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The resul t s  a re  given f rom an experimental  study of the rheodynamics  and mass  t ransfer  
associa ted  with a disk rotat ing in dilute aqueous solutions of high polymers .  The pos-  
sibil i ty of determining the non-Newtonian behavior index and diffusion coefficient by the 
e lec t rochemica l  method is demonstrated.  Visualization techniques a re  used to exhibit 
the fluid flow pattern near the surface  of the disk and to analyze the centripetal  effect in 
a v iscoelas t ic  medium. 

Rotating mechanisms are enjoying increasing applications both in industry and in basic research in 
rheometry, rheodynamics, and heat and mass transfer. A very special representative of such mechanisms 
is the rotating disk, which serves as an effective tool for physicochemical studies of the kinetics of chemi- 
cal and electrochemical reactions, the determination of diffusion coefficients, the quantitative analysis of 
materials, etc. The rotating disk problem is one of the few problem for which exact solutions have been 
obtained to the equations of motion as well as the heat- and mass-transfer equations for the case of a New- 
tonian medium. The integrability of these equations for flowing systems of a more complex nature is 
primarily dependent upon the rheological equations governing the systems. A numerical solution of the 
equations of motion for a disk or cone rotating in a non-Newtonian power-law fluid is given in [i]. Hans- 
ford and Litt [2] used the results of Mitsehka to integrate the convective diffusion equations on the as- 
sumption of a linear velocity profile inside the diffusion boundary layer. They obtained the following ana- 
lytical expression for the mass flow to the disk: 

r (I/3} [ 5~U~+TJ CoD%V 
(1) 

As implied by Eq. (1), the surface  of the rotat ing disk in this case is not equally access ib le  in the diffusion 
respect .  It can be shown, however,  that this fact  does not severe ly  limit the serviceabi l i ty  of the disk for 
the investigation of diffusion kinetics in fluids having comparat ively  mild pseudolaminar and dilatative a t -  
t r ibutes in mass - f low measuremen t s  on nar row annular regions of the disk surface.  Thus, for a r ing with 
t in  = 1 cm and rou t = 2 cm, all other conditions being equal, the difference between the local mass  flows 
at  the edges is about 8% for  n = 0.5 and about 2.5% for n = 0.8. Hansford and Litt [2] determined the mass  
flow f rom the rate  of dissolution of a disk made of solid benzoic acid in aqueous solutions of ca rboxy-  
methylcel lulose (CMC) and polyethylene oxide (polyox). The method is not precise ,  as it only permits  one 
to es t imate  the average  m a s s - t r a n s f e r  ra te  over a re la t ive ly  long period of time. The authors  showed that 
the resul ts  of j -measu remen t s  agree  sa t i s fac tor i ly  with Eq. (1) for large disk revolutions per minute. For  
low revolutions per minute the data of Hansford and Litt exhibit a sharp deviation f rom their own theory. 
This fact  is at tr ibutable to the inception of v iscoelas t ic  proper t ies  in the solution, which fo rm secondary  
cu r ren t s  near the disk surface.  Giesekus [3] investigated in detail the secondary  flows about a sphere and 
a cone rotat ing in a polyacrylamide solution and bounded by a nonmoving plane. Visualization was real ized 
by the injection of dyes toward the surface  of the rotat ing body. In both cases  the motion of the fluid about 
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Fig. 1. Rotating disk electrode. 1) Housing; 2) tank; 3) platinum 
disk (cathode); 4) thermometer; 5) rotation assembly; 6) mercury 
current collector; 7) anode; 8) dc motor; 9) loop oscillograph; 10) 
control section; 11) oscilloscope; 12) mirror;  13) heater; 14) 
nitrogen injection tube for visualization. 

the surface of the body due to the normal stress effect was directed along the surface parallel to the axis 
of rotation, whereas in more distant regions the centrifugal effect prevailed. Hill and co-workers [4] used 
a similar method to study the motion of a fluid about a rotating disk bounded by a cylindrical jacket. Mo- 
tion of the fluid toward the center of the disk (centripetal effect) took place for a polyox solution. In glyc- 
erin and carboxypolymethylene the motion remained centrifugal. 

