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Measurement of Dynamic Surface Tension in Bubbling Systems .
Jéhn B. Roll# and John E. Myers E

School of Chemical.Engineering, Purdue -University
ABSTRACT

The static and dynamic surface tension has been measured for
aqueous solutions of eleven surface active'agents'for tne purpose
of 'studying the effeci.of surface tension upon boiling;neet t;ans-
fer. The.surfactants have been chosen from the Tween, neroeol, and
Hyonic.series; Dynanic sunface tension, at T = 905c; was invesfigated
by observing the volume and frequency for air buboles forming from a
submerged orifice. ‘Static surface tension, at,T.= lOObC, was measured
us1ng a duNouy tensiometer. In all cases,'the dynamic surface teneion
for solutions of these surface active agents was less than ‘the value '
for pure water, greater than the static value for the aame concentra-

.tion, and was a smoothly decreasing function of concentration.

*[P?esentﬁaddress,J Division-of Reactor Development
United States Atomic Energy. ‘Commission
‘Washington.25,.D.: C.’



Yeasurement of Dynamic Surface Tension in Bubbling Systems
Joha B. Roll:# and John E. Myers

School of Chemical Engineering, Purdue Universivy

. Early in the course of an investigation into the effects of
surface tension upon boilinz heat transfer (L) it was apparent that : ;

: ncuhoa of deuernlnlna or at least characterizing, the effcecctive
S— \m

N Ss s o
- TiS —zmeo R

surface tension of a surfactant solution under non-equilibrium con-

ditions was required. Methods of measuring dynamic (non-eguilibriuvnm)

surface tension are discussed by Schwartz ard Perry (5) and include
the falling drop, the puisating jet, and the impinging jet methods.-
While these methods. do measure a dynamic surface tension, it was

felt that in this case a device as similar to'boiling systems as

poseible'was required.

" Apparatus ' \

The a,paratus for determlnlucvdynamic surface nension (figure 1)
lCOﬂSlSteQ of a gas train terminating at a brass orifice of knewn' X
diameter.' Volumetric Tlow con?rol was achieved usingAan:air valve
with a constant effluent pressure. The flow rate was detefmined

by noting the time required for a soap bubble to pass.between two
. )
_marks on a volumetric buret -.this device is known as a "soap-bubble’

~

Tlow-meter.™ The pressure in the buret was determlned with a mer-

cury manometer. A 130 cm 1ength of nomlnal ot ID glass~capillary

l

was placed dlrectly behlnd the orifice to maintain constant f“ow .

l

rate., The orlflce was drllled in a piece of brass bar—stoek ‘”‘i

!
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-
¢
x
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0D x 1-1/8" long; the 1/16" (0.159 cm) hole was drilled at =he axis.

o s e

The swiace of the orifice was polished with "0 grace ewme: rano:.
Bubble frequency was determined using a General Radio Strobuscope.

The vessel containing the test liquid was a one gallon glass jar.

Fad
58

it was‘éupported inside a constant temperature oil bath capable ¢
rmaintaining a temperature of 90° x 1°C within the. test jar. A mer-
‘oury thefmometer gave this temperature.

Operating pfopedure consisted of filling the jar with 2% liters
‘of water and an appropriate amount of surfactant and adjusting the
oil bath‘heapers until the desired temperature was reached by the
'liqﬁid in the jar. Data points were taken by noting: bubble

freqﬁgncy, gas flow rate, buret pressure, and liquid temperature.’

Calculation Procedure

- The data_consisted of:

g TAﬁ,»;bath temperature (°C)

&P ':r pressure in the gas buret (mm ﬁef;ury;.gauge) ‘
) Q' gas_rate in gas buret, at p;essure.ana temperature of -
; ' ; buret (em3/sec) ' |
é £ bubble frequency (bubbles/minute)

—

From these data q, the volumetric flow rate through the‘o:ifice,

was calqula@ed:"

: | i} L /76094 P [273+7 “ o T
; DN gg' (12 @
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Zoguations for the volume of air in the bubble and the dlameuc* of .

l
an equivalent spherical bubble are: ;
|
X

_60q . »
Ve — | - (2)
A |
. énd. - ; ,
:’l ' ' -;i; i
7 . P {7 J ¥ - (3)

| |
vhere ¢l is a constant factor to correct fdr water vapor in the
 .bubble as a result of evaporation at the bubble surface du..rlng for-
_mation. 'The temperature correction involvés the assumption that the
gas in the bureﬁ was at 25°C and that the bubble was fed gas at thg
bath temperature. It can be shown thét un&er con@iﬂipns of;this
experiment,.the latter assumption was justified.
) \ :

