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. . , -:zasurexent of Dynamic Surr"ace Tension i n  kdbbliiig Systems 

John B. Roll'.:- and John E.  Kyers 

School of CheirLcal Engineering, Purdue Universi ty 

EarJy i n  t he  course or" an invest igat ion i n t o  the  e f f e c t s  02 

surface tension upon boilirig heat  t r ans f e r  (4) it was .a?parent t h a t  

2 me.thoci of determining, or  a t  l e a s t  characterizing,  the  er"fective 
' 

\--&--. :. .= =: . ~- --a . 

sur2ace tension of a sur fac tan t  so lu t ion  under non-equili'oriun co~i-  
. ~pL--i.qp_- 

d i t i o n s  was required. Methods of measuring dynamic (non-equil ibricn) 

. . .  
" surface 'iension a r e  discussed by Schwartz ard Perry ( 5 )  and include 

t he  f a l l i n g  drop, t he  pulsat ing j e t ,  an& the  impinging j e t  methods . . 
J;',ile these methods. do' masu=.e a dpainic surface tension,  it was . ' 

' f e l t  t h a t  i n  t h i s  case a device a s  s imi la r  t o  boi l ing systems a s  . 

. . .  
possible  was required. 

I 
. . ,  . The a2paratus f o r  determinizg dynamic surface tension (fig& x )  

. . . . 

. . . . .  
consisted of a '  gas t r a i n  terminating a t  a brass o r i f i c e  of known - , . ,  

- .  diazeter: Volumetric flow cont ro l  was achieved using a n ' a i r  valve , , \ . , 

with a constant e f f l uen t  The flgw r a t e  was deterndned 

by cot ing the  time required f o r  a soap bubble t o  pass .  between two 
! .  

.- . marks on a . volumetric . buret  - . t h i s  device 1 s  known as  a usoap-bubjle . . . 
. . .  L .  

flow-rneter. The pressure '  i n  $he buret  was determined wi,+'l  a mer- 
i 

. . cu-y hanoineter . A '  130 cm ' length of norcinal. $. trim I D  g l a s s .  c ap i l l a ry  
. . I 

. . .  . . ;:as place,d d i r e c t l y  behind . . t he  o r i f i c e  t o  Gaintain cons tan t  f l o i i .  ' . 

. . . . . . - .  
' . .  r i t e .  . T h e  o r i f i c e  ' ~ a s d r i l l e d  i n  a piece df . i. brass bar-s toik ,  . . $ 1 1 '  : ' 

H 1 . . .  I 

-2 Present address: ' ,  Division 02 ~ e a c t o r  - ~ e v e l o ~ r n e n t  . . 

. , United S ta tes  Aio;nic Energy Commission , . .  . 
. .  . . Washington 25, D. C. . . . . . .  . , . . .  . . '. '. 
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. 03 x 1-1/3" long; the 1/16" (0.159 cm) hole was d r i l l e d  a t  .:.k.a a x i : ~ .  

X o b l e  frequency vas be teriiined using a General Radio S t r  ~1:;:~s zoge . 

Tl:s VC:~L;C!! con$::ir.ing the i;ost; l iqu id  was a one gallon gia.ss j3r; 
- . - - - . . - - - . - . - It lias s .~~;>or ted  inside a constant ten2eratu-e o i l  bath czpiPre of 

ma i~ ta in ing  a tenperatwe of 9G0 - i 1°c within the. t e s t  j a r .  A K e r -  

' cury thermoneter gave t h i s  texperatwe.  

Operating procedure consisted of . f i l l ing  the j a r  with 24 l i t e r s  

o f .  water acd an appropriate a ~ o u n t  of surfactant and adjusting the 

o i l  bath 'heaters u n t i l  the desired temperature w z s  reached by the 

l i w d  i n  the  jar .  Data points were taken by noting: bub'ole 

freqiiency, gas flow ra t e , ' bu re t  pressure, and l i qu id  temperature.' . 

