycles/sec ~  (Measured Signal) (Calculated Signal)
| (B, -5/ - (B - Be)/Bs

0.05 0.0160 L -1k.2 - 0.0270 L -62.5

0.10 0.0135 L -18.3 o.017d L -65.5

0.20 © 0.0122 L -2h.0 0.00949 L -T1.9

0.50 ~0.009k2 L -27.6 0.00454 L -82.8

1.00 _ 0.0073L L -32.9 0.00233 L -85.5

2.00 | 0.00591 L -35.7 0.00106 L -107.7
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Run # 27

Frequency =.l.OO cycles/sec for all data shown below

Type of Reference Chamber

Clean, Stagnant Surface

(Cheamber 1)

Surfactant l-hexadecanol
Referénée Chamber Test Chamber

Liquid Temp. 23.5 2h.0

(ec) -

Gas Space 3.175 V 2.86

Height (cm)

Surface
Conditions

(pl.- pg)/p2

Comparison of Stagnant
and Indicated Surface
 (Measured Signal)

Comparison of Impermeable
and Indicated Surface
(Caldulaped Signal)

(8, - )/

stagnant,0.5% 0.00565 L -25.
turbulent—lSOb,O.S 0.00090 L-110.
stagnant ,0.5 0.00511 L -25.
turbulent-230,0.5  0.0034k L -92.
stagnant,0.5 0.00432 L -25.
stagnant,1.0 0.00696 [ -32.
turbulent-150,1.0 0.00068  [-110.
stagnant,1.0 0.00698 [ -31.
turbulent-230,1.0 0.00438 £ -86.
stagnant,1.0 0.00671 L -32.
stagnant ,2.0 0.00783 . L -32.
turbulent-150,2.0  0.00072  /-109.
stagnant,2.0 0.00675 L =31.
turbulent-230,2.0 0.00kko L -85

o\

7

\O 0o -1 V1 H WO N w w1 o Ov

0.00k06 L -72.}4
0.00938 L -50.2
0.00kks5 L -67.h4
0.0116 L -58.0
0.00506 L -61.3
0.00256 L -79.1
0.00928 L -49.0 -
0.00273 L -80.1
0.0126 i -58.6
0.00275 L -75.7
0.00205 [ -96.8
0.00930 L -49.1
0.00281 £ -78.1
--0.0127 L -58.3

o - : : : :
Surface concentration of l-hexadecanol in equivalent monolayers.

ba,. . . RS . -
Stirring speed producing the turbulence in rev/min.
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Run # 28

Frequency = 0.50 cycles/sec for all data shown below

"Type of Reference Chamber ' Clean, Stagnant Surface
(Chamber 1) - ‘ : '
Surfactant . ; l-hexadecanol

Reference Chamber  Test Chamber
Liquid Temp. - 23.5 ’ 3 24.0
(°c)
Gas Space | 3.01 | 2.86

Height (em)

- : Comparison 6f Sfagﬁant . Comparison of Impermeable
Surface . and Indicated Surface and Indicated Surface

Conditions (Measured Signal) (Calculated Signal)
I B, =808, @ -9/p
stagnant, 0.5 0.00689 L -20.7 0.00693 L -69.0
turbulent-150°,0.5 0.00208 [ -118.4 0.013% L -53.8
stagnant,0.5  0.006k9 L -19.6 0.00730 L -67.k
turbulent-230,0.5 0.0064k L -102.6 0.0170 L —64.0
stagnant ,0.5 0.00570 L -18.h 0.00795 = L -63.7
stagnant,1.0 0.00817 L. -28.9 0.00525 = L -70.1
turbulent-150,1.0 0.00210 L -120.6' 0.013k L -53.9
stagnant,1.0 '0.00787° L -27.9 0.00557 L —69.2
turbulent-230,1.0  0.00704  / -102.6 0.0175 L -65.3
stagnant,1.0 0.00657 L -27.6 0.00664 L -62.0
stagnant,2.0 0.00917 L - -30.0 0.00kk40 L -76.9
~ turbulent-150,2.0  0.00218 L -120.5 - 0.0134 L -54.2
stagnant ,2.0 1 0.00817 L -28.9 0.00525 L -T0.1
turbulent-230,2.0 . 0.00654. L -108.6.. . . 0.0171 . L -64.2.

