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THE INFLUFNCW OW SURFACE rPURPUL?I“L AND SURFACmAdTS
ON GAS TRAHSPORT THROUGH LIQUID INTERFACES
. Thomas G. Springer1 and Robert L. Pigford
Department of Chemical Engineering
and Lawrence Radiation Laboratory
University of Califcornia

Berkeley, California G4720 ..

October 1969

ABSTRACT

A new eXperimental'téchnique is used to measure the'efféctéiofﬁ

surface turbulence and surfactants on mass transfer rates at gas-liquid

interfaces. Results indicate that at high.turbulehce réte§‘ﬁhe

statistical nature of interfaces, with and,witheut surfactanfs’present,
may‘be'descfibed by a Danckwerts—type dietfibution function of surface

eges. ‘Measurements of surface film‘mass t?ansfer resistancesvShow’..

that sbluble surfactants offer no messurable resistaﬁce while:insolueie . A"f“[ﬂ
films show éefinite resistanee to passage-of gas molecules. The nature

of surface films and their stability in the presence of interfaciél

turbulence is discussed.

+Energy Commission.

Present address ' E. I. du Pont de Nemours and Co., Wilmington, Delaware.
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INTRODUCTIOHN .
_ , . v )
There has been a large amount of work in re@ent yearé studying the
- interfacial mass transfer résisténce of surfactant filmé, but the more :
imﬁortant problem og characterizétion'of the fluid motion at turbulent | 9 

: ’ . . N
interfaces with and without surface films present has not received

atteﬁtiqn; Bussey 61966) showed the ?reseéce of sélublé surfactants
adds no measurable resistaﬁce to mass transfer through water in@grfaees{
It is also known‘that insoiuble materials such as- I-hexadecanol when
spread as a~moﬁolayer on water‘can add an additional-resistance to mass
 transfer through the interfacé (Plevan and Quinn, 1965), (sada and
Himmelblau, 1967), but the effécts of surface films on interfacial
mobility during tﬁrbulent mixing Qf thé_liquid are not known. It has
been postulated (Davies, l96hj that possible hydrodynamic effects of
surface films cause danping of eddies as they apprcach the interféce ahd
reduce méss transfer rates.
An experimental techniiue has been described (Lamb-gﬁ_glx, 1969)
for the observafion of the_resistanéévto passage‘of‘a soluble gas through
a gas—liéuid interface ﬁpder dynamic conditions using frequency response
an;lysis. ‘From the data of the experiment one may test various inferfacé»
mags transfer mechanisme. |
The experimental apparatus, called an interface'impedance bridge, Y
is comprised 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 the two chambers simultaneously in a sinusoidal manner.
From the measured frequency response of the bridge-type apwaratus one

can calculate the impedance of the test chamber and relate the impedance

. to resistances to mass transfer at the ges-liquid interface.

" Characterization of the mass trénsfér coefficient for a randomly
turbulent sﬁrface, following the suggestion of Danckwerts (1951) for
example,imay be éxamined since tﬁe frequency responsevinformation yields
the whole statistical distribution of fluid éartiéle residence times in
the interface as well as the average surface element age and réplaceﬁent
frequency.
| One nay also examine the effect of surface films, both soluble and

-insoluble, on mass transfer thrdﬁgh a.stégnant interface as weil as a |
turbulent interface. These'measurements allow one_té separate the surface
fesistance and hydrodynamic effects of films to determine their |

independent effects.

QUANTITATIVE DEVELOPMENT

1. Statistical Characteristics of Turbulent Interfaces
‘Comparison of pressure oscillations, occuring in two chambers

each containing a soluble gas above deep pools of liquid,'cauéed by

sinusoidal volume changes yields (Lamb et 2l., 1969)

) - B, =@P_= Qo) = Qkp, (w) - o (1)
ﬁg ﬁg iw + Ql%Ll(w)

with Q = HART /V_, where H is the Henry's Law coefficient, A " is the
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known area of the interface, kL(w) is the possibly frequency—dependent-
mass transfer coefficient‘of the liQuid surfaee, TO is the time~average
surrounding,temperature and Vo is the average gas volume of the chambers.
P 1is the amplitude of the pressure oscillations and £} is that of the
pressure difference signal.

-Experimehtally oﬁe may use either en impermeable surface or e
stagnant, clean liquid surface for a §tahdafd interface of calculable
impedaﬁcei Indeed, in our experimental work both types of reference
chambers have been used. However, it is slightly more cqnvenient-.v
mathematically to use an impermeable'surface as the standard reference.
Since it has been shown (Lamb et al., 1969) that the behavior.of a clean,
stagnantvinterface can be calculéted reliably, it is a simple matter to

. convert from one standard reference to the other.> For the"sake.of
brevity the quentitative analysis preSented'here will deel with an
impermeable surface as a'feference.

Assume that in chamber two a turﬁulent interface exists, obtained
by.stirring a pool of clean liquid;;and that an impermeable interface

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

-%\R?thifv(io')“ : | @
Py '

Measurement of the indicated pressure and pressure-difference signals

enables one to calculate the frequency-dependent mass transfer ccefficient,

k(@)
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To find the flux through a turbulent interface one must ﬁake some -
assumptioﬁs‘concerniﬁg the nature of the interfaciél fluid motion. As.a
first appro#imation a randomly turbﬁlent surface ma&:be éssumed;'foildwing
the suggesfion of Danckwerts (1951). He assumed that.a turbulent inter-
face consisfs of a mosaic of elements of varying ages, whicﬁjare fandomly
replaced by fresh eléménts from the bulk of the liquid.v Folloving-this

i

- assumption, let

£(6) surface age-distfibutionvfunction

f(e)de

£}

fraction of the interface which is occupied by particles
which have been exposed there for a time, 8, within

time increment, d6. .

By definition
£(6)ag =1 .

- If ¢ﬁe’assumes that the scale of turbﬁlence is much greater.than the
depth éf'penetration of the solute diffusing from the sﬁrfacé, one may
_apply the fransient diffusion equation to each surfaqe eiement
independently. | |

| Let d = time when an element was first exposed at fhe surface.

‘Then 9'= t - o = the age of the surface element and

2

08 N =.—3_t_7 for +t

(3)
ox ’

o
Q2
0
v
0@
"
\Y%
o
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The boundary conditions on c¢(x,8) are,

T

c(0,0) = H P exp(fut) = H D expliwa) exp(iwd)

| v

c(»,0) = c(x,0) =0 .
Laplace transforms may be used to solve Eq. (3) subject to the.listed
boundary conditions. The solution is’

Py ) = A oL I . 131/2 ' . . |

c(x,m) = H pr(m»iw eAp(lwa "_QS) x) N . (k)
where m represents the Laplace transform variable and x is the distance
from the interface. The Laplace transform of the flux at the interface
may be found from Eq. (L).

. : 1/2
A 1l/2 m .
L(n) = AHD © / ( - ) exp(iwa) (5)
m-iw _
where n represents the instantansous number of moles of gas above. the
liquid and the dot above represents differentiation with respact to
time. The inverse transform (Erdelyi, 1954) of Eq. (5) is
n(6,t) = AK B exp(iut) (D /10) 2 [exo(iw8) + (10D)* Pere(ine)t/?] .
(6)
\'/

The average, steady state rate of absorption into the turbulent
interface of age distribution f£(8) may be found by summation over all

surface elements
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a(t) = | n(t.8) £(6) a6 . M
o |
This gives
n(t) = HA $ explint) G(w) | (8)
" where
o) = O/m2 [ | 2(e) + du|  flxdax | 67 2exp(-iu0)a0

A mass balance at the liquid interface yields

9x

Cn(e) = omg (@) Aep) = -@a(2S ) o)
' : ' x=0 : ’

where p =‘p0 + P exp(iwt)

Using Eqs. (8) and (10), one can see ‘that

W) =6 . | N 63D

Tt isvonious that knowledge of .f(e) ‘ailows calcﬁlation ofvfhe-maés'
transfer coefficient for aAturbulent interface. Conversely,,Singe;dne.
can determine 'kLt(w) experimentally, f(e) can be found from meésﬁred
values of .kLt(w) or G(w) if Eq. (9) can be solved as an integral

equation for the unknown function, £(8).
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Consider the integral Eg. (9) and note that we'are free to -

define f(8) = 0 for 6 < 0. Thus

N
o

fx) ax = 1 for B

The integral over the full range of 6 is

¢ (w) = é‘})l/é £(8) + fw| flx)ax 07 2exp(~106)as

0 (12)

i}

= B e Pexp(-10)a0 + (o)

- Evaluation of the first integral gives

") = (w2 + o)

Consider now solving Eq. (12) to find f£(6). The second part
of the integral in Eq. (12) can be integrated by parts. Combining the

result with Egs. {(11) and (12) gives
* _ ' . .
G (w) = - %-(%51/%j(- 0 3/%jr‘ f(x)dx exp(-iwd)ae .. (13) *

This is in the form of a Fourier integral, and, subject to certain

continuity conditions, it follows that
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© ‘ 1/2 = .
f(x)ax = ~| = exp(100)[G(w) + (iw0) ?)au