Calculation Procedure \ 

\ 

The data ,consis ted of: 
I . . 

1. ' !: T . . bath temperature (OC) 
/ 

fl .. pressure i n  the gas buret (vm mercury, .gauge ) 

: q' gas r a t e  i n  gas buret, a t  pressure. and tempera t~re  o l  .. 

buret  (cn3/sec ) 
. . 

f bubbie frequency (bubbles/miii~te ) , 

C 

Tron these data q, the 'volume'tric flow r a t e  Shrough the o r i f i ce ,  

was calculated: . . .  
5 
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! .  
i 
! ' 

3quntions fo? the  v01.~i;!e of a i r  in the  buubbe and t h e  diameter of . 

. 1 .  ' I . .  . . . .' . 1 '  an equivzlent spker ical  bubble are: 
j . .  . z . 

and 

. ! 
. . 

, xhere o! i s  a constant  fac to r  t o  correct  f<r water vapor i n  the '  . . . . . . . 
. . 

. . 
. . : .bubble a s  a r e s u l t  of evaporation a t  the Subble surface during fo r -  . 

. . 
. . . . 

' . ,  
. . . . .  . .  . . a t i o n .  The temperature correct ion iavolves the  assum?tion t h a t  the  

gas i n  the  buret  was a t  2S°C and t h a t  the  bubble was f ed  gas a t  the . I . . .  
. . . . . . 

batii temperature. It can be shown t h a t  under conditions o f t h i s  : . . . . .  
. . . .  . . . . . .  eqe r imen t  , the  l a t t a r  assumption was justjified. . 

. . . . . . 
\ . . ', . . . . . . 

. . 
I . Hayes, e t  a l ,  ( 1 )  andHughes , . e t ' a l ,  ( 2 )  have analyzed the  - '  . . .  -- . -- 

f o r c e s  ac t ing  on a powin; . . bubble. Their r e s u l t s  can be kxpresscd , .  
: .  

. . . i n  the  following equation: . 
. . . . 

.- - 
. . 

where t he  quant i ty  p,is re l a t ed  t o  'the &ag forces exerted. by the  
' ' 

l i q u i d  on t he  bubble and i s  defined as:' . . 



'i'ns qxaztity ;k i s  defined as : 

. . 
This l a t t z r  expression ccntains terms related t o  the moaentua of 

the gas. 

The a2plication of equation (4). was accomplished i n  tb?o steps.  
' I 

Yne f i r s t  involved taking data witin p u e  tiater a t  various temperatures . 
. . 

acd evaluation of tine unlmor~n factors  in equation (4 ) .  . The second 
' '  

. . 
; involved tal&ng data with surfactant solutions and, using the re-  

! '  

s u l t s  of ' s tep  one,toeval.;.zte the apparent or dynaxic surface tension: . 

For s tep one, data  were taken a t  temperatures of 30°, SO0, 70°, 

.and 9 0 ' ~  over the frequency range 1000 - 1900 bubbles per minute i n  . . 
!Q . . 

100 SubSle per minute incrensnts. Over t h i s  range ; was . . negligible , . . 
I '  

when conpared t o  t h e  other teqms i n  eq~aaiiion (4) and was accordicgl ;~ ' ,. ' '  ' ,  

. . discarded. E q u a t i ~ n  (4)  was then written: , . 
. . 

The quantity ( 1  - (/' ) was c,orrelated with expermental data Ior  pure . . 

water using as parmeters  the -,dimensionless groups : :, . . ... 

% . .  and :. . . . , . . . . . . .  . . . . .  : : 4 . .  
. . . . n ' . I . . . . .  G-p. -0 

. . 
, . 

. g = -- . 5 .  

. . . . . .  ..' . . ,  . . . . . .  . . .  
: : (9)  

. . . 
, ". : . . , , . . . . . . .  . . . . . o  . . .  

' 8  . I . . 