Our experimental investigation of the mass transfer and fluid flow near the surface of a rotating disk 
was carried out on the apparatus illustrated in Fig. I. The speed of the disk could be continuously controlled 
in the tests between 20 and'5000 rpm by means of a regulation system. A highly polished platinum plate 
was cemented to the end of a rotating ebonite cylinder 40 mm in diameter. The cylinder was mounted in 
precision roller bearings, and the maximum play of its end surface was 0.02 mm. The tank was made of 
Plexiglaswith dimensions of 300 x 250 ram. It was shown in [2] that the influence of the ~valls and bottom 
of the tank was nil with these overall dimensions for the disk and tank. In order to visualize the fluid flow 
at the periphery of the rotating disk a thin tube was inserted for the injection into the fluid of fine nitrogen 
bubbles, which were entrained by the motion of the medium. The flow pattern was photographed through 
the mirror 12 under high-intensity side illumination. The remaining components of the apparatus are as- 
sociated with the electrochemical method used to measure the j-currents. The arrangement for measure- 
ment of the diffusion flows (Fig. i) consisted of a platinum cathode bonded to the end of the cylinder, a 
platinum grid anode with a contact surface area of about 150 cm 2, a de source, and a rheostat. The twenty- 
channel mercury current collector 6 was mounted coaxially with the rotating cylinder. The diffusion cur- 
rent was recorded with a milliammeter or N-700 multichannel loop oscillograph (II). The electrodes could 
be connected into the electrical circuit with a predetermined voltage. The nenstationary diffusion currents 
were measured only after careful depolarization of the electrodes, which was monitored with a micro- 
ammeter with the anode and cathode shorted through the instrument. Dissolved oxygen was removed from 
the distillate-prepared solution by nitrogen purging. The temperature of the solution during the tests was 
maintained constant within ~0.2~ limits. 

The reversible oxidation-reductionreaction Fe(CN)36 - + e ~- Fe(CN)46 - was used to measure the mass 
flows and diffusion coefficients [5, 6]. The advantage of this system, with the participation of 5- 10 -3 kmole 
/m 3 of KsFe(CN)d K4Fe(CN) 6 and additives of 0.3 NK2SO 4 (background), is that, first, the electrochemical 
reaction takes place in the diffusion region over a wide range of variation of the parameters and, second, 
deposits do not form on the electrodes and the concentrations of the reacting components are practically in- 
variant during the tests. It is important to note that electrochemical methods based on mass-flow mea- 
surements by means of diffusion-monitored oxidation-reduction reactions stand apart from other known 
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Fig. 2. Limit ing m a s s  flow onto the disk [i, mA; 1 /~ f% s e c - i / 2 ;  n, rpm;  j / A ,  k g / m  2 �9 sec;  curve  
III and points 4 and 5 a r e  given in coordinates  i - n; the r ema in ing  curves  and points a r e  in coord i -  
nates (j /A) - n]. a) T ime  var ia t ion  of l imit ing cur ren t :  1) CNa_CM C = 0%, n = 275 rpm;  2) 0.75 
and 0; 3) 0 and 25; 4) 1 and 0; 5) 1 and 110, r e spec t ive ly ;  b) l imit ing m a s s - f l o w  densi ty  v e r s u s  r p m  
(Na-CMC):  I, II, III) theore t ica l  curves  for ,  r e spec t ive ly ,  C N a - C M C  = 0% f r o m  [13]; 1.5% f r o m  [2]; 
0.75% f r o m  [2]; 1, 2, 3,4,  5) expe r imen ta l  data for ,  r e spec t ive ly ,  C N a - C M C  --0%; 1.5% f r o m  [2]; 
1. 5%, 0.75%; 0.25%; c) l imit ing cu r r en t  densi ty  v e r s u s  disk r p m  (polyox): 1, 2, 3) expe r imen ta l  data 
fo r  Cpo l = 0.1~c and disk d i a m e t e r  31 m m ;  0.25% and 15 ram; 0.5% and 15 mm,  respec t ive ly .  