6 ' —m. o : v (Lh)

(o

Differentiation gives

o]

| ~1/2 1/2 , .. o anl/2,
£(0) = (1/2)(r®) Y2 | (3612 + 230632 (c(w) + (1092
, » v o
(15)
exp(iwd)dw
Equation'(lS) requires the observation of G(w) over both positive
and negative frequencies. The negative range is obviously impossible to
observe experimentally. Fortunately, however, the fact that the dis-
tribution function f£(6) is real makes it possible to show that the
\real part, R(w), of the ohserved frequency respornse is an even'function
of w while the imaginary part, I(w), is odd. After some algebra,

" Eq. (15) can be shown to be equivalent to

o0 . L R
£(0) = (0/19) 2] [(3R - 2u0T)cos(wd) - (3I + 2w6R)sin(wd)lduw
0 | - (16)
which is the form most suitable for numerical evaluation. For details

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

2. Frequéncy Response of Interface Models

a. The Randomly Turbulent Interface
Using the previous analysis one msy test models concerning the

structure of a turbulent interface by comparison of an observed freguency
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response with one which hés been predicted. Many.surfacé reneval models
have been postulated, but one of thé earliest aﬁd simplest of these
theories was proposed by Danckwerts (1951). He assumed that thé,motion
of a stirred liquid will continually replace with fresh fluid those
elementsvwhich‘have been exposed for a finite length of ﬁime. Danckwerts,
also assumed that the chanc¢ of an element of surface being replaced
within a given time is independent of -its age; hence, the fractionél

rate of replacemént of the elements belonging to_evéry age_gfoup is

equal to a constant . s. According to these assumptions,.
£(8) = s exp(-s8) . - ‘ . (17)

Calculation of the frequency res?onsé behavior of such a surface by
using Egs. (2), (9), (11) and (17) yields
1/2

(s2 4 ¢2)1/2 .\
(s2 + 22 _

S

é\P‘ = Qo@l/z[(sg + wg)-l/h/w]itan_l,
Pt |
(18)
From prelimiﬂary'results by Lamb (1965) it appeared thaf ffequency
response resuits would be simiiar to those predicted by the.Danckwerts
model. For this reason,vit was decided that this model would be used as
a trial_basis for evaluating new dat;. The phase.and amplitude data may
be analyzed separately, according to Eq. (18), to determine best-fit
values for the constants Q and s. For convenience let lﬁ;/ﬁtl = Alw)
and erresent the phasé angle by ¢(w). Using the amplitude results in

the foilowing form
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1

C(wa)t = 92 P v g0/ 2 o , (19)

and the phase in the Torm

Com.

v - 2 tan ¢/(tan®¢ - 1) = w/s ' | ' (20) -

one may appiy a linear least sguares analysis to collected data as
shown in EQS. (19) and (20) to find Q and s. One can then graphically
compare the observed frequency response, according to Eq. (2), with that

from Eq. (18).

b. Film—Covered Licuid Surfaces
Consider next a stagnant liquid covered with a thin surface film.
Transport of gas through the interface is described by the following

equationband boundary conditions

c(w,t) = ¢ = Hp

N(t)

- D §9£2332-= K

5 LHp(t) - c(0,t)] .

Assume a solution of the form
e(x,t) = &(x) exp(iuwt) + H D,

and remember that
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p(t) = p_ + B exp(ivt)
Let N = N exp(iwt), then

' an1/2
. _rKf(uoE)) _ )

N = HD .
Kf + (iwb)l/2

\

Consider an interface impedance bridge where in the ﬁésf'chémber

there is a stagnant liquid covered with a surface film and where the

standard reference chamber is an impermeable surface. The pressure-

difference signal from such a bridge may be found knowing the flux across.

the interface, Né.

A g a1/2
1 _ Kf(lwaO). (1)

ﬁf t iw(Kf'+ (iw8)1/2

The subscrip£ £ 1indicates that avfilm—covered surface is presenﬁ in
that chambef; I denotes a chamber éontaining an impermeable surfacé§

. Oné may rearrange the above equation so that a linear.least |
squares anaiysis may be applied to observed pressure signals to obtain

. One may recognize that K_ must be a

T

the surface film coefficient Kf

real numbér to be physically realizable and therefore usé only the real
part'of Eq. (21). |

| Thus it is clear that, using the fregquency response data, one can
obtain both statistical distributions and physical constants fdr.specific

models.
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. MATERTALS

In this wqu the gas—liqﬁid syétém uséd was sulfur dioxide-water.
An anhydrous grade (99.90% purity by weight) sulfur dioxide was obtained
from the Mafheson Company. The water used in the‘experiments was |
distilled water, from a laboratory supply, that had been dégassed and
stored under a sulfur dioxide atmosphere.‘

Two surfactants were used. They were l-hexadecancl {cetyl
alcohol) and sodium lauryl sulfonate. The insoluble surfactant;

1-hexadecanol, was obtained from FEastman Chemicals Company and was

- reported to be a reagent grade. The soluble surfactant, sodium lauryl

sulfonate; vas obtained frdm two sources, Procter and Gamble and E. TI.
du Pont de Nemours Company . Thé samplé from Du Ponf'was éf duestionable
purity, but.the sample from Procter and Gémbie vas reported té be 99*%
pure.

i'No attempt was made to purify samples further, but as criteria

for performance surface tension-versus-concentration curves were measured.

A cenco Du Nouy (ring-type) Tensiometer was used to measure surface

tehsion; the results are shown in Figs. 1 and 2. Note that, despite the
unknown purity for the sample obtained from Du Pont, its curve in Fig. 1
agrees very well with the curve obtained with the carefully purified

sample from Procter and Gamble, indicating that surface-active impurities

‘must have been negligible. Note also that the concentration of .

l-hexadecanol is given in monolayers present on the surface. . They were
calculated assuming that a single molecule occupies 20 sg Angstroms

of the surface.
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The liquid sﬁrfaces in all tests were initially cleaned by
placing a‘cléan absorbent_filter paper on the surface fo remove dusf
particles and any insoluble contaminants that might havé callected
there.

It.was found that‘the inscluble surfactant wés'best spread;by
pipetting an ether solution onto a liqgid surface contained in a small
moVabie cup. The solvent.was allowed to e?aporate and the cup vas
attached to thévinéide.qf the test chamber 1id. The surfactant was 
added to fhe surface by immersing the cup under the water in the closed
.chamber. bThe sinble éﬁrfactant waé added by use of thé cup also, but’
nO'éolvént or liquid wéé added to the cup. For complete details éf tﬁe
lcléaﬁing procedure and the method of surfactant addition see Springer

' (1969).

EXPERIMENTAL RESULTS
Béfdre fesults are given, the procedure for presentation of

'data needs to be explained. As noted earlier, it‘is possible'for>
frequenéy response to be measured‘relative to eifher an imperméable.
surface 6r a stégnant liquid surface as standar@s in the reference
qhamber._ Data were taken in both ways,.but were.presented relative to
an impefmeable'surface in results shoﬁn here. To distingﬁish between
methéds'éf measuremehts, all data points taken relative to.an impermeable
surface'aré shown as darkened symbols; those takén relative to a |
-stagnant liquid interface are shown as open symbols on the graphs.

o It has also been shown éarliér that data may be analyzed by

treating the amplitude and phase data results separately. The data
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shown -for cléan, turbuient intérfaces includes plots of bOth amplitude
and phase relationships.’ Thesé plots are tyéical of otﬁer results, so
to conserVe space only the amplitude résults will be plotted for other .
data. Tﬁe'tables containihg résults of analysis of data will contain
results for both amplitude and phase data. Complete tables of all

pertinent data have been deposited as Document No. 0000 with the ADI

Auxiliary Publications Project, Photoduplication Service, Library of

‘Congress, Waéhington, D. C. 20540, where copies may be secured.

1. Clean Turbulent Surfaces

Consider a turbulent, clean interface, obtained by stirring the
pool of liquid below at a rate of 230 rpm. By comparing this interface
with an impermeable one in a standard reference chamber using the inter-

face impedance bridge, the frequency response shown in Fig. 3 was

obtained. The solid curved line represents the response predicted by

. ® ]
Eq. (18) using the values of s and Q = QeO*/Q given in Table I; the

straight line is the theoretical response of a clean, stagnént surface

compared to ‘an impermeable surface. Note that as frequency becomes:

.large the responsé 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 surface and also Eecause df
Wetting.of the chamﬁer wall directly above the normal 1iqﬁid level due
to the irfegular motion of the surface. The apparent increase is shown

v % _ ‘ . .
by the values of Q 1listed in Taeble I. The dashed lines in Fig. 3

represent the theoretical response of a stagnant surface of surface aresz
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Table I. Results of lease squares anélysisvor data for a clean,
: turbulent interface.

v Stirring Speed Phase Data ‘ Amplitude Data
. - - % -
rpm : s, sec s, sec Q -, cm
o " | 0 0 0
150 1.040.07%  1.09%0.08 0.0233£0.00007

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.
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equivaléntvto the turbulent interface. Based on the surfacé'area of ﬁhe
étégnant pool of liquid (625 cc), a gas-space average volume of 4500 cc,
a Henry's‘Law coefficient of 0.02368 g-moles/(cc)(atm), and a diffusivity
in water of 0.00001L6 sq cm/sec for dissolved sulfur.dioxidg, Q* = 0.0225
cm - is expected. |

vApplication'of'Eg.’(l6) allows one to calculate the ége distribution -
functioq df the.ihterface;'the result is shown in Fig. 4. The solid line
in this figure répresents the response pfedicted by a Danckwerts. age .
distribution function based on values of s .and 'Q* from'Table‘I}

A.éimilar analysis of a turbulent, clean interface, obtéinéd'by
stirring the liquid at a rate of 150 rpm~+is shown in Figs. 3 aﬁd 5.
Tablé I shows the results of'thé least quarés analysis as described by
Egs. (19) and (20). |

Examination of these results indicates ﬁhat'under the'cénditions
-Qf fhe;e‘experiments the age distribution proposed by Dénckwerfs is a
goqd_aﬁproximatibn to that obtained experimentally. This means that
under these conditions of turbulence the Danckwerts approximation nay

be'uSed:to.predict mass transfer through the interface.

