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C O N V E C T I V E  M A S S  T R A N S F E R  B E T W E E N  A S O L I D  S P H E R I C A L  

P A R T I C L E  A N D  A F L U I D  AT L A R G E  P E C L E T  N U M B E R S  

M~ S .  I s k a k o v  a n d  V .  E .  N a k o r y a k o v  UDC 532.529.6:541.12 

I n t r o d u c t i o n  

Mass  exchange between a solid par t ic le  and a fluid is the main  product ive fac tor  in many branches  of 
chemical  engineer ing and microbiology.  This p r o c e s s  is  compl ica ted  and depends on many fac to r s  - radia l  
diffusion, fo rced  convection, f r ee  convection, the shape of the pa r t i c le ,  the physical  p rope r t i e s  of the fluid and 
the pa r t i c le ,  etc.  Under actual conditions these  f ac to r s  act  s imul taneously ,  and many inves t igators  have been 
confined, as a rule,  to the study of m a s s  exchange under the conditions of a uni form oncoming s t r e a m ,  where 
fo rced  convection makes  the l a rges t  contribution to m a s s  t r a n s f e r .  This is explained by the re la t ive  s impl ic i ty  
of the invest igat ion of p r o c e s s e s  of this kind, both theore t i ca l ly  and exper imenta l ly .  

All the exper imen ta l  methods used to invest igate  m a s s  exchange in f l u id - so l i d -body  s y s t e m s  can be di-  
vided into two m a j o r  groups ,  in which the following are  used: the dissolving of solids in fluid s t r e a m s ;  chemi -  
cal t r ans i t ions  taking place  at the su r f aces  of meta l l i c  e l ec t rodes  under  the action of an e lec t r i c  cur ren t .  The 
advantages  of the f i r s t  group a re  the s impl ic i ty  of the exper imenta l  p rocedure ,  the possibi l i ty  of fo rming  the 
des i r ed  hydrodynamic  pa t te rn  with a high degree  of accuracy ,  and the p resence  of a wide c lass  of subs tances  
sui table for  such an exper iment ,  which enables  one to va ry  the physical  p rope r t i e s  of the fluid and bodies  
within wide ranges .  The main drawback is that a f ixed phase  in terface  is absent ,  as a consequence of which 
the hydrodynamics  of flow over  the par t i c le  constantly v a r i e s .  E lec t rochemica l  methods are  f r ee  f r o m  such 
a drawback,  s ince the p r o c e s s e s  taMng place at  the e lec t rodes  p roceed  in opposite d i rec t ions  and the su r face  
of the s e n s o r  is  always clean,  but t he r e  is the technical  p rob lem of fastening the s enso r  and reducing the in-  
fluence of conducting contacts .  

A number  of r epo r t s  a re  known which are  devoted to the invest igat ion of the intensi ty of m a s s  exchange 
in uni form s t r e a m s .  The good a g r e e m e n t  between resu l t s  obtained by the e l ec t rochemica l  method and the data 
of other  authors for  Re = 400-12,500 was noted in [1]. The tes t  data published in [2] cover  a f a r  wider  range 
of Reynolds numbers ,  Re = 2-23,000. The approximat ion curve  genera l iz ing the  data for  2 < Re < 20, 
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Nu = 1.032 Re0,~5.PrXm, 

ag ree s  well  with t heo re t i c a l  functions obtained in  [3, 4]. But unfor tunately ,  t he re  is  ve ry  l i t t l e  expe r imen ta l  
work  c a r r i e d  out in the range of Re < 1, s ince  only he re  can a c om pa r i s on  be made with the exis t ing  t h e o r e t i -  
c a / f u n c t i o n s .  In [5] data a re  p r e s e n t e d  f o r  the range  of 0 < Re < 2.5, and they a r e  well d e s c r i b e d  by an a p -  
p rox ima t ion  curve in the fo rm 

Nu---- i.i0Re*/aPr*m. 

An e x p r e s s i o n  for  the in tensi ty  of m a s s  exchange between a sphe re  and a f luid under  the condit ions of a uniform 
oncoming f luid s t r e a m  with Re << 1 and Pe >> I was obtained in [3] in the b o u n d a r y - l a y e r  approximat ion:  

Nu = i.075Pe zm. (1) 

There  th is  re la t ion  was a lso  conf i rmed  e x p e r i m e n t a l l y  by d isso lv ing  a sphe re  of p r e s s e d  benzoic  ac id  in vege -  
table  oil (Re = 0.1-2.5).  The value of the coeff ic ient  was found f r o m  the e xpe r i m e n t  to be 1.1, which is  c lose  
to  the t h e o r e t i c a l  1.075. 