j - m e a s u r e m e n t  techniques by v i r tue  of thei r  a ccu racy ,  s impl ic i ty ,  abi l i ty  to r e co rd  nons ta t ionary  p ro -  
c e s s e s  (including rapid  p roces se s ) ,  and the appl icabi l i ty  of s tandard  ins t rumenta t ion  without ampl i fy ing  
devices .  The use  of these  methods,  however ,  for  h igh -po lymer i c  solutions,  which a r e  read i ly  degradable  
in acid and alkal i  media ,  cal ls  fo r  e x t r e m e  caution. It  is well  known that  the spec i f ics  of the mechanica l  
behavior  of po lymer ic  solutions a r e  due to the p rope r t i e s  of the f lexible  chain mac romotecu l e s .  The 
bas ic  f ac to r s  r espons ib le  for  the enhanced nonlinear v i scos i ty  and high rubber l ike  e las t i c i ty  of such solu-  
t ions a r e  the degree  of polymer[  zation of the h igh -molecu l a r  substance ,  the po lymer  concentra t ion  of the 
solution, the t e m p e r a t u r e ,  the c h a r a c t e r  of the solvent ,  and, in the ca se  of ionic p o l y m e r s ,  the pH of the 
medium.  Thus, in s t rong acid or  s t rong alkal i  solut ions the effect ive (Newtonian) shea r  v i s cos i t y  fai ls  
off rapidly  as  the pH of the med ium is va r i ed  f r o m  i ts  neut ra l  values .  In addition to s t r iv ing  for  conditions 
such that the liquid p r e s e r v e s  s t r i c t  Newtouian c h a r a c t e r i s t i c s ,  it is r equ i red  to ensure  op t imum condi-  
t ions for  the e l ec t rochemica l  p r o c e s s e s .  The poss ib le  influence of adsorp t ion  of ce r t a in  s u r f a c e - a c t i v e  
subs tances  on the e lec t rode  p r o c e s s e s  has been demons t r a t ed  in [7]; a va r ia t ion  of the longitudinal d i f -  
fusion cu r r en t  was a lso  observed ,  even for  e x t r e m e l y  minute  additions of such subs tances .  The e lec t rode  
p r o c e s s e s  tend to be inhibited by the fact  that a definite ac t iva t ion  energy  is requi red  in o rde r  to o v e r -  
come the addit ional energy  b a r r i e r  due to the p re sence  of the adsorbed  f i lm and, hence, to al low ions to 
be t r ansmi t t ed  through that f i lm. Gei rovski i  [8] has shown, however ,  that this effect  is mani fes ted  p r i -  
m a r i l y  in the d i scharge  of mul t ivaient  cations.  None of the s u r f a c e - a c t i v e  agents  that he invest igated had 
any effect  on r e v e r s i b l e  e lec t rode  p r o c e s s e s  involving a single e lec t ron ,  such as  Fe 2- ~ Fe 3-. In our 
expe r imen t s  the composi t ion  of the solution yielded a pH = 6 (neutral  medium).  At the s a m e  t ime,  the 
non-Newtonian p rope r t i e s  of the solution were  p r e s e r v e d  throughout the en t i re  exper iment .  The absence  
of e lec t rode  p r o c e s s  inhibition was conf i rmed by plotting the polar iza t ion  cu rves  for  a plat inum disk e l ec -  
t rode  with v e r y  sma l l  (0.0005 to 0.001%) addi t ives  of N a - C M C  and polyox, as  well  as  by running control  
D - m e a s u r e m e n t s  in the nons ta t ionary  diffusion reg ime .  It  is impor tan t  to note that m e a s u r e m e n t s  of the 
diffusion coeff ic ients  of l ow-molecu l a r  compounds in a h igh-molecu la r  medium,  such as  N a - C M C  and 
polyox, is of cons iderab le  in te res t ,  both sc ient i f ica l ly  and engineeringwise.  Indeed, the c l a s s i ca l  d i aphragm 
diffusion cell  method p roves  unsuccessfu l  under the conditions of h igh-v i scos i ty  fluids. Consequently,  
a number  of r e s e a r c h e r s  have a t t empted  to de t e rmine  the diffusion coeff icients  f r o m  m e a s u r e m e n t s  of con-  
vec t ive  m a s s  t r a n s f e r  in v iscous  fluids. For  example ,  Clough and c o - w o r k e r s  [9], using the non-Newtonian 
analog of the G r a e t z - - L e v e q u e  equations,  de te rmined  the diffusion coeff ic ients  of med ium-so lub l e  sol ids 
in the flow of v i scous  fluids in a tube. Hansford and Litt  [2] de te rmined  the diffusion coeff icients  of benzoic 
acid in CMC and polyox solut ions by compar ing  the m e a s u r e d  ra t e  of d issolut ion of the disk with the theo-  
r e t i ca l  r e la t ion  (1). However ,  these  methods  a r e  r a t he r  compl ica ted,  lack prec is ion ,  and, as  pointed out 
by the au thors  t h e m s e l v e s  [2], a r e  not independent. 