2;  Effect of solubie Surfactants .

.A stagﬁant liquid of a specified concentration of the"sdlublen
Surfactanf sodium laurjl sulfonate wés compared to én impefmeablé
| referenCe’chamber.. The frequency response revealed that no measuréble|
_éhange in mass transfér thrqugh,thé interface could be detectéd afnall

concentrations tested. The concentrations were 0.0001635-M,
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0.000327—M,vand 0.00106-M. Accdrding to the»Gibbs adsorption eguation
these Céncentrafions corréspond to surface excess concentrations approxi-
mately:equivalent to 1/2, 1 and 3.1 monolayers, respectively, if one
assumes that a surfaée concentration of approxiﬁately lOlh mélecules/émg
.is equivalent to a monolayer.

The effect of thé solubie surfactant on transfer through a
turbulent liquid interface was next examined; A turbulent interface,
vobtained by stirring the liqﬁid at a rate of 230 rpm was compéred.ﬁith
an impermeable sﬁfface. The frequenéy.response results §r¢'ShoWn in
Figiv6 for a clean, turbulent iﬁterface and forfa tufbulent liquid
at the two lower concentrations of sgrfaétant. The solid lines in the
figure feprésent theoretical resvonses as explained earlier.

| Tests were also carried out at a lower turbulence level, obtained
by stirring the iiquid at a rate of 150 rpm.v The frequency response
results were similar to those at the hiéher turbulence meaning thét all
concentrations tested showed the typical behavior shdwﬂ iﬂ Fig. 6.

vThe'turbulent data in the presence of sodium_laurylléulfonate

were analyzed in the same ménner as the clean interfaces. Calculation of
thevsurface age distributién functioné indicated that the suffactant

did reduce the intensity of the turbulence at the giveh stirring'speéds
'but‘did'not affect the apparently random statistical nature of the surfaces.
Thué,'thé assumptions of Danckwerts concerning random replacement of
'surface fluid ¢1ements are still wvery nearly true. The amplitude éné
phase data were treated séparatély according to Egs. (19) and (20);.

The results are shown in Tsble IT.
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Table II. Results of least squares analysis on data for water solutions of sodium lauryl

sulfonete.
Stirring Speed Bulk Concentration Phase Déta Amplitude Data
- -1 % -
rom moles/liter s, sec s,. sec . Q, cm
150 0.0001635 o;86hio.192a .853t0.106 0.0230%0.00006
150 0.000327 0.688+0.116 .612+0.097 0.0235%0.00015
150 . 0.00106b 0.578+0.180 .507%£0.03k 0.0231i0.0000h
230 0.0001635 1.29 £0.07 .22 £0.250 0.0272i0.0002h
230 0.000327 0.828%0.076 . 7828117 0.027hi0.00061
230 0.00106 0.699%0.060 L2 £0.66 0.026 *0.001

a . s o
Standard error computed on the basis of 95% confidence level,

standard deviations.

b . . .
Sodium lauryl sulfonate sample obtained from du Pont was used

i.e. approximately two

in this run only.

_Saﬁ

£66QT-T40N
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For the 0.00lO6—M liguid coﬁcentration of soﬁium-lauryl sulfoﬁate
an unusual phenomena was observéd at a stirring speed of 230 rum.
During pressure oscillétions in thé gas phase there occured osciliating
bubble nucleation and gro&th in the liquid phase; ' The nucleation and
growth began as the gas pressure decreased and becéme'a‘maximum when the
‘gas pressure was smallest. As theigés'pressufe incréaséd,vthe gubbléé
began to disappear andbthe bﬁbbieICOnéentration was neariy zero at fﬁe
maximum gésfpreséure. Figures T.and é shdw the bubble concénirations'at
maximum and minimum values, reépectively. These pictures yeré faken
whén thé‘frequeﬁcy of oscillation of the.gés'pressure was 0.1 cycieé/sec,
The formationband growth of bubbles was-foﬁnd nearly to disapﬁear és
the frequéncy ihcréaséd té 0.7 cyciés/séc. : | |
| '.Treatﬁentvof thé fréquéncy réspthé rééults according.to the
Daﬁckwerts'model showed a consiéefablé differenée between s. values
calculated from the amplitudé and the phase data,.as shoﬁn in Tabie II..
Ob%iouSly;.a Danckwérts distribution cannot réésonably degcribe ﬁhese
resﬁltsf The Qééillating bubblevconcentfétion caused the appérentf )
'liquid volqme and the gaé—}iQuiq.sﬁrfaée'é?ea‘to varytwith timéfahd'
, alsovwith;frequency of'oscillation.._No‘reasoﬁable cdnclusions COuid‘bé
drawn ffom these data.
~ The phenomenon apparently occufs because réduction of fhéigaS 
pressure during oscillation produces a 1i§uid sqlution that is slightly
| overséﬁurated. The reduction in surface ténsion.owiné to thé.surfaéfant'é
 pr¢sénce allows bubbles to form and grow more easily. At lower

cdncentrations of surfactant very few bubbles were observed at any stirring



O
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Figure 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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Figure 8. Photograph of 0.00106-M sodium lauryl sulfonate solution at
time of minimum bubble concentration. (stirring rate, 230 rpm)
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speed. Because of the intensity of stirring, a few entrained bubbles

could be seen even in a pure liquid.

3. Effect of Insoluble Surfactants

Insoluble films.of l~hekédecanol were placed Onbthé sufface of a
stationary liqﬁid and compéred to a clean stégnant 1iquid surface as a
standard reference chambe;. Concentratioﬁs equivélenﬁ to 1/2, 1 and 2
" monolayers were tested. Unlike thé_results for a soiuble film, a
definite film resistance to gas transport Vds observéd. Figure 9 shows
the frequenéy response results forvthe threé concentfgtions tested. The
solid lines represent solutions to Eq. (21), using in éachrcase the
value of Kf

The effect of the insoluble film on fransfer through turbulent

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

interfaces was next analyzed.' Consider a turbulent surface covered with
a film of l-hexadecanol with the liquid stirred at a rate of 150 rpm.

When this surface was compaied to an impermeable surface as avstandard
reference, the results shown in Fig. 10 were obtained. The theorefical :
solid line in this figﬁre correspénds»to the results obtained_f@r a clean
 turbulen£ interface. Concentrations equivalent to 1/2, 1 aéd 2 monblayers

were used.

, When the stirring rate was increased to 230 rpm similar results
were.obtained, indicating that insoluble films at thesé turbulence lévelé
~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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Table III. Calculated film coefficients erm least squares analysis of
data for stagnant surfaces covered with l-hexadecanol.

kN

Suffaée Concentration in Film Coefficient
Equivalent Monolayers , em/sec
1/2 " ,.' 0.007540.00112
1 ' | 0.00385%0.00070
1% 0.00L46£0.00048
2 o | | ’0.0036hto.boos6 :

a R o . . .
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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Table IV. Results of least squares analysis on turbulent data for l-hexadecanol.

Stirring Speed' Surface Concehtration in Phase Data . Amplitude Data
. - . - ¥ 0 o
ropm - Equivalent Monolayers S, seC‘1 ‘ s, sec L o Q , cm *
- 150 1/2 1.16 *0.47% 0.9740.175 0.02340.00009
150 T , 1 “ ~ 0.875%0.226 1.01 £0.20 0.0231*0.00011
150 | 2 - 0.914%0.219 1.01 %¥0.21 0.0232£0.00012
230 - 1/2 | 3.04 £0.31 2.29 *1.11 0.0280%0.001L9
230 | 1 ©3.16 #£0.86  1.68 *1.53 0.0309+0.00180
230 2 3.1% i1;51_ 1.51 #1.99 © 0.0311%0.0021k

8’S‘c_,andza.rd error computed on the basis of 95% confidence level, i.e. approximately two

standard deviations.