- - —— — |
Surface concentration of l-hexadecanol in equivalent monolayers.

bStirring speed producing the turbulence in rev/min.
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Run # 29

Frequency = 0.10 cycles/sec for all data shown below

Type of Reference Chamber
(Chamber 1)

Surfactant

Référence Chamber .

Clean, Stagnant Surface

’l—hexadecanoln

Teést Chamber

Liquid Temp.

23.5
(°c)
Gas Space - 3.135

Height (cm)

24,0 .

2.86

Comparison of Stagnant

Comparison of Impermeable

Surface - and Indicated Surface and Indicated Surface
Conditions (Measured Signal) (Calculated Signal)

| (8, - B,)/8, | (8; - B)/p
stagnant,0.5%  0.0080k L -12.6 0.0218 L -56.k
turbulent-150",0.5 0.0203 - L -11k.3 .. -0.0k03 L =Th.1
‘stagnant,0.5 ~ 0.00734 = L -13.3 0.0223 L =55.0
turbulent-230,0.5 0.0543 L -100.6 0.0748 L -83.5
stagnant ,0.5 0.00710 L -16.2  0.0222 - [ -53.8
stagnant ,1.0 0.0132 L -21.h .0.0168 L -63.0
turbulent-150,1.0 0.0188' L <116k 0.0387 L -73.4
stagnant,1.0 1 0.0113 L -22.3 0.0182 L -58.6
turbulent-230,1.0 0.054k L -104.1 0.0738 L -85.9
stagnant,1.0 0.0113 L -22.k 0.0182 L -58.6
stagnant,2.0 0.0143 L -20.9 0.0160 L -65.9
turbulent-150,2.0 0.0189 L -116.4 - 0.0388 L -73.5
stagnant,2.0 - Q0.01k0 L -21.0 - 0.0162 L -65.1
turbulent;230,2.0ff0§0523fffffln%lOO}Tfff.".0.0730.. .fL“+83.0 .....

\

= : — — — -
Surface concentration of l-hexadecanol in equivalent monolayers.,

bStirring speed producing the turbulence in rev/min.
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Run # 30

Y

Frequency = 0.05 cycles/sec for ail data shown below

Type of Reference Chamber - Clean, Stagnant Surface
(Chamber 1) - : .
Surfactant o - : l-hexadecanol

Reference'Chamber ~ 'Test Chamber

Liguid Temp. 23.5 2l.1
(°c) :
Gas Space ‘ 3.175 . 2.86

Height (cm)

: Comparison of Stagnant . Comparison of Impermeable
Surface ‘ and Indicated Surface and Indicated Surface
Conditions (Measured Signal) (CalCUlated'Signal)

(8, -8,)/8, (8; - $)/p
stagnant ,0.5% 0.00930 L -5.5  0.0331 L -55.5
turbulent-150°,0.5 0.0480 L -104.7 0.0772 L -79.3
stagnant,0.5 0.00926 L -5.5 0.0332 L -55.3
turbulent-230,0.5. 0.101 L -99.5 0.131 L -86.5
stagnant,0.5 0.00870 L  =5.9 0.0335 L -54.5
stagnant,l1.0 0.01kk L -13.4 0.0283 L -60.4
turbulent-150,1.0  0.0500 L -105.1 0.0788 L -80.3
stagnant,1.0 0.01k2 L -13.5 0.0284 L -60.0
turbulent-230,1.0 0.102 L -99.5 0.132 L -86.6
stagnant,1.0 0.0138 L -13.6 0.0287 . L -59.4
stagnant ,2.0 0.0155 L -11.2 - 0.0280 L -62.8
turbulent-150,2.0  0.0505 L -105.1 - 0.0792 L -80.5
stagnant,2.0 0.0147 L -11.k 0.0285 L -61.5
turbulent-230,2.0 .. 0.0995 . . L. =99.5. . - 0.129 L -86.4

Surface concentratlon of l—hexadecanol in eqplvalent monolayers.