In our m e a s u r e m e n t s  of the diffusion coeff ic ients  we used the su rge  technique of [10]. But, d e p a r t -  
ing f r o m  [10], we fixed the nons ta t ionary  diffusion cu r r en t  beginning with ve ry  smal l  buildup t r ans i en t  
t imes  (0.02 sec) for  the m a s s - t r a n s f e r  p rocess .  Fo r  such smal l  t imes  the equations desc r ib ing  convect ive 
diffusion toward the su r face  of a rota t ing disk reduce  to an equation of the t he rma l  conduction type, whose 
solution is well  known [11]: 

C~ (2) 
f= i/~ 
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Fig. 3. Fluid flow near  the disk surface,  a) CNa_CM C 
= 0.75%, n = 187 rpm;  b) 0.75 and 650, respect ive ly  (at the 
surface in cases  a and b); c) 0.25 and 190 (4 mm f rom the 
surface);  d) 0.25 and 190 (at the surface);  e) 0.25 and 190 
(8 m m  f r o m  the surface);  f) 0.25 and 700 (4 m m  f rom the 
surface).  

Or, recognizing that i = jzF, 

i = -C~ F__D 1/2 (3) 

Immedia te ly  af ter  the application of voltage to the e lect rodes  of the cell the cur ren t  magnitude in the ex- 
ternal  c ircui t  is determined by the e lec t rochemica l  fac tors  associa ted with the t ransient  process  in the 
double e lec t r ic  layer  at  the solid wall. Given an intelligent choice of c i rcui t  pa ramete rs ,  the length of 
this t rans ient  p rocess  can, however,  be shortened to a few microseconds .  Therefore ,  if an osci l loscope 
is used to record  the time var ia t ion of the cur ren t  i : f(~') after  the instant application of voltage to the 
e lec t rodes ,  one can calculate  the diffusion coefficient f rom Eq. (3). If the experimental  i -values  a re  plotted 
on a graph with absc i ssa  1/~-~-, then t a n a  : i~T and, hence, D can be determined graphical ly in the l inear 
approximation of the experimental  points. It is c lear  f rom Fig. 2a that for  small  time values the limiting 
diffusion current  is determined by nonstat ionary molecular  diffusion on both the rotating and the s ta t ionary 
disk. This fact makes it possible,  by cont ras t  with the methods descr ibed in [2, 9], to determine the dif-  
fusion coefficient of the react ing component without know~ng the theological  model of the fluid. 