1 
0 .., group W,- was used by Xughes G, &, (2 )  as  a'param.i.5-r (ai'ong ' 

, 

! 

,.-: . .  +.7n 1 )  t o  cor re la te  mca,surknents d i  drng coeff ic ienis  lo;. h b b l e s .  
. . . I 

67: ,r.e +sn-Lity K,. i s  knotm as  the  Onnesorpe number and bas 'bec::i used ; -:-:< 
1 
I .  , .-../------ ' . , . . 

%s chorPcterizo the  b r eoh2  of 1 i G i d  jets: ( 3 ) .  It i s  readi.ly.sec5: .... . . . 
- "  .-. ' . . I .  . . . . 

. t h a t  it i s  equal t o  '%he square of the iley-(olds~'number d iv iucd  Sy t h e  . . 

. I 
Tke data  f o r  pure water a r e  shotm i n  :figure 2 a s  ( 1  - Y y  ) versus 

i 
. ' .- . . 2 t  various values .01 No . Values fdr (1 - ) were coj.cda,ted :, ' 

I 
I . .  

u s i n g  equation ( 7 ) .  s i n c e  the  da ta  used <ere for  a pure l iqs id;  t h e  
. . 

va lues  o f ' r  were the  s t a t i c  values which yere of. course i den t i ca l  , . . 
. . . . 

. with t h s  dynakc  values f o r  t h i s  spec ia l  c'ase . From sio? 2 it  as 

' I " '  i 
i .  found t h a t  t h e  data  f o r  deterrning dyxamic jsuriace tension f e l l  . : . . 

1 , .'.. 
, . '  

. . . 
. . . , 

' . ,  . I.. 

. . x i t h i n  i i e  range: 240 ~ N E ,  L 550; 3.5h c ( N ~  x 10-5) c 9.28. Accor&- ' . . .  . . . . . , i 
. . 

. . .  , : ingly;  dota  i n  these ranges otT?ined i n  s(ep 1 were co r r e l s t ed  using 
. . , . . . . . . . .  . . ! 

I 

< .  , . a multiple,, l i n e a r  regression technique. ,$'he equation obtained was:': * 

. .  ation ion (10) was u s e d  t o e l i m i n a t e  ( 1  - ) from equation ( 7 )  ,: the  , '  . . 
. . . . 

. . . , . . 
. . . . . .  . . 

. . . . '  . , r e s u l t s  being: I .  . . . . !  
. ' j  ,253 ,' ' 

' 24$ ?7j , , .  
44!4 57 /< p ' B ' C .  

. . 
. . . . . . -- - -  4 (11) : 

7% 2 
3; . 

Step 2 invbl<ed taldng bubble: volume da t a  with four  concentral;ions . . . . . . 

' of each of e,leven surfactants a t  T = 90°C .; These da ta  were . , plotCed ss' 

V.versus f , " and  t he  volumes a t '  f .= 1800 bubbles/min , , a r b i t r a r i l y  used 
. ' 



. . . . 
t o  2etemine a charac te r i s t ic  dynamic surface tension. . . 

, . . . . . 

.-a avalu2i ion of cl --- 
A ifollensak Fastex carnera was used t o  take four s e t s  of ilign 

speed, notion picture photographs. Rqo of these sequences vrere with . 

water  ( f  = 1500 and 1800 b ~ b b l e s  per minute and T = 90') and two tiit'n . , 

surf actant  ,solutions ( f = 1500 and 1800 and . . . . . . . .  T = 90') . . By pro jec%iing - 

the resu l t ing  f i lm s t r i p s  fraxe by frame, it. was p o s s i b l e  t o  compare . ' 

. > 
. , 

the babble contained only dry a i r .  This procedure yielded a value: . . . . :  

. '  G! = 2.1 .with a standard deviation or" 0.15. On t h i s  basis C! was' 
. . 

. . . .  . . 
. . assumed constant f o r  the conditions investigated.  ..:. . . . 