Stlrrlng speed producing the turbulence in rev/min.
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Run # 31-32

Type of Reference Chamber . Impermeabie Surface
(Chamber 1) ' S

Surface Conditions of - Clean, Stagnant Surface
Test Chamber :
(Chamber 2)

Surfactant ' None

Refeérence Chamber  Test Chamber

Liquid Temp. 25.9 ©26.1

Gas Space - 3.175 2.86.
Height (cm) ' '

Comparison of an Impermeable
Frequency . _ and Clean, Stagnant Surface
cycles/sec (Measured Signal)

(PI f.ps)/PS -

0.03 | 0.052k49 L -49.98

. 0.06 - 0;0359h L 48,58
0.10 o 0.02731 L -46.21
0.20 - - 0.02124 L -43.86
0.50 - - . 0.0134%9 L —h5;62
1.00 © 0.00929 L -Wh.53
2.00 | 0.00669 L —hh.61
3.00 - | 0.00520 L

4701
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Run # 33-3k

Type of Reference Chamber Clean, Stagnant Surface
(Chamber 1) :
Surface Conditions of Turbulent, 150 rpm
Test Chamber stirring speed .
(Chamber 2) ,
Surfactant 0.0001635-M sodium

lauryl sulfonate

Référence Chamber Test. Chamber

Liquid Temp. 25.8 26.1
(°c)
Gas Space 3.175 2.86

Height (cm)

Comparison of Stagnant

Frequency and Turbulent Surface

cycles/sec , (Measured Signal)

- Comparison of Impermeablé'
and Turbitlent Interface
(Calculated Signal)

(pI - pt)/pt

0.05 0.0L416 L -105.0
0.07 0.0280 L -114.6
0.10 0.017k L -113.8
0.20 - | 0.00639 £ -117.3
0.50 - 0.00151 ~ L —1éo.2

1.00 _ ~ 0.00067 L-113.7 .

0.0712 ~77.0

0.0511 -T7.3

0.0228 -60.9

-51.5

L

/-
0.0383 L -71.0

| L

- 0.0132 L

| L

0.00924 -49.0
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Run # 33-3k4

Type of Reference Chamber
(Chamber 1) '
Surface Conditions of

. Test Chamber
(Chamber 2)

Surfactant

LiQuid Temp.

Reference Chamber

Clean, Stagnant Surface

Turbulent, 230 rpm
stirring speed

0.0001635-M sodium
lauryl sulfonate

* Pest Chamber

25.8
(°c)
Gas Space, 3.175 '

Height (em)

2.86

Comparison of Stagnant

— Comparison:of Impermeable

Frequency and Turbulent Surface and Turbulent Interface

cycles/sec (Measured Signal) (Calculated Signal)
| (8, - B,)/8, (B, - 8,)/3,

0.05 0.0723 L -105.% 0.0997 L -86.1
0.07 0.0k463 L -10k.0 0.0706 L -80.9
0.10 - 0.0311 L -103.k 0.0522 L -76.8
,0}20 0.0132 L -102.1 0.029L | L —67.8
0.50 0.00388 L '-91.5 0.0156. L -55.7
1.00. 0.0110 :L -50.9

0.0223 - L —7h.h
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Run # 36

Type of Reference Chamber _ Clean, Stagnant Surface
(Chamber 1) '
Surface Conditions of Turbulent, 150 rpm
Test Chamber S stirring speed
(Chamber 2)
Surfactant™ - ‘ . '0.00106-M sodium lauryl
' : sulfonate
Reference Chamber = Test Chamber
Liquid Temp. " 25.9 262
(°c) ' .
Gas Space 3.21 2.86
Height (cm) ‘ ' S
o Comparison of Stagnant Comparison of Impermeéble
Frequency o and Turbulent Surface and Turbulent Interface
cycles/sec (Measured Signal) (Calculated Signal)
By -85, (B - BB

0.05 0.0279 L -116.4 0.0557 L -7h.6

0.10 . 0.0111 L -119.6 0.0331 - Li-64.6

0.20 . 0.00b11 L -120.5 0.021L L -56.0

0.30 0.00235 L -120.7  0.01l71 L -52.9

0.50 - 0.0012 L -117.5  0.0131 L -50.2




APPENDIX D
NUMERICAL EVALUATION OF A FOURIER INTEGRAL

. : . . _]
It was shown in Chapter II that one must evaluate *

£(8) = (e/n&a)1/2 {(3R - 2wBI)cos(wd) - (3T + eweR)sin(me)}dw
— Jo (D-1)

where  G(w) = R(w) + 1I(w), to déterminé. £(9) froﬁ.experimental :
measurements of G(w). .Numericai‘evaluation of this t&pé of integral

from discrete values of . G(w) 1is not simplé»owing to the severe oscillation
- of trigonometric functions as their‘arguﬁent becomes. large. An appfoximating !
method, first introduced by Filon (1928) and mofé-rédently discussed by |
Luyben et al. (1969), wéé émployed‘with success. ' | ' | ' T