-£E€-

C669T-TION



3l UCRLel8993
DISCUSSION OF RESULTS

The results indicating that the soluble sﬁrfactant sodiunm lauryl.
sulfonate exhibits. no measurable surface resistance is in accord with
results of other researcﬁers vho investigated expanded—type'surfaee
layers (Bussey, 1966). Apparently the molecules in the sﬁrfece are
ioosely Eound and form an dpen lattice through which the geas ﬁolecules
may easily pass. The meesured resistance:of a l—hexadeeanol filﬁ in
the compressed state {i.e. at least 1 monolayervpresent) is coﬁpared'with
?esulis'of other researchefs in Table V. Our measurements are.in
agfeement with Plevan aﬁd Quinn (1966), who also used_£he sulfur dio#ide—
water system experimentally. An order of magnitude agreement is
thained.befween our work and oﬁhers when the reeistance of.l—hexedecanol
films 10 passage of'SO2‘molecules is compared.with transport.of Cbg
molecuies. ,l—hexadecanel molecules are believed fo bé cloeely packed
together on the surface of water forming a rigid'latfice throughewhich
”ges'moieeules pass with eome'difficulty. By estimeting the thickﬁees‘
of avmonolayer film of l--hexadecanol (approximately 25 Anéstroms)
one may calculate the. apparent diffusion coefficient'ef'the gas melecules
through the condernsed monolayer. The result>is on the order of 10—9
sq Qﬁ/sec. It seems that the surface film behaves more like:e solia
than a liquid. |

The resulte of surfactant behavior at_turbulent interfaees ere
more'eigﬁificent and qualitative explanation more difficult. In the
presence of turbulence, several film properties come into play. A

- film must be able to withstand bombardment of the interface by eddies



-35- UCRL-28993

Table V. The surface resistance of & l-hexadecanol film cnmpnrrd with
the results of PJQVlOuS Jnvcstlgxtlons

Source | Gas-Liguid Systen Surfece Resistance
sec/cm .
Blank et al. (1960) 00, ~buffer | 90®
Sada et g_l (1967) .C02~walter o 105
Plevan et al. (1966) so,-water 170-215
This work 50, -water 224275

#a11 resistances reported are for films with at least 1 monolayer

equivalent surface concentration.
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generafed far from the surface.‘.The elastic and flow prdpertiés of a
film become'important as-thé surface distorts owing to turbulence. If
;the scale of turbulence is large enough to cause £he liquid surface to
be broken, recovery of the film after collapée becomes important; The
recovery spéed may depend upbn the adsbrption rate at the interface,
the surfactant's diffusion rate in the liquid, and perhaps even its
diffusion rate across the surface. To attempt a reasonable exélanation
of the results obtained here, one needs to be able to estimate time
. constants for ﬁhe above film phenomena. Let us bfiefly examinebsome ofv
the proberties of fiims reported in the literature} |

A discussion 6f diffusion limited maés transfer rates of>surfactants
:is.given in Davies and Rideal (1961). They.conSidefed a system:iﬁ
Which'only’a_thin stagnant 1ayer of liquid separated the éurface film
from the stirred bulk solutiona. The adsorption rat¢ of’surfactantsvvas
fduﬁd from experiment to be strohgly depeﬁdent_onLthe surfactant's
bﬁlk_concentration and was predicted well by an indicéted theory.
Application>of this.fheory showed that.for lauryl sulfate ions, after
a sudden 10% change in.sufface cohcenfration, the rate of adsorbtion was
such that the surface was 60% restored to equilibrium after 6.k
milliseconds. The bulk cbncentration was 10—3M. ‘By contrast? consider
lauryl alcohol at a surface-éonceﬁtration equivalent to apprbximately'
1/2 honoiayef. After a sudden‘lo% cHange‘in'surfacé cdncentraﬁibn,‘the"
raté of adsorption was such that the surface was 60% restored to
equilibrium after 60 séconds. For aériQatives with longéf chains the
ratés become corréspondingly*smaller, and the timés corréspondingly.

longer. -
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~.Resﬁlts of work by'Hanson (1961) showed that adsorption was
not solely'diffusidn limited. He'stated, if it is éssumed that spreading
'pressﬁres depend on amounts of soluté adsorbed and on subsurfacs
concéntratioﬁ in the seme manner in dynamic and equilibrium systems and ﬁ
-1if amounts of solute adsorbed and subsurface concentrations are inferred
from obser&ation of spreading pressure—tiﬁe data on this basis; thén
_édsorption limited solely by diffusion fails to explain the slow iﬁitial
variation of spreading pressure with time. 'Except for this initiél
behaviér; diffusion must play an important role in limiting the adsorption
rate. The édsorption appears to be diffusionecoﬁtrolléd except for an
‘initial time lag; times required to reach any particﬁlar spreading
.pressure are always Jonger thannﬁould be expected if diffusion alope-werei
:the limiting factor.

McArthur and Durham.(l957) étudied spreading rates of fatty
alcohols tha£ forﬁ condensed or rigid films. The time to spread a
distance of 76 cm in a test chamber.91 x 14 X 10 cm was measured.
Spfeading.from 2 mm diameter particies of:85% cetyl alcohol“réqﬁired
15-18 minutes to reaéh a surface preséure of 20 dynes/en. The
equilibrium spreading pressure, or surface tension reduction, Qf cety1
alcohol is UL dynes/cm. Recovery of spread fiims was assesséd by
com?ressing them until they collapsed and then observiné thg raté of -
'incréase.of surface pressure. After spreading 95% cetyl alééhgl{‘

" recovery to 20 dynes/cn feqpirés 5 minutes. -
Héaly and La Mér (196h1 studied demning of capiliary_waves by |

condensed monolayers and their effect on retardation of the evaporation
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. of watér. Their experiments involved oscillafion of a herizontal bar
in_a liquid surface at a'givén amplitude and fréquency. They found that
under dynamic_cbnditions the surface pressure was reduged more.thén éoﬁld
be acgounted for by the‘increasé in surface area due to turbulence.

They oﬁsefved a maximum plateau for surface pressure under dynamic
conditions nmuch lower than'the equiiibriﬁm spreading pressure, indicating
that dynamic conditions may place a restrigtibn on attainable surface
preséure. They postulated that the reduction in Surfacé prgésure was

due to éubmergenée of monolayer molecules and concluded that.thé Sﬁb-v
mergenge‘should be highesf at the‘bar.b Neverfheless, né film'breakége
could be observed. They also fouﬁd that reco&ery of(the statié_éurface
pressure when the disturbance was removed yaé initially rapid but.fhé
fiﬂal approach to equilibrium was slow. |

Sakata and Berg (1969) measured the surface diffusivity of

‘myristic acid,.which forﬁs an expanded surface layer. They“found a
surface diffusivity of 3 X lth cmg/sec indicating that expaﬁdea-mpno—
layers behave much like a liquid. Blank.énd Britteg,(196§) predicted
 that the;gqrface diffusivity of condensed layeré,,like l—he#adécanoi,

should be on the order of 10_8 cm2/s¢c—indicating a very rigid ‘structure

" of the surface layer.

_Applicatioh of the above information to intefpretatioh:of méaSureaj
frequeﬁcy résponses at turbulent interfaces with surfactants.preéent
éan-be quaiitativé only. With the aid of this information, the foiloﬁing
conclusions concerning surfactant béhavior‘at turbulent inteffaces seem’

reasonable.
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with l—heﬁéd@canol films inéicatés that the degree of turbulence was

high enoﬁgh,ﬁhat the rigid film\must'have been completely broken up and
submérged-in the bulk liquid. If one were to gssume that the film was
5rok¢n up'into hydrocarbon particles oﬁ thé order of 0.1 mm in dianeter,
Stokes Léﬁiwogid indiéate thaﬁ the tinme réquired to rise the average

height of thevbulk liquia (1iguid depth is 8 inchés) would be approximately
1.7 minutes. Since the spréading rate and the adsorpti&n rate of
l-hexadecarol is very small compared to the avefage rate of submergance>

of any surface fluid element, it is unlikely thet appreciable surfactant

‘would be present on the stiired surface. The surfactént entering the

surface'through'turbulent’mixing will be immersed in a fluid element

- whose concéntration will be equal to the very low bulk concentration
of surfactant. Since only enough material was added to form a monolayer, -

" mixing with the 10 liters of bulk liquid made the surfactant's concentration

extremely small. Thus, only a small fraction of the surfactant briginally

added to-the'surface would exist there after the film is broken up. If

one could reduce the turbulence low enough, there would be some level at

which_fhe monolayéfrwould become stable. Under these conditions one
cﬁuld"inveétigate péssiblé damping of interfacial turbulence by condensed
fiims. 'Unfortunatély, in the experiments carried out here, the turbulence:
levelvcpuid not be fedu@ed ﬁuch_further'without making_the measuied_
pres§ure~differenpe signal prohibitivély’small.. | {

By cémpariﬂg ti??/for adsorption for the soluble surfacténtfﬁith-

fluid element half livésé one can see that even if the film were broken

some recovery should be obtained. As soon as a portion of the interface
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is swept clean of surfactant, materizl immediately benheath can diffuse