. , 
, . , . .  

. . '  . . . . .  
, . 

.. S t a t i c  Sarface Tension . , .  . . ( .  . . . . . .  . . L . . 
. . . . . . .  . . ' To provide a comparison,;the s t a t i c  surface.tension,  al; tern- . . 

. . . , 
4 .  peratures ranging from room terfiperature, t o  100°C,' was ~r~easured with . , 

a du.Noay Tensiometer f o r  the kleven surf actants  under.. consideration. ~. . . .  . .  , . 
- nl ine solu-Lion was contained i n  a 250 m l  boiling flask.  It 3:;s heated 

. 1 

with an e l e c t r i c  vantle,  controlled by' a small Variac . Te::?aratur*sf . . 

riere measured with a copper-constantan thermocouple coi?i;air;cd I n  a . -. 
'. . 

glass  Sy careful  adjustment of the Variac, i t  was possible- t c  . .  - 
............ 

mintaLn the solution a t  constant temperature f o r  suf f ic ien t  time t o  
. . 

read the  Tensiometer. A t  the higher temperature determinaJ~ioris, ' i t  

was ne,cessary t o  adjust  the  Tensiometer between readings to  cornpenstito 

f o r  water"which . . had condensed on the Tensiometer r ing s t i r rup  and ern. 
. , 

. . .  . . . . . . 

. . 
. . .  - . . " .  . 



Plevcn suri 'actants ( s ee  tzible I )  were! c0nsidere.d i n  this wbrk. . . .  . . 

Tie r e s u l t s  a r e  p lo t t sd  a s  observed dynamic surface tens ion a t  f = . . 
. . 

1 6 0 0  ar.d T = 90°; denoted byowd, and a s  measured s t a t i c  sur'acc. . . 
I 

. . tans ion &t T = 2s0 ai?d i O O O ,  deno tedby  G25 and GiOO respec t i~ re ly ,  

versus concentra?ion. I n  . a l l  cases the  fo l l o r~ ing  behaieor. %as 
. , -..-+- 

-..'&--- 4- . . 
S V :  i )  6*d'is l e s s  than Yni. surfrcei ~ens ion . . f o r  pure i7atGr ...--.:'---.-. ..... _ - -. , . . . Lxt g rea te r  than the  corresponding s t a t i c  baiue,; 2.) &d . i s  z .snooth- .. 

. . 
' 

ly decreasing funci ion of concentration, shening t o  approach asymp- 
, . 

. . t o t i c a l l y  the  e q u i l i b i u n  value. 

. . 
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/' : '  i , . .  1 . . ' .  . . . 
,:I/ used here in  f o r  supplying samples of same.i, . .  

I . .  . . . . . . 

. . . , 

' . No;llenclaiure , . 1 . . 
. I . . 

. cd.  . drag cosfi'icient i . . . . .  
, . . . . : .  * '  ! . :  

. . . : D ' diameter  pf sphere of volume eq i iva len t  to bubble (cm) , , .. . 
... ..- 

.- 
I , . 

Do , , . d i a m e t e r  of o r i f i c e  (cm) - . . 
. .- 

. , 
. . . . . f . bubble frequency (min-1) ' 

3)  pressme i n  gas buret  (mrn n e r c u j )  
. - 
. . . . 

3 '  . . 

q .volurr.etric gas,  flow r a t e  a t  T 'and ? a t . o r i f i c e  ( ~ n ~ / ~ e ~ )  ':.. . . . . .  . .  
. . 

.'.. 
? 

qr  , volumetric gas r'low r a t e  a t  T and P:'of gas buret  (.cni-'/sec') . 
. . I  

. &  . . . . .  . . -  , .'9 . . 
. . .  

. . 
. . . . . . .  

. . 
. . 

. . . . . . 
. . . . . .  I . . 
. . 

, . .  . ' . . 
. . .- .. ...-... .. . . . . . . . . . .  , . . - . .  ........ -.--. ... -. .......... . . . . . . . . .  . . . . .  . . 