Consider the irntegral

DR = [ 2(y) expling) ay | | I :

without loss of rigor we can divide the interval O0-T into a number of

subintervals (N) for the purpose of integration.

v By | :
F(x) = ) £(y) explixy) ay
J=0 Bj 5

J
‘where -Bj = }[: ATk?'Bo =0 apdA ATk,= gampling 1nterval.
k=1 - '
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If one assumes that the function f(y) 'max be répresented by a parabola
in each interval, one may analytically integrafe tﬁe above equation.
forveach.inferval. Obviously thé érror déﬁénds on how well one can
approximate = f(y) .by a jarabdla in each interval. If the function is
~ fairly smooth, one should be ablé to pick a ATk small enough to reduce
the error to a reasonable value. | |

A general formula.for integration of Eq. (D-1) in a single

interval may be derived. Let

| B -
£(8) = [A cos(wB) - B sin(wd)law o (D-2)

and assume in each interval

2 i :
A &, alw + a2w » (D-3)

- 2 |
B =Dy +bw+ b . o o (P L)

Substitution of Eqs. (D-3) and (D-4) into (D-2) and integration yields

£(8) = (1/6){[a0 + alB + a28214'2a2/62 - bi/e - EbQB/Gl sin(B8)

- [ao‘+ ald + azdg - 2a2/62 - bl/e - 2b2d/8] sin(de) o
(D-5)

+ [2,/0 + 2a,8/0 + by + b.B + by8° - 2b,/6°] cos(86)

- [a,/8 + 2a,0/8 + %O_+ bld + bzd?-*'ebé/eej cos(a)}
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ao, al, a2 and bo, bl, b

5 are found by fitting a parabola to three

points in the interval of interest. o and B8 are thé endpoints of the
interval over which integration is‘béing pérforméd.
Since one is limited to a rathér small range of frequency over
which one may take data'expériméntally, two major probléms in evaluating
Eq. (D-1) still exist: the upper integration limit is infinite and
the integral kernel incréases as fréquency increases, at least over part
of the range. To circumvént thése probiems, one needs an integral
kernal whose value approachés zero rapidly as frequency gets large. |
Since preliminary results of the frequency response of turbulent
interfaces indicate that thé Danckwérts distribution is a good approximation,

it may be best to subtréct the Danckwerts distribution from both sides

‘of Eq. (D-1).

£(6) = s exp(-s6)

D72 gw) = (s + 1w)/?

Since

1/2 : 1/2
(s2'+ w? 1/2 + s (s2 + w2)1/2 - s

2 _ 2

(s.+ iw)l/2 =

and remembering that in Eq. (D-1) that G(w) = R(w) + i I(w).

a)
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Let
| (o 2.1/2. ] 1/2
RY(w) = D /2g0y) - L *w ; L
2 2.1/2 q1/2
I(w) = DH2r(w) - |l el -

Equation (D-1) becomes

1/2 [(SR* - 2wGI*)cos(w6) - (31* + QwGR*)sin(we)]dw

0 | |  (D-6)

£(8) -s exp(-s6) = (8/m)

If one assumes that ouﬁside the éxperimental range of frequencies
the Daﬁckwérts distribution appliés,.the integral in Eq. (D-6) is zero
.everywhere éxcept in the regibn where thevresponse is measured. Thé
.limits of ihtegration‘become the liﬁité of thé rangé ovér ﬁhich the
frequency reéponse measurements were made. The infinite upper limit is
replaced By the maximum observed freéuency. The results.obtained by
this method are deviations from the Danckwerts model.