A

~ Equations
" . Hayes, et al, (1) and Hughes, et'al, (2) have analyzed the
forces-actinﬁ on a growing bubble. Their.fesultélcan be éxpressed
~ in the follow1nﬂ equaulon.. 4
ans,og(/ /} ;7'1”,‘0*/-—«-) 7 (4)

where the quantityjb,is related to the dfag forces exerted by the
:1iqnid on the bubble and is defined as:

‘."/ J/)& («7 o \/C ) A\ - .
. ¥ _____" R (5)
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The quantity Y is defined as:

~ - ’ . -y ’ . .
:,l(/-'. 4) 9 ’ 6/ | c/ {{)(J v
~ :{"-’{L_ j /__ - - et ottt ) ) (6)
v 5 2y Pj
> 1 4.
This latter expression contains terms *elaued to the momentum of

The application of equation (L) was accomplished'in two steps.
The first involved taking data witha pure water at'various temperalures
and evaluation of tne unknown factors in equatlon (L4). - The second
 11nvolved taklng data Wluh surfactant solutions and, using the re-
sults of step one,to-evaluate the apparent or dynamic surface.tension.:
_For step one, data were taken at temperatures of 309, 500, 70°,
‘and 90°C over the frequency range 1000 - 1900 bubbles per minute in

v/‘

100 bubble per minute increments. Over this range f/was negllglble
, S

when compared to the other temms in equation (L) and was accordingly
discarded. Equatiocn (L) was then written: |
7 D /--'”~ PR
&/’ p). 720 ( W
o V ﬁ i ' I e

" The quantity (1 - % ) was correlated with expermental data [for pure
q ¥ ) Xp 1 data for p

water using as parameters the-dimensionless groups;:

' - Du " A¢~7 - -

A T DM
and“. i L

/ = e i o :
o T = L e i(9)
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Tae group N was used by Hughes et al, (2) as a'paramsier (along

with Npe) to correlate measurements of drag coefficients foxr bubbles.

! ) Y . ! 3 . .
The quantity N, -1s known as the Onﬁesorve number and has btecn used | e

to characterize the breakup of liquid JGuS (3) It is rea&zlj seCﬁ
. | ' | -
that it is equal 1o the square of the Reynolds number d1v1acc by the

. '
Weber numder (/% &° -2>/G’ ). f

St . ot .
Tae data for pure water are shown inifigure 2 as (1 =% ) versus

T . . o 4 - Coa
Npe at various values.of N, . Values for (l 3’) were-caiculauea -

Ao

using equation (7). Since the data used were for a pure llOuld the

-

values of'G" were the static values which were of course ;denulca;

with the dynamic values for this special case. From step 2 it was

I .. . i

//_ -+ found that the data for determing dyﬁamic’surface tehsion fell
. Hlthln the range: 240 <NRe<LSSO 3.5L < (Nz~ X 10'5)< 9 28. Accor&—
;nrly, data in these ranges obpalned in SbeD 1 were correlated using o N
T - multlnle, llnear regression technique. iihe equation obtained was:*
=778 272 , o
- , A R
! {/" = 0675 /fé,a Aé, . o (10)
- Equation (10) was usedftdjeliminate (1= %{)'from equation (7),fthe‘“
results being: o - i
' 999 eEs L 24
' f{h;:ﬂ_cj 2 /‘ ‘!72' 7 -3 N,
~ = /= s I (1)
: /’ 728 [-7/0(/;.- AR
-~ &9 ) '/‘7} -

Step 2 involved uaklng bubble volume data with four concen trations
‘of each of ‘eleven surfactants at T = 90°CJ These data were plotied as

V'versus £, and the volumes at f = 1800 bubbles/min arbitrarily used
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1o determine a characteristic dynamic surface tension.

mvaluation of o

A Wollensak Fastex camera was.used to take four sets of high
speed, motion picture photographs. Two of these sequences were with
water (£ = 1500 and 1800 bubbles per minute and I = 90°) and two with

'surfactant,solutions (£ = 1500 and 1800 and T = 90°). .By projecting

" the resulting fiim.strips frame by frame, it was possible»to compafe
actual growthwrgte and final volume to jhe values:determined assuming

“the buﬁb}e contained only-dry air, This procedufe yielded a value: -
e = 2.l'witﬁ 2 standard deviation of 0.15. On this basis ¢! was

- assumed constant for the conditions investigated.