. . . . .  . . , . .  . ._ 
. , . . 

- -- ,,  - ,  - ,. . __  - ..- . -. ---- . - 
. . . .  , . . . 



t . u bubble ve loc i ty  (.cti/sec) . . I . . . . . . . . . . .  . j  

V. volume of sir i n  bubbla (cm3) ' 1 : , -.- ----.- 
! .  . . ..:#--- . . . , 

'{I .. ' defined i n  equation (5 )  ' I f . .  _.... ._ .--. . 
*.-...-.. -'-,--- 

... __.-. . . 1 ' :  , . _._ - " . . . . .  '? delined i n  equation (6)  . ! .  . 
. . . I 

. . 
s i I .  . . 

P !  
L 'c  

volw,e cf  bubble 
volums of a i r  i n  bubbla, 

-. . . 
,-: t i a t  f r ac t i on  of the  dis-jlaced mass of l i qu id  which a c t s  ' 

, as  an accelera t ion drag force  I :.. . 
, . 

I . I  ' .  . . 

4 : ' l i qu id  densi ty  (gin/cm3) i 
' i . . . . - .  . . . . .  

- .  c, ' dynamic surface tension a t  f = l e O O  (dynes/cm) ' :  . . . . . .  . , . .  . . .  . . 

' . ' r2 s t a t i c  surface ' tens ion a t  T = 250 (dynes/cn). ,'. ' , . . 
. . . .  

i " '  , . . . .  i GIOO s t a t i c  surface tension a t  T = 100'. (dynes/{m) . . 
i . . . . 

'/ 
. . .  j * .  . . . I  ' . . 

. . . . .  l i q u i d  v i s cos i t y  (gril/cm sec)  
. . \ . . .  . . 
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FIGURE 5 3  S u r f a c e  Tension Versus ConcowCsaPiori . 
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FIGURE Surface Tension Versus CsncanOraPion 
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FIGURE J3 Surface .Tension Versus  Concentration 
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F IGURE'F~ Surface '~ensiadn Versus 6sncarrtqatia~ 
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FIGURE ' Surface TG~VS~OW ~ e p s u s .  C O B E ~ Q W ~ ~ Q ~ ~ O V P  







Table l i  

.P rope r t i c s  of S u r f a c t a n t s  
- .  - 

 ride Nahe Chemical Name. Mole Vlt. Sp. Gr. Uanufs.ctursr 

1 
, Aerosol AY Diamyl ~ o d i t u i  Sulf osu.ccin& t e  360 . - American Cyanamid Co, 1 ; :  Aerosol . I B  Di i sobuty l  Sodium Sul fosucc ina te  : , 3 3 2  - 11 

i . .  I .  . , 
Aerosol IW ' Diheq-1 Sodi1;m Sul f  o succ im t e  3Se - II  

. 
Aerosol OT Dioc ty l  Sbdium Sul f  osucc i r a t e  445 - I1 

Tsiecn 20 Polyethylene Sorb i t an  MonolaWa t e  1226 1.10 At las  Chemical Industries 
.Tween l iG  Polyethylene Sorb i  t a  n  Konopa lr;A t,a t e  1282 1.08. 11 

Tween 60 13 10 Pol-yethylene Sorb i  t a n  Xonosteare t e  1, 10 I1 

Tween 8C Polyethylene Sorb i t zn  gonooleate  13 06 1.08 . 
! 

I1 

I Hyonic PGlCO polyethylene (10) Oc t y l  Phenol Condecsa t e  536 1.078 Nopco C h e ~ d c a l  Corn,?any 
, . Hyonic PE-2CY) Polyethylene (20) Octy l  Phenol Conderlsa t e  656. 1.117 

j .  
I1 

Hyonic PS-3CO Polyethylene (30) Octy l  Pheriol Condensate ll76 . 1 ,159 11 ' 