The resul ts  of our mass - f low measurements  by the e lec t rochemical  method a re  presented in Fig. 2b 
for  solutions without N a - C M C  additives and with 1.5, 0.75, and 0.25% additives of this polymer.  Also 
shown for compar i son  a re  the resul ts  of Hansford and Lt t t ' s  theoret ical  calculations and experimental  j-  
measurements .  As the f igure indicates,  in the solution without polymer additives the measured  values 
of the diffusion cur ren t s  coincide with those calculated according to Levich ' s  equation [13]. For  the 1.5% 
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Fig. 4. Osc i l lograms of the l imi t -  
ing cur ren t  (~, sec;  i, mA). a) 
Cpo 1 = 0.25%, n = 287 rpm; b) 0.25 
and 400, respect ively;  c) 025  and 
630; d) 0.Z5 and 1042; e) 1),! and 
780; f) 0.1 a~d 1185. a ,b ,  c,d) disk 
d iameter  15 m s ;  e,f) 31 m s .  

N a - C M C  solution our data (light circles)  fall below the experimental  points (dark circles)  of Hansford. 
In our exper iments  the difftts~on coefficient  o~ the component reactir~g on the disk is iower than in Bans -  
fo rd ' s  experiments .  Also, the values of the rheological  pa ramete r s  n and K differ appreciably for the 
solutions used. Consequently, the agreement  of the resul ts  in the range of disk speeds f rom 500 to 1500 
rpm is deemed sat isfactory.  Our experimental  dat~ a re  in considerably better  ag reement  with the theo- 
re t ica l  solution of Hansford (curve II). In comparing the resul ts  we used our values of K = 170 - 10 .3 kg-wt 
�9 sec n - ~ / m  and n = 0.58 according to v t scos imet r i c  a leasurements  and the diffusion coefficient D = 0,5, t0 -~ 
m 2 / s e c  obtained f rom stat ionary measuremen t s  of the diffusion current .  The sca t te r  of the experimental  
points for  n > 500 rpm in the cited paper is probably at tr ibutable to e r r o r s  associa ted with dis tor t ion of 
the initially plane surface of the disk as it enters  into solution: the buildup of i r regu la r i t i es ,  indentations 
along the s t reaml ines ,  and curving of the surface.  The lat ter  effect s tems f rom the fact  that for purely 
viscous nonlinear fluids the surface  of the rotat ing disk is not equally access ib le  in the diffusion respect .  

The measurement of the diffusion current onto a disk eieetrode ro "t2~ting in a purel:/viscous nonli~eal- 

fluid is significant from the point of view of determining the non-Newtonian behavior index n. Determining 

the power exponent in the relation i ~: const co m from the experimental data in Fig 2a and 2b and making 

use of expression (1), we obtain m = l/(I + n). Th~ values thus found for n are consistent with the vis- 

cosimefiric data. In the range of low disk speeds (20 to 300 rpm), as is evident from Fig. 2b, the experi- 

mental points deviate f rom express ion (1). Hansford and Litt [2] observed a s imi la r  result .  In their ex- 
per iments ,  urdike our own, this deviationsb.owed up as  a sharp  reduct ion in the rate of d issohgion of the 
disk and a large sca t te r  of the experimental  points. The authors of [2] attributed this anomaly to the in- 
ception of v iscoelas t ic  proper t ies  of the N a - C M C  solution, as reflected in a change of direct ion of the 
fluid flow, namely f rom centr ipetal  to centrifugal. In o rder  to study this effect we implemented v isual iza-  
tion of the fluid flow about the disk. ~t is apparent  f rom the photographs (Fig. 3a and 3b) that the fluid flow 
was directed f rom the center  toward the per iphery  over the entire range of disk revolutions per minute in 
N a - C M C  solutions. We postu's that  this d iscrepancy with the effect observed by Hansford is due to the 
d ispar i ty  in the rheologieal  proper t ies  of the par t icular  N a - C M C  solutions used. 