Examination of the expefimental data shows that the above
assumption is reasonable. The slope of the frequency response data at
both lqﬁ_éna high frequency approaches the limiting value predicted by
a Danckwerts modélf '

Since the incrément sizé ovér which numerical integration is
to bhe carried out may bé smaller than thé spacing of experimental data
points, intérpolation bétﬁéén points»may‘bé necessary. A six point
Lagrangian interpolation scﬁémé for non—équidistant data poinﬁs was

utilized.
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Prior to interpolation, the data were smoothed by usiﬁg a least
squares criterion. The center point -of éach group of fivé data points
was smoothed by fitting a sécond'ordér polynomiai through thé poihts,
.Ali da%é points were smoothéd in.this way except thé tﬁo points at each
énd of the rangé of data. Thése points wére smoothed by first calculating
daté points oﬁtside thé raﬁgé of méasured points using thé Danckwérts |
solution. The s value.ﬁsed in thé Danckwérts solution was found from
a best fit to the measuréd data. By using twﬁ calculaﬁed data points
outside each end of the range of measuréd data; the end experimental
points were smoothed using the same techniéue as was used on fhe rést of ' E
the data. l

A computer program was‘dévelopéd to carry ou£ the numerical
. -evaluation of f£(8) from Eq. (D-6) with the integfation limits being the
range of the measured experimental fréquency résponse. The following
sequence of operations were carried out.. |

1. The iﬁput data consisted of the pressure signal gp/ﬁg.

2. The data were smoothed and the integral kernel calculated.

3. Interpolation.of the calculated data was carried out.

4. Parabolic numeriecal integration of Eq. (D-6) was carried out.

A copy of the program and results may be found in record book 58-400 D-R

on file in the Department of Chemical Engineering, University of

California, Berkeley. Typibal graphical results were shown in Figs. Y
and 5 in Chapter II. i . «
One major problem was encountered in the above numericél

procedure. It was found that £here was a discontinuity in the integral
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kernel at the end of the range of'integration since the kernel changed
abrupfly from some finite value to zero. This discontinuity caused
oscillations to appear in the solution. The problem was solved by

smoothing the last point of the interval of integration to a zero value

to remove the discontinuity.
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APPENDIX E
.~ DATA REDUCTION

CALCULATION OF Q
Q= B2 HARTOJDl(g/VO .

Thé.diﬁéﬁsionless_quéntity HAﬁTokywas taken to‘Be-h2.25,-from Washburn
(1928) A = surface aréa of stagnant_liépid 5.625 gmg (chamber dismeter,
11.1 inch) B = l;h6vk lO—Sicmz/sec, takéhvfrom Lynn'éﬁ;g;, (1955);

The gas spacé volumé 'Vo’ was measﬁréd by adding 50 cc of liquid
to one .of the chambers and observing thé résulting pressure change.v The
result was VO = 4500 cc when the gas space héight in'the test chamber
was -1.125 inchés. When thé bridgé was balanced, the gas space height in

the reference chamber was 0.125 inch larger than that of the test chamber.

. *
By combining these values, Q . 0.0225. This wvalue agreed very
~well with experimental data comparing a stagnant clear surface with an

_impermeabie one, as.evidenced by Fig. 5’of-Chapter I.

CALCULATidN OF TﬁE TRUE PRESSUﬁE SIGNAL FROM THE MEASUREb RESPONSE
The experimental frequency respOnse data; tabulated in Appendix
C, were computed from an abbre?iated.qurier analysis of the strip chart>
recordings. The raw data are on file with the Chemical Engineering
Department of the University of California,‘Berkéley in labofatbry '
notebook number 598-Q-300.. Procedures for data réduction'are-shown below.
The first step in fhe énalysis was to déterminé the émplitudé df
the pressuré—difference signal and thé'référéncé signal. Thé héight
of sevéral of the sinusoidal wavés weré méasured from thé chart

recordings and averaged. The amplitude ratio of the difference and

5!
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reference signal was determined taking into account theisensitivities
of the transducers. Thé differéntial transducer was défermined to be
2.901 timeé as sensitive asvthé reféréncéltransducer; Measurement of
the smplitude ratio at two differént filtér séttings Wés neceésary S0
that a modified Fourier analysis‘mefhod could be utilized. Since it

has beén assumed that oﬁly fﬁnaamental aﬁd second harmonié aré prééent
in the reépénse signal, thé following équafiéns had tb bé sélved to

extract the fundamental content of”the‘response.