Static Surface Tension

. . ' . \ . .
; - . .~ To provide a comparison, the stalic surlace tension, at tem-

- peratures rénging froﬁ room temperature, to 100°C, waé measured with
a duNouy Tensiometer for the eleven suffactants under;consideration.
The solution was contained in a 250 ml boiling flask. If was heated
with an electric mantle, éontrolled by 2 small Vgrigc. Temperatures
Qere measured with a copper-consfantan thermocouple.contained'iq a
glass well., By careful adjustment of the Variac, it was pdssiblé—@o
I ".T o maintein the solption at constant temperature for suificient time to
'read.thé Tensiometer. At the higher temperature determinationg,'iﬁ
was necessary to adjﬁst the Tensiometer betwéen rqadings to compensete

for water which had condensed on the Tensiometer ring stirrup and arm.




.
ACSULTS

Eleven surfactants (see table I) wereiconsidered in this work.
Tne results are plotted as obsérved ajnamlc surface tension at f =

.1800 and T

90%, denoted hyé‘d, and as me;sured static surface-

i

tension at T = 259 and 100°, denoted by G oo and 07 respectively
: il Iy Vs 100 Tesp >

versus concentration. In .all ceses the following behaVior'wa'

observed: 1) ("y'is less than the' surface! tension. for pure wapgrwafl

alue; 2) (’d is 2 .smooth-

I 4 e

but greater than the corresponding static

ly dec gasing ;unCuﬁon of concentratlon, seemlng to approach asymp-~

I
uOthally the equilibrium value.. , §

C
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Nomenclature : j
l

s

Cq- .drag coefficient
' -:D'f‘i'dlameter of sphere of volume equivalent to bubble (cn)
Dy i,;dlameter of orifice (cm/ ; _ . L=
f - bubble frequency (min‘l)‘ 'i
vg}? ~ pressure in gas buret (mm mercury)
. qrftvaolumet ric gas flow rate at T and ‘at'orifice (;mB/sec)'

'q": - volumetric gas flow rate at T and P of gas buret (cm’/sec)

KL

3



temperature (°C) -

bubble velocity {cm/sec)

|
V- volune of air in bubble (em3) 'i
Y. defined in equation (5) e . e
” | s . ,
‘' defined in equation (6) . SR
¢t volume of bubble
' ' volume of air in bubble
7 that fraction of the dlsplaced nass of llquld wnlch acts
as an acceleratlon drag force s
i 1iguid density (gm/cmB) @ .
Q; " dynemic surface tens;on at f = 1800 (aynes/cm)
'6725 static surface tension at T = 2S° (djﬁes/cm)
G—loo static surface tension at T = lOO° (djnes/um)
. ' !
'/FQ liquid viscosity ( ﬂ/c sec) |
\ !
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Table 1i.

'.Properticé of Surfactants

Trade Name

Manufscturer

Aerosol AY
ferosol .IB
Aerosol UA
Aercsol OT

Tween 20

Tween 4O

Tween 60
Tween 8C

Hyonic PE-~1CO

-Hyonic PE-200

Hyonic PE-3C0

Chemical Name - © Mole Vt, Sp. Gr.
Diamyl Sodiwn Sulfosuccinate ' 360 : D o-
Diisobutyl Sodium Sulfosuccinate . -332 -
Dihexyl Sodium Sulfosuccinate ~ 388 -
Dioctyl Sodium Sulfosuccinate L45 -
Polyethylene Sorbitan Monolaurate 1226 1.10
Polyethylene Sorbitan Monopalmitate 1282 1.08.
Polyethylene Sorbitan Monostearate 131G 1.10
Polyethylene Sorbitan Monooleate , 1308 1.08
Poiyethylehe (10) Octyl Phenol Condensate 536 1.078
Polyethylene (20) Octyl Phernol Condensate 856 1.117
Polyethylene (30) Octyl Phenol Condensate 1176 1.159

American Cysnamid Co.
"
u
"

Atlas Chemical Industries

Nopco Chemical Company
i

85T