+

to fhe,surface and adsorb. One can envision_islands of surfaetant on
the turbuTCﬁt surfaﬂe Fluid eddies whlcq Stilﬂe theee ereas. from |
below may be ullghtly damped as postuWat a bj Davies (loch |

It nust be reported thau.ln all turbulent runs made_thaﬁ no 
leual chan e in the.uurface turbulence could be ‘seen. Ne;erthelees; :
the ﬁeasured average age of the surfaces ran.ed from approx1mately

‘0.3 - 2.0wseCOnds in experiments with and without surfactantsk"‘

Theée results_indicate thatbowing to the naturevofvthe‘SﬁrféCe

Efofmea; a 1iquid ﬁype,surface film can affect hydrodyeaﬁiee.étfab
 tﬁ§buient:interface_even.ih the'presencefof‘vigorous turbulehce;eoﬁieg'
to the film's liQuid'mobility:and'faet raﬁe.of recovery. Oﬁffhg'ofhéf
‘hand, a.conaeﬁSed, insoluble film-is very figid_and slowﬂto;fee%Qéfﬁéfter
'fuPture. ‘Its Pfesence.may oniyvbe imnoftanf at lbw turbulence»ratee;' The.
results”reported by many researchers on the retardatlon of the rate of
'Vater evapbration help.to strengthen this‘conclusion. They have found
~ that even a siigh£ wave action caused by Qind or boéting on Vater:”

reservoirs considerably reduces the effectiveness ole—hexadeea@ol_filmSg

CONCLUSTONS. o | o 5 L fijf*ﬁ_

o '.Altheuéh'the interface impedenee.bridge is not simpieifs'obé}gte;
..it has‘yielded considerable informétien.eonderning interfacieibfhfbulehce.
_The apﬁaretue is quite useful in meaeuring Surféce filmiresiStaﬁeesf?{
.It eliminates mehy pfo?leﬁs encountered with.previous fechgique$Q'
'Measurementsneen‘beieafried out at small coptact ﬁimes,,Whiehiwefe_ﬁdtv R

possible previously, and density--driven convection currents have:



- - UCRL-18993

negligible éfféct. The freduency respénse_data allé& ohe to examine
' thé.statispical.natufe.of fluiavinﬁérface as well aé théif time;
‘ avefage béhaviqr. | | | o
'qhéiimportanf problem of sﬁrféctént behaﬁior at.turbulént
_infeffacésvhas béeﬁ,iﬁ?es#igated; It was found:tﬁatisoluble'fiims;can.
démpen ﬁu?bglénée-ét'tﬁe‘ihférféce and reduce mass transfér réﬁés; while.
inéoluble fiimé teﬁd.to'ﬁreak ﬁ? and{to havevné m;aéurable offéct on
‘masg.transfer %ates; | | o
| >fhé feéulﬁs of thié,paper were draim fromlaata_{akehtat high 
: turbuléﬁce'fatés wheré=thé:scale of furbﬁleﬁée_waé much gréa;ér thén.thé
depth ofvpenetratioQ of the;dissolvihg gas. _This type.of'tﬁrbplenEé is
:described.we11 by the“aSSumptions df-Déhékwerts (;951); as expefiménﬁai D
freéults verify{ﬁ'As turbuleﬁée_isfreduced,lthéée assumpﬁions Fﬁiljﬂﬁ- |
longer'bé:§alid and the £eiative’moti§n of'liquid aﬂ_diffe;ént lévéls‘
close béneath.the ;urfaée may nofibé disregarded. Sélutiqn 6f mbdei§ of -
,fhis type'are-mﬁc£ more difficult:és cén_be §eeﬁ in work by $cri?eﬁ
, _ o ; S . e _

_(1968)'in_whiéh‘irrotatiohal stagnation flow néar ihteyfacés is considered.

o AnothefIimportanf_problem hot:re;olvéd“here occurs Vhéﬁ turbﬁienCe.
is §6€ gfeét enough to éausé coilapse ofvthe céndensed films;»”Sﬁrface
.rgsiétance to gas trahsport plu§ possible hydrodynamic effecﬁé like

those mentidned in the preceedihg paragraph ﬁay be present. B
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 NOMENCLATURE

area of liquid surface, 'sq cm

L=
1

‘¢ = concentration of gas in liquid, g-moles/liter
: 49_ = diffusion coefficient of dissolved gas in liquid, s¢ chm/sec -

“H  _= Henry's Taw coefficient for gas in liquid, g-moles/(cc)(atm)

k., = iiquia phase méssvtraﬁsféf cééfficient;‘cm/sec;
K, = suiface filmimass trénsfer éqefficiénp5'cm/sec_
n = numbér of'moles of gas in chambéf

p = gas pressuré,.atm
‘._Q =  HA3?O/Vo

Q = eg'?

R = éas'constant, 82.06 (@c)(atﬁz/(g—mole)(°K)

s = replacement fre@uéncy of fluid eleméﬁts in.quuid su}fécé, §e¢7
= 'timé;‘seé-u | |
T | = teﬁperatgre ofvsurroﬁndings, °K
V = voluae of gas Spaéé in c@aﬁber, ce . -

x = distance from interface into liquid, cm

>4
1}

vfrequéncy, radians/sec

Subscripts: .

i

timevavefage value

1" = Ehémber numﬁer,:refefencé chémbér
2 = ,chaﬁber.ﬁumber, tesf chamﬁér

o f = filmfcoverea surfacé '

t = 5turbulent;$prface
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Fig. 9. Bridge-compariSOnbéf‘a stagnant 1iquid surfaée, cbééfed by;§i
l—hexadecanolvfilm, with a cléan, stagnant liquid surface,v (¢?%i/2
monolayer equivalent éurfacé cqncéntrafion; A1 moﬁolayér;¢ f- 

' C]42 monolajers).
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Fig. 10. Bridge comparison of a turbulent interface (stirring speed,
150 rpm), 1-hexadecanol surface film added, with an impermeable
] .

" surface. (O -1/2 monolayer equivalent surface concentration;

A -1 monolayer; OO -2 monolayers. )

2.
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Tabu]atlon of Ind1v1du¢l Wun

Ruh-Number ~ Signal Measured = Interface Conditions
‘ 148_  ' S (ps'—_pt)/pt o Clean, Tﬁrbulentm230 rpm:
9 . App-p)p,  Stagnant, O. 0003271 -
. ' S R sqdlum lauryl sulfonate -
10 : '.(p5’—.pt)/pt ' -_-Tﬁrbulent~230 ropm, 0,000327~M
’ ST T ' sodium lauryl sulfonate
11 (pe ~p Mo, Turbulent-230 rpm, 0.000327- -1
o . S "t t L :
e sodium lauryl su]fonaua-
12 o (p. -p Mp Turbulent-150 rom, oxooo327-M
. o : s t t. . 2 o
; : sodium lauryl su1¢onate‘,
13 (e - )b, Stagnant, 0.00106-M"
' S ) ' sodium 1auryl sulfons te
1 S (pr = p,.)/p : ‘Turbulent-230 rn", 0.00106-21
: I t t . .
: sodium lauryl sul fonate
' 15 S (ps - pt)/pt,' o Turbulent 230 rpm, O OOlO6—M
. sodium lauryl sulfonate
6 - : ‘(pI - pt)/pt  (Clean, Turbulent-150 rpm
T , (v, - p,)/p, Clean, Turbulent-150 rpm
18-20. (p. - p.)/p, Stagnant, 1 monoldyer
v I -7 t A
‘1-hexadecanol :
21-26 : (p. ~p.)/p V Stagnant, 1/2, 1 & 2 monolayer
o : f s f :
: l-hexadecanol :
27-30 (o, - p M ' Turbulent-150 & 230 rpm
' ‘ : s . 1/2,1 & 2 monolaver
a 1l-hexadecanol s
31-32 - (p. - p )/p Clean, Stagnant . . -
o I °s s v o
3334 : (v, - p )/, Turbulent-150 & 230 rpm
' : : 0. 0001635—M sodium lauryl .
u‘fonate ’

(continued)
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~ Tabulation of, Individual Runs Continued .

Y

.Run Number = = ~ Signal Measured_'. R -Iﬁferfdcé CohditiQns

36 B : (p_ - p,)/p . Turbulent-150 rpn, OMQQlO6fM"_: n
. _ B s “t'°7t . ) o ol
: - sodiun lauryl sulfonate L
e S R
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Run # 1~

UCRL-18093

g

Type of Referenc; Chambor

(Chamber l)

Surface Conditions of

Test Chamber
. (Chamber ?) _

‘ Surfactant

EE Liquid Temj.,

Gas Space
Height (cm)

Clean, Stagndnt Sﬁrface '

Turbulent, 230 rpm -
stirring speed

None

,Réference Chamber

: 25,5-26,0

_3;17543Q227

~ Test Chember

25.5-26.0

2.859-2.870

Comparison of Stagnant -

Comparison of Impermeable

Frequency and Turbulent Suirface and Turbulent Interface
“cycles/sec (Measured Signal) (Calcu]qted Slgnal)
| (8, = BB, S (g - )/D
0.03 - "0.212 L -95.6 0.255 L 1483;6,,
0,055 0.10k L o-99. 0.132 L -87.0 -
0.083 0.0635. - L -101.9 0.0855 L -85.L
0.090 0.0609 [ .-101.9 © 0.0820 L -85.3
0.167 0.0286 L 1046 - o.0kk2 L =801
0.20 - 0.02k7 - L -10k.7 ©0.0390 L =79.1 "
0:30 0.0146 L -105.7 10.0268 L =Th.2
0.48 10.00858 L -102.3 0.0190 L -67.8
' 0.50 0.00712 £ -103.5 - 0.0175 L -65.8
0.51 1 0.00693 L -102.9 ~ 0.0173 L =653
0.80 0.00418 L -96.7 0 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 . 0.00162 L -77.7 ' 0.00777 [ -51.6

o
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Run # 9

- UcRL-18993

tType of Reference Chamber“
(Chamber l)

Surface Condltigns'of"

" Test Chamber

(Chamber 2) .