H_]'_+I-I—2-:A
XY
H H

2 1
B
X 7z B

where. Hl and H2 are the first and second harmonic content,
respectively, A and B are the measured amplitudes, and - Xy, Y, and Z

are the attenuation constants for the filter as shown in Fig. B-2.°

Solution of these equations for the fundamental gives
H, = (xYz/(YZ - ¥2))(A - BX/Y)

One now may calculate the fundamental content of the ampiitude signal.

If the phase différénce betwéén the signal was measured from
the stri? charts, sevéral péaks of the'référence wave Wére transferred to
the pressuré—difference signal récording and the distance bétwéeh peak
values méaSured and averagéd. By kﬁOwing‘thé phaSé charactefistics of

the band-pass filter one could determine the actual phase difference
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between the pressure-difference and reference signal. Measurement of

the ‘phase by use of the demodulator was even simpler since one needed

only to record the demodulator outputs and correct their ratio by using'

Fig. B-1.

One now had the amplitude and phasé characteristics. of the
fundamental content of the measﬁred responsé. Thé éame procedure was
.‘carried out on the bridge null-baslance signal to obtain its fﬁndamental
contént also. The true pyéésuré-differénce résponse could be obtained
by sﬁbtraction of the twd cdmplex quaﬁtities since the true signal and

balance signal are superimposed to form the measured response.

INTERCHANGE OF THE STANDARD REFERENCE OF MEASURED RESPONSES

From Eq. (5) of Chapter I, it can be shown that

(pt " ps) _ thLt B QskLs

A= = —= :
: D o+ Qkrg
-t .
. (By - Pp) Q.
B = = -2
: ~ iw
pS
and
(B, - PI) R
C = = —
A 10

Py

. If signal A has been measured and C is desired, it is simple to see

that

Y
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C=(1+B)A+B .

Conversely, if signal C has been measured and A is desired, it is

easy to see that

|
|

A= (c-B)/(1+B)
In these equations signal B may be calculated from theory since it

has been shown in Chapter I measured values of signal B agree quite

well with theory.

LEAST SQUARES ANALYSIS

Computér programs were written usihg linear leasﬁ équares analysis
for treatment of the data. Thé programs.and‘output results may ﬁe.found
in record book 58-L00 D-R on file in'thé ChemicalvEngineering Department
of fhe University of California, Berkeley. All results were shown
in Tables,I—iV of Chapter II. Turbulent results were.treated to
determine the best values of the constants s and Q* according to
the Danckwerts model. Stagnant data were treated to find the best fit

of the mass transfer coefficient of the film layer.
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APPENDIX F
SURFACE CONCENTRATION OF THE SOLUBLE SﬁRfACTANT

Using the Gibbs adsorption éQuation3 Lambv(l965) calcﬁlated | ¢
that the surface concentration bf sodium lauryl sulfaté was on-the order
o-f 1.36 x 10710 g—molés/sq em for a bulk liquid composition of 0.0'00327-M.

It was assumed that this was a réasohable value for sodium
lauryl sulfonate also. This surface concéntration corrésponds té approii—
mately 7f8 X lO13 molés/cmg. Daviés and Rideal (i96l)’reported that a |
surface monoiayer contains apprdximately lOlF moles/cme. Wé have
assuméd here that fhe abové bulk‘composition_producés a surface.
conééntration approximatély équivalént to a monolayér of sodium lauryl

sulfonate.



-:139_,5.:

APPENDIX G
POWER INPUT

The Reynolds Number for a stirred tank is defined by

2

Noo =D W p/u
where D = diameter of impeller, ft
N = impeller revolutions/second
p = density of liquid, lb/ft3
U = dynamic viscosityg 1b/(ft)(sec).

For a stirring speed of 230 rpm, the ReynoldS‘Numbér becomes -
N, = (0.5)%(3.8)(62.5)/(0.000675) = 87,500 .

_ From Perry (1963), the power input to a baffled tank may be calculated

from

P=KN D

For a three-bladed impeller with a blade angle of 30° from the horizontal,

P=1 (_3.8)3(0.5)5 = 1.72 (ft)(1b)/sec = 1.42 Hp/1000 gal.

A'similar analysis for a stirring speed of 150 rpm gives

P=1 (2.5)3(0.50)5 = 0.98 (ft)(1b)/sec = 0.81 Hp/1000 gal.
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