The motion of the fluid about the surface  of a disk rotat ing in a polyox WSR~301 solution is i l lu- 
s t rated in the photographs of Fig. 3c-3f. Here the inception of v iscoelas t ic  proper t ies  is witnessed by a 
deviation of the gas bubble t r a j ec to ry  toward the disk axis. This tretld grows s t ronger  as  the revolution 
per minute is increased ,  u~ttK finally the motion of the fluid becomes  con~pletety centr ipetal  ~Fig. ~d). Fa r  
f rom the disk surface,  however (~10 m s ) ,  the flow remains  centrifugal (Fig. 3e). It is in terest ing to t race  
the convective diffusion process  toward the disk in this case. It is clear  in Fig. Zc that as the disk revolu-  
tion per minute is increased  the diffusion cur ren t  inc reases  monotonically until a cr i t ical  value of the r evo -  
lution per minute is reached,  af ter  which it is seen to fall off abruptly. An osci l lographic t race  of the 
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diffusion cu r r en t  (Fig. 4) made  it poss ib le  to exhibit  a new and v e r y  intr iguing effect: for  compara t ive ly  
sma l l  effect ive va lues  of the number  Reef  = 900 s t rong pulsat ions begin to appear .  It  is well  known that 
for  pure ly  v iscous  l inear  fluids the flow about a we l l - cen te red  disk r e m a i n s  l amina r  up to values  of Re 
= 5" 104. This  fact  is a l so  borne  out by our j - m e a s u r e m e n t s  in wa te r  (see Fig. 2b). Here  the t rans i t ion  
to pulsat ion conditions is  no rma l ly  attended by an intensif icat ion of m a s s  t r ans fe r .  It is evident f r o m  Fig. 
4a and 4b thas the onset  of the diffusion cu r r en t  f luctuation r e g i m e  co r re sponds  to a s imul taneous  r ed u c -  
t ion in i t s  ave r a ge  value. At these  revolut ions  per  minute  the v isual iza t ion  opera t ion  disclosed flow in-  
s tab i l i ty  nea r  the disk su r face  and a reduct ion in the flow velocity.  With a fu r the r  i nc rea se  in the r e v o -  
lution per  minute  the a v e r a g e  value of the m a s s  flow i n c r e a s e s  monotonical ly.  The init iation of unstable 
low-f requency  f luctuat ions with sporadic  turbulent  pulsat ion in te rva ls  of higher f requency is not iceable 
in Fig. 4a-4c .  With a fu r the r  i n c r e a s e  in the revolut ion per  minute (Fig. 4d-4f) the pulsat ions acqui re  a 
m o r e  s table  c h a r a c t e r ,  and the i r  f requency i n c r e a s e s .  It is  difficult  to account  for  the nature  of this new 
phenomenon in t e r m s  of the conventional notions concerning the onset  of turbulence.  Clear ly ,  the ea r ly  
t r ans i t ion  to a l a r g e - s c a l e  pulsat ion r e g i m e  of fluid mot ion about the su r face  of the rota t ing disk is due 
to in te rac t ion  of the cent r ipe ta l  and centr i fugal  flows and is el ici ted by a ce r ta in  c r i t i ca l  ra t io  of the t an-  
gential  and no rm a l  s t r e s s e s  inherent  in the shear  flow of v i scoe las t i c  sy s t ems .  Vinogradov and c o - w o r k e r s  
[12] submit  s i m i l a r  causes  as  r e spons ib le ,  in pa r t i cu la r ,  for  the des tabi l iza t ion of the flow of v i scoe las t i c  
po lymer  me l t s  upon e m e r g e n c e  f r o m  a pipe, re ly ing  on the i r  proposed "e las t ic  turbulence"  model.  
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NOTATION 

is the concent ra t ion  of ac t ive  agent  in the e lec t ro ly te  volume;  
is the diffusion coefficient;  
is  the rad ia l  coordinate;  
is  the non-Newtonian behavior  index of the fluid or  disk  revolut ion per  minute;  
is the disk radius ;  
is  the total  c u r r e n t  onto the disk; 
is the constant  defined in [2]; 
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IS 

IS 

IS 
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the cons is tency  index; 
the densi ty;  
the t ime; 
the ion charge;  
the F a r a d a y  number ;  
the l imit ing cu r r en t  densi ty;  
the Reynolds number .  
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