'_Sﬁrfactaﬁﬁ'

Clean,uStagﬁant7SUrfacei

Stagnant .EE;T

-0
l

0. 0003?7 W °od1um laurjl
sulfonate e

“7eRefereﬁee Chamber »

‘Liquid Temp. - 25.9

. . Gas Space .. 83T
‘Height (cm) AR

“Test Chamber -

26.5

2,82

S - .. Compariscn of Two
-Frequency - Stagnant Surfaces
cycles/sec . (Balance Slgnal)

Combarlaéﬁ of antaEnahtuand _
Film-Covered Stagnant Surface ‘
(Measured Signal).

I(P f )/D !

_10507 'ii_ 1_['e_olooo33
'0,1@1 "{1  0.0005

oao "
0.50 ‘f ©0.00118

1.00 . ~ 0.00105

. 0.0006k
0.00073

.'o 00073  f
0.0011

0.0012
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Run # lO

V‘Type of Reference Chamber

" (Chamber 1)

Surface Condltlons of

‘Test Chamber
(Chamber 2) .-

. Surfactant

. Liquid Temp.
-(°c)

Gas Space,-
_ Hnght (cm)

~

Clean, StagnantvSurface.

Turbulent-230 rpm
“stirring speed

0. 000327 -M soqlum laury
sulfonate

25.9

’ -RéferencefChambef

'3.012

TestZChamber

- 26.5

2.820

_Fréquenéy--m

1CompariSon of Stagnant -

Comparison of Impermeable

0.00191

and Turbulent Surface ~and Turbulent. Iﬁtefface
eycles/sec (Measured- Signal) ‘(Calculated’ Swgnal)
| () - 8,)/8, GRS R A
0.06k - 0.0381 L -102.8 0.0648 4 ;76.h
0.30 0.00561 L -85.0 0.021 4iQ5S.2f
0.70 10.00232 L 7h.9 0.0128 L ;§6.h7
1.00 - L -64.9 0.0108 V'L 5A8.6_  o
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" Run # ll

Type of Relerence Chamber o : . - : Iﬁperméablé.éﬁrféce o
(Chamber 1) : S . T

.Surface-ConditiQnS'ofl_. o .' o 4Turbuieht, 230.;pm o
Test Chamber . . _ 1 _ - stirring speed = R
(Chamber 2) R S : o ?'._* -
_Surfactant’ e . . O 0003?7—” sodlum lautvl,
o ’ T : . - sulfondte :

Réfereﬁce'Chamber' .Test:Chémber

. Liquia Temp . 2509 . 265
SR B e B

~ Gas Space 3212 2.8
 Height (gm)_ - oo : -

o o 'Comparison of Impérméable : ComparisOn df;Stagnaﬁt
- Frequency ~ = and Turbulent Interface .. .~ and Turbulert. Intcrfaée
cycles/sec . ' (Measured Signal) - . -(Calcula ed Slonal)

S I8 1 R € th)/pt.,

0.048  0.0830 -80.0  0.0531 °Lféi63.5

0.0 - 0.0459 2.0 - 0.0238 ;L ~102. 6

-53.1 . 0.00382 _L:x;79,9

L
L
0.20 i ".0;0266 ' L:~6o.o: R ,1o,o§873 _ ‘f : _9h 6
0.50 ‘ ' . 0.016 L '
. _ ,

1.00 0.0112 -48.8  0.00230 L -63.0
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" Run # 12

TYPe'of_Reférence'Chamber » ' ' :"Clean, Stegnant Suff#ce
(Chamber 1) - : : A
‘Surface Coﬁditiohs of . | o ) Turbulenfs‘lso rom

Test Chamber =~ - ° ‘ o . stirring speed

(Chamber  2) -

‘Surfactant . . e - 0.000327-M sodiun lauryl .
S ' S S : sulfonate ‘ ‘
Reference Chamber  Test Chamber

. Liquid Temp. 5.8 : - 26.2.
(°c) S
Gas Space - - 3.175 D 2.86
Height (cm) . . '
_ N Compariéon of Stégnant ‘ ~ Comparison offImpefmeéble
|Frequency ™ © and Turbulent Surface and: Turbulent -Interface
cycles/sec (Measured Signal) _ - Calculated Signal) _
(3, -8,)/8, N R I T
0.05 ~ 0.0336 L -112.0 0.0618 L <766
0.0 . o0.02k2 L -11k.3 0,082 L -mh.2
0.10 0.01hk L -116.6 . 0.0356 L -68.4
0.20 0.00491 = L -120.3 .  0.0218 L =57.9
0.30 . 0.0030k L -118.3 . 0.0175 L~;5h.9j‘ 
0.50 0.00153 . L -110.6 0.013L L ~51.2
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>Run #'13‘

C_Type of Refcrence Chamber S ' , Clean? Stagnaht Sﬁrface31 .
(Chamber 1) ' ’ : ST S
- 'Surface Condltlons of s - Stagnant;”
" Test Chamber
. (Chamber 2)
Surfactant o, 00106-11 sodlum luurrl |

sulfondte

Reference Chamber: - Test Chamber

'.quuld Temb.' T 26.0 ] . 26.3
(°c) RS e R v :

Gas Space - 3175 - - 2.86.
Height (cm) - , o . ‘

- Comparison of:two Comparison of Stagnant and
Frequency .- Stagnant Surfaces . - Film-Covered Stagnant Surface
" cyclés/sec. . . :(Balance Signal) (Measured Slgnal)

: l(pl_,—_'pQ)/pgl . l(p - pf /o |

0.0 - 0.00005 - 0.00018
0.30 - - 0.00073 ~_ 0.00046
0.5 - 0.00185 . o0.0017

1.00 0.00087 . 0.00087
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Run # 1k
" Type of Refereﬁcérchamber ‘ - Impermeablq-surface
(Chamber 1) ' ' -
Surface Conditions of . B ‘ ' 'Turbulent, 230 rpm
Test Chamber ' ' S ' . stirring speed
(Chamber 2) ' : :
- Surfactant. - - _ : s - 0.00106-M soéiﬁm'léuryl
' o ' : sulfonate
Reference Chamber Test Chamber
Liquid Temp. 26.2 265
(°c). ' : ' : B
Gas Space - '  2.937 2.86
" Height (cn) ' : .
S Comparison of Impermeable : Comparison ofTStaghant
Frequency . and Turbulent Interface and Turbuleut Interface
cycles/sec (Measured Signal) (Calculated Signal)
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 . 0.0324 L -60.0 - 0.0138. L -80.9
L -51.5 , 0.00419 £ -70.6 -

0.50 0.0166
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" Run # 15

Type of Reference Chamber'

(Chamber 1)

Surface Conditions of

Test Chamber

(Chamber -2)

Surfactant

-+ Liquid Temp.
. (°c)

Gas Space - -

Height (¢m)

Reference Chamber

- Clean, Steagnant Surface

Turbulent, 230 rpm.
stirring speed |
'0.00106-M sodium,lauryl‘
sulfonate -~ .. .

. 26.1
3.01

:_Test Chamber

26.4

'2;86

Comparison of Stagnant-

Comparison of Impermeable

0.00179 L -63.6

- Frequency and Turbuient Surface and Turbulent Interfa§e 
cycles/sec (Measured Signal) (Calculated Signal)' »;
| o By - 8,78, By - 80/8,
0.30 0.0100 L —fi.h 0.0258. .« L -55.3i
0.50 0.00468 L -67.0° 0.0172 L'_5i.1_a"_:f
1.00

0.0007 L -i8.2
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Run # 16
Type of Reference Chamber &= '  '  Impermeable Surface :E
(Chamber 1) ' R
Surface Conditions .of V..‘ s Turbuléht,'ISO"rpm:u‘
Test Chamber - - - . - stirring speed
(Chamber 2) ‘ - ' .
' :Surfactént_ S X o ' None
" Reference Chamber Test Cherber
 Liquid Temp. 25.9 26.2
:(°c) o
Gas Space . 333 . 2.86
. Height (cm) e . :

e 'bomparison‘of Impermeable .- Comparison'df-sﬁagﬁant
‘Frequency and Turbulent Interface ‘and Turbulent Interface -
~cycles/sec ~ (Measured Signal) (Calculated Signal).

(pi _—'”pz)/p2 . o . v(ps - pt)/pt:v,-
0.05 - 0.0785. L -81.50 . 0.0505 - L.-107.0 -
0.070 . 0.0548 L -79.% ©0.0321 L -113.3
0.0, - o.0kk . L -75.0 00215 L -113.7
0.20 0.0240 L -64.6. - 0.00828 L -116.L
10.30 . 0.0185 L -59.6" 0.00482 L -116.0




- Run # 17

s . UcaL-a8993

‘Type of Reference Chamber

(Chamber ])

Surface Conditions of
Test Chamber

(Chamber 2)-

H_Sﬁrfactént 7_>

Clean, Stagnant Surface-

_Turbulent;.150crpmv;v
.stirring speed. . =

Hone

eRefefeﬁce Chamber .- Test Chamber

‘Liquid Temp. . .. 25.9 -

- Gas Space N 03.33

;Helght (cm)

26.2

2.86

. ‘Compariscn'of:stagnanﬁv “;V'Comparlson of Impermeable
Frequency © - “ and Turbulent Surface ’ and Turbulent: Interfac;
cycles/sec'.i (Measured Signal) g o (Calculated 91 ﬂdl)

(3, -

52)/ﬁ2 'VA o (pI —' )/pt

0.10  ~ 0.0211

0.50 - 0.0023k

1.00 . 0.00083

Lbfllé.h' : 0.0412° "Lf;YA-S 5c;
L -116.6 , 0.0136 . L fsh-6f7}

L -108.% © 0.00937  L:ho.7
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Run # 18-20

UCRL=18993

Type of Reference Chamber -
(Chamber 1)

_ Surface Conditions of
Test Chamber
(Chamber 2) -

Surfactant

' Liquia-Tempf

- (°0)

' Gas'Spéce.

* Height (cm)

Impermeable Surface -

Stagnant

l—mbnolayer.Of
l-hexadecancl

Referéncé'Chamber

~25.9

L 3.175

26.0:

"Test:Chamber

2.86

 'Frequencyv *’

‘vComparison,ofvIﬁpermeable and

Film-Covered Stegnant Surface

"Comparison of a Stagnant
‘and Film-Covered Stagnant

2.00

- (Measured Signal) Surface (Calculated

: cycles/sgé. (ﬁi i, ﬁz)/ﬁz , Signf}) R AN

‘ (B - BB,
0.05 0.0300 L 58.0 0.012h L -11.9
0.10 0.0167 - L -62.3 0.0131 L ~}22._3';_

B 0;20 0.0120 .L;—67.3 0.0106.. L 451451}
l0.50 . 0.00560. L'13.0 ~ 0.00810 £ e25;91ﬂ7
1.00 £0.00286 L -16.7 0.00667 L %3148;{_  

0.00180 | L ~75.7 .0.00486 L -_:-31;.0_‘.-' |
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v ~ Run # 21-26

Type of ReferenCC Chamber ' ' R Cleah,,Sfagnénﬁ.Surface |
(Chamber l) ‘ C : ' S
Surface. Con61tlons of ' . 1, v . : Stagﬁaht“i

‘Test Chamber P . ST

(Chamber 2)

Surfagtaﬁﬁ R I o i/2~monolayer:of:3".
' S ) ’ : - I-hexadecanol

Reference ‘Chenber .:Test Chanber -
i; Liquid Terp S 23.% 23.8

"~ Gas Space : 3,175 “: o 2.86
Helght (cm . o . . . Coe

" Comparison of a Stagnant . - Comparison of Impermesble

: : -and Film-Covered Stagnent .. and Fllm—Covered Stagnant
 Frequency . _ Surface - - ‘ .. Surface 2
 cycles/sec :-(Neasured Slgnal)- L (Calculated ngnal) o

- (92 --“p_l)/pl o By - f')/pf

0.05  © 0.0100 L =7.0 . - . 0.032k -s56.00

0.10° . 0.00850 L -11.T - 0.0216 Ssrs

0.20. © 0.0078 L -14.8 . 0.0137 617

- -23.9 - 0.00516

L
L
'V_ 0.50 - . oQOoéhé‘J 'L--2Q,2 o | 0;00726:
S 1.00 ;"vo;bo§3i'f[ L | '
| L

NN NS NS SN N

- 2.00 0.00383 —29.1_.5' - Ao;0028h




Run # 21-26

UCRL~18293

. Type of Reference Ch

(Chamber 1)

- Burface Conditions of

Test Chamber

. (Chamber- 2)

: Surfacfant.

© Liquid Temp.
(°c)

Gas Space
Height (cm)

Reference Chamber

amber

Clean,

Stagnant Surface

v Stagnant

1 monolayer of
I-hexadecanol

- Test Chamber

23.4

3.175

23.8

2.86

Comparison of a Stagnant
and Film-Covered Stagnant

Comparison of Impermeable
and Film-Covered Stagnant

0.00490

 Frequency" Surface Surface o
cycles/sec (Measured Signal) - (Calculated Signal)
(ﬁe - i’\1)/51 | ’(51 - ﬁf)/ﬁf'_
0.05 0.01k2 £ -11.0 0.0289 - L -éo;éij'.f.
0.10 0.0124 L -17.9 0.0179 L —63;2 o
0.20 o.0012 L —23.5 0.0103 L —68?i;"‘
0.50 - 10.00925 L -28.1 ~0.00k58 L ~8§;3 ; ,‘ 
1.00 0.00643 L -30.9 0.00310 L *f§}¢  _;f;.
2.00 L -35.5 0.00169 £ 133
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Run # 21-26 -

Type of Reference Chamber o .l',Ciean, Stagnahﬁ*surféée.

Surface Conditions of . — | Stagnant

Test Chamber ' ’ S

- (Chamber 2)

- Surfactant S S " 2 monolayers of
- ' ' - l-hexadecancl

Reference Chamber Test Chamber

Liquid‘Temp.: , 23.& o 23.8

- (°c) o : : .
Gas Spacer - 3a7s5 L 2.86
Height (cm) . S : . o

. A f Comparison of a Stagnant | bompérisonﬂof Impermeablérand :
. 'Frequency =~ and Film-Covered Surface Film-Covered Stagnant Surface
‘cycles/sec . ‘(Measured Signal) ’(Calgulated Sjgnal)'t,.v.fv'

(B, - 8,)/8; By BB

0.05 - 0.0160 L -lh.2 - 0.0270 -63@5:‘ -

0.10 0.0135 -18.3 0.0170 -65.5
_71591f  

-82.8

0.20 - 0.0122 -24.0 - 0.00949

0.50 - 0.009k2 -27.6 bfoohsh 8.

1.00 0.00731 -32.9 . 0.00233 -85.5

S N N N N N
NN N N NN

2.00 0.00591

-35.7 0.00106 07,7
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Frequency = 1.00 cycles/sec for all data shown below

Type of Reference Chamber "~ . Clean, Stagnant Surface
(Chamber 1) : : o A :
Surfactant : : “ l-hexedecanol .
.Bgferenée Chémberv“_Test Chamber
quuld Temp. 235 24.0
-(°c) ' :
" Gas Space o 3.Ts | 2.86

. . Height (cm)

Comparison of Stagnant Comparison of Impermeable-

\Surface:v » ) and Indicated Qurface and Indicated Surface
. Conditions : ' (Measurcd Signal) _(Calculated Slgnal)_

- (B -8,0/8, Gy -8Us
“stagnant,0.5% | ©0.00565 L -25.6 0.00406 L nfg;u
" turbulent-150°,0.5  0.00090 /-110.8 0.00938 L -50.2
stagnant,0.5 0.00511 L -25.5 0.00Lk5 L -€7.k
turbulent-230,0.5  0.003kk L -92.3 - 0.0116 £ -58.0
stagnant ,0.5 | ]o;ooh32 L -25.7 0.00506 L —61i3
stagnant 1.0 0.00696 [ -32.9. 0.00256 £ -79.1
turbulent-150,1.0  0.00068 £-110.1 0.00928 L -49.0
~stagnant,1.0 10.00698 L -31.5 0.00273 L —éégl
‘turbulent-230,1.0  0.00438 L -86.7 0.0126 L —58}6
stagnant,l.0 0.00671 L -32.8 0:00275 L -75.7
stagnant,2.0 10.00783 L -32.9 0.00205 L -96.8
turbulent-150,2.0 . 0.00072 £-109.6 . 0.00930 £ ~h§§1
stagnant,2.0 10.00675 L -31.7 0.00281 £ -78.1
turbulent-230,2.0 0.00440 - £ -85.5 0.0127 - L -58.3

B Surface concentratloq of l—hexadecanol in eoulvalent monolayers

Stlrrlng speed produ01ng the turbu]ence in rev/rl .
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'Run'# 28

Frequency - 0. 50 cyéles/sec for all data shovn below

Type of Reference Chamoer o . Clean, Staﬂnant Surface_
(Chamber 1) ' - S o
Surfactant . o a '_ _ l-hexadecanol

Reference Chamber Test Chamber
Liquid Temp. = 23.5 . 2k.0
(°c). e ' e
Gas Space 321 2.86

- Height (cm) .

Comparison of Stagnant - ComparisonVOf;imperméable '

'”Surface-i_ .“_ © " and Indicated Surface - ~ and Indicated Surface. -

Conditions . (Measured Signal) - . (Calculated’ Slgnal)

| | B N ¢ T DL R
stagnant, 0.5%  0.00680 L -20.7 0.00693 L ;69;0,1
‘turbulent-150°,0.5 0.00208 - £ -118.14 0.013L L ;ss;Sf*
stagnant,0.5 . 0.006k9 L -19.6 0.00730 L :Gjtyf,
turbulent-230,0.5 0.006kk L -102.6 0.0170 L ;6L3off
stagnant 0.5 10.00570 © L -18.k 0.00795 L -63.T
 stagnant,1.0 . 0.00817 - L -28.9 0.00525 L 47Q313,
turbulent-150,1.0 0.00210 ~ L -120.6  0.013k £ -53.9
stagnant,1.0 . 0.00787 L =-27.9 0.00557 L -69.2
turbulent-230,1.0 0.0070k £ -102.6 - 0.0175 L —6553:*
stagnant,1.0 = 0.00657 L -27.6 0.0066k L -62.0".
stagnant,2.0 ©.0.00917 L =30.0. o.oohhb L a76:9'f
turbulent-150,2.0  0.00218° [ -120.5 0.0134 "L -54.3
stagnant,2.0 . 0.00817 [ -28.9 0.00525 L —76@1 f
turbulent-230,2.0. ~0.0065k. L -102.6 0.0171 . L ~6k.2

Surface concentratlon of l—hexadecanol in ecu1valent mOnolaje”s

'bStlrrlng speed proauclng the turbul@nce in rev/mln
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Frequency = 0.10 cycles/sec for all data shown below 

(Chamber 1)

Surfactant

-'Type of Reference Chamber

‘Reference Chamber

quuld Temn
(cc)

Gas Space
Height (cm)

Clean, Stagnant Surface

l-hexadecanol

Test Chamber

. 23.5°

3.135

oh.0

2.86

Surface

Comparison of Stagnant

Comparison of Impermesable

and Indicated Surface and Indicated Surface
Conditions (Measured Signal) (Calculated Signal)
- (8, - 8,)/8, RIS OV, I
' stagnant,0.5% 0.00804 L -12.6 ,o.oé18 VVL —56.h
turbulent—IBOb,O.s 0.0203 L.-114.3 0.0403 = 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 0.00720 L -16.2 0.0222 L -53.8
stagnant,1.0 0.0132 L =21k 0.0168 L —63;0
turbulent-150,1.0 0.0188 [ -116.k  0.0387 L =73.k"
stagnant ,1.0 0.0113 L -22.3 - 0.0182 L_—58;6-:v
turbulent-230,1.0 0:054k £ -104.1 0.0738 L -85.9 -
stagnant,1.0 0.0113 L o2,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.% - 0.0388 L -73.5
stagnant ;2.0 0.01%0 L -21.0 0.0162 £ -65.1
turbulent—23b 2.0 0.0523 L -100.7 1.6.0730 L -83.0

Surface concentratlon of l—hexadecanol in equnvalent monngyers

Stlrrlng speed produ01ng the turbulence in rev/min.
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 Run # 30 .

 UCRL-18993 -

Frequency

Type of Refelence Chambcr

(Chamber 1)

" Surfactant

0.05 cycleo/sec for all data shown below

Clean, Stavnaqt Surface

1—hexadecanol;'

Teést Chamber

. 'Reference Chamber

,quuld Temp
‘(Oc) v

. Gas Space
" Height (cm)

23.5

3.175

e

2.86

Comparison of Stagnant

. Comparison of Impermeable

.aSurface=' and Indicated Surface .and Indicated Surface
"~ . Conditions (Measured Signal) - (Calculated Q1gnal)
| | By - B8, B -5
stagnant 0. 5 . °0.00939 L :45fh .0;0331 ; 1»L e55;5:
-turbulent 150 ;0.5 0.0480 L -104.7 0.0772 L’e7§:é_
‘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 .-5h.5
stagnant,1.0 0.01kh L -13.4 0.0283 L -60.k
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 0132 L -86.6
stggnant,l.o 0.0138 L -13.6 0.0287 L gséihfv
 stagnant,2.0 0.0155 L -1l.2 0.0280 '}Lg§62,85;
turbulent-150,2.0  0.0505 £ -105.1 . 0.0792 L =80.5
" stagnant,2.0 0.0147 L -11.% 0.0285 L “61.5
turbﬁlent—23o,2.o._'0.0995' L -99.5 0.129 L —86§h:

Surface concentration of l-hexadecanol in equivalent monolayers.

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

Type 6f-Reference Chamber
(Chamber 1)

Surface Conditions of
Test, Chamber
(Chamber 2)

. i
Surfagtant

Impermeable Surface

‘Clean, Stagnant Surface

None

Reference Chamber Test Chamber

Liquid Temp. 25.9

(OC) i

Gas Space 3.175

Height, (cm)

26.1

- 2.86

Comparison of aﬁ'Impermeabie

Frequency and Clean, Stagnant Surface
cycles/sec . (Measured Signal)
| | (B - B)/3
0.03 0.052b9 £ -49.98
0.06 0.0359L L -48.58
©0.10 0.02731 L -k46.21
©0.20 0.02124 L 43.86
6.50 0.01349 . L -L5.62
1.00 | 0.00929 L ;un.53.
2.00 0.00669 L -hh.61
3.00 0.00520 L -h7.h1
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Run # 33-3%4

Type of Reference Chamber : Clean; Stagnant Surface

(Chamber 1) EEE , '
: ASurfagevCQnditions of . Turbulent, 150 rpm
. Test Chamber v S stirring speed

(Chamber 2) ' S '

Surfactant - © 0.0001635-M sodium

' lauryl sulfqnate
Reference Chamber Test "Chamber

Liquid Temp. °~  25.8 T 26

(OC) I .

Gas Sface “ 3.175 _ 2.86

Height (cm)

Comparison. of Stagnant Comparison of Impermeable

Frequency - : and Turbulent Surface. . and Turbulent Interface
cycles/sec . (Measured $ignal) - {Calculated Signal)
| | | (B - B8, o (B - B/,
0,05 :;5 | 0.0416 L -105.0 : 0.0712 Lo
0.07 - i“ : 0.0280 L -114.6 d.OSll:v L -}7;3
S 0.10 - 0.017k L-113.8 0.6383 - L-;7i.o
0.20 ‘v‘l " 0.00639 L -117.3 .. 0.0228 L -60.9
. 0.50 ;  0.00151 L -120.2 - 0.0132 L -51.5
1.00 1 . 0.00067 £-133.7 . 0.0092k L ;ﬁé.O'
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Run # 33-3%

Type df Reference Chamber ' Clean, Stagnant Surface

(Chamber 1) ‘
_Surfaée Conditions of : ' ::TUrbulent, 230 rpm

Test Chamber _ . ; stirring speed

(Chamber 2) . L .

Surfactant ' _ 0.0001635-4 sodium

: ' ' lauryl sulfonate
Reference Chamber - . Test Chamber

Liquid Temp. 25.8 | 26.1

(°c) '

Gas Space .. 3.175 2.86

Eeight (cm) -

o Comparison of Stagnant Compafison of impermeable
Frequency ' and Turbulent Surface . and Turbulent Interface
cycles/sec (Measured Signal) - (Calculated Signal)_

(3, - 8,)/8, (b - B,)/5,
. 0.05 0.0723 L -105.4 . 0.0997 L -86.4
- 0.07 - 0.0463 L -10k.0 0.0706 L -80.9
0.10 - 0.0311 L -103.h 0.0522 L -76.8
. 0.20 0.0132 [ -102.1 0.0294 L -67.8
0.50 0.00388 L -91.5 0.0156 L -55.7
‘1.00 - 0.0223 L =74k ©0.0110 L -50.9
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Run # 36

RL 189,J

'Type of Reference Chamber
(Chamber 1)

Surface Conditions of
Test Chamber
v(Chamber_2)

Surfactant

.Clean, Stagnant Surface

Turbulent, 150 rpm
stirring speed

0. 00106—M sodlum lauryl
sulfonate '

7 25.9

Liquid: Temp.
(°c)
Gas Space 3.21

Height (cm)_

Reference Chamber

Test Chamber:

26.2

2.86

Comparison of Stagnant

Comparison of Impermeable

Frequehcy and Turbulent Surface and Turbulent Interface
.cycles/sec ~ (Measured Signal) (Calculated Signal) o
| (B, - 8,)/5, (B - 8)/8y
0.05 0.0279 L .-116.4 0.6557‘ L -7h;6
0.10 0.0111 £ -119.6 0.0331. L _61.6
0.20 0.00411 £ -120.5 _o.ozih L -56.0
0.30 0.00235 Lve120.7 0.0171 L -52.9
. 0.50 0.0012 L -117.5 - 0.0131 L -50.2 -




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission"
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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