The study of m a s s  exchange in a f l u i d - s o l i d - b o d y  s y s t e m  in the p r e s e n c e  of a t r a n s v e r s e  ve loc i ty  g r a -  
dient is  of f a r  g r e a t e r  i n t e r e s t ,  however .  A s t a r t  f o r  th is  was la id  down in [6], where  m a s s  diffusion f rom an 
instantaneous poInt sou rce  in a hor izon ta l  s t r e a m  whose ve loc i ty  v a r i e s  l i n e a r l y  along the ve r t i c a l  was con-  
s i d e r e d .  In it an e x p r e s s i o n  was obtained fo r  the concen t ra t ion  d i s t r ibu t ion  in the v ic in i ty  of the sou rce .  The 
next s tep  was to solve  the p r o b l e m  [7] of heat  and m a s s  t r a n s f e r  f rom a s p h e r e  and a cy l inde r  which a re  in a 
suspended  s ta te  in a s t r e a m  containing a ve loc i ty  g rad ien t  (with shea r ) .  In the case  of P e ,  << i a solut ion was 
obtained both fo r  a cy l inder  and fo r  a sphe re ,  while for  P e .  >> 1 a solut ion was obtained only for  a cy l inder .  
The di f f icul t ies  a r i s ing  in solving the p r o b l e m  for  a sphe re  a r e  expla ined  by the t h r e e - d i m e n s i o n a l i t y  of the 
flow pa t t e rn .  In [8] the r e s u l t s  obta ined e a r l i e r  fo r  a cy l inde r  were  conf i rmed  e xpe r i m e n t a l l y .  The suspended 
s ta te  was s imula t ed  by placing the cy l inde r  on the null s t r e a m l i n e  between two wal ls  moving in opposi te  d i r e c -  
t ions .  In [9] the p r o b l e m  of m a s s  exchange between a f luid and a sphe re  rota t ing f r e e l y  with an angular  v e -  
loci ty  equal to the cur l  of the f luid ve loc i ty  was so lved ,  and a r a t i o  Nu = 9.0 was found. The solut ion has such 
a fo rm because  in this  case  a reg ion  with c losed  s t r e a m l i n e s  is  f o r m e d  around the sphe re  through which m a s s  
t r a n s f e r  occurs  by means  of diffusion. F ina l ly ,  the p r o b l e m  of diffusion to a s t a t iona ry  sphere  in a s h e a r  
s t r e a m  of v i scous  f luid with P c ,  >> 1 was solved in [10]. This  p r ob l e m  was so lved  in the mos t  complete  s t a t e -  
merit in [11]. The equation of convect ive diffusion 

v . v c  = Dv2c 

with the boundary condit ions c = c o at  the su r f a c e  and c = coo f a r  f rom the sphe re  where  the ve loc i ty  v v a r i e s  
l i nea r ly  with d i s tance  was so lved  fo r  two l imi t Ing c a s e s .  F o r  P e ,  << i an e xp r e s s i on  of the type 

was obtained,  where  Nu 0 is  the Nusse l t  number  for  P e .  = 0 ( P e .  = ed2/D and e is the value of t h e  ve loc i ty  
grad ien t ) .  F o r  P e .  >> 1 the exp re s s ion  fo r  the in tens i ty  of m a s s  exchange has  the fo rm 

l~u ~-- ^1/~ P ~ ,  , (2) 

where fi = 1.134 for any type of linear velocity field. 

A single attempt to experimentally test the functions obtained is known so far. The process of heat ex- 
change between a solid spherical particle and a fluid under the conditions of two-dimensional, purely deforma- 
tion flow, which was modeled by the rotation of four round cylinders, was investigated in [12]. The spherical 

sensor also comprised the heater, the heat from which spread through the entire volume of fluid. It was 
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mounted at the center  of the working volume. The data for  Pe = 0.33-24.0 agree qualitatively with Batche lor ' s  
theoret ical  function for P e .  << 1, but there  is some quantitative disagreement .  

As seen f rom the review, the amount of experimental  work devoted to this question is not very  great .  
Therefore,  it is hard  to judge the validity of one or  another theory, and a careful and repeated testing of the 
available theoret ical  functions is necessa ry .  

E x p e r i m e n t a l  A p p a r a t u s  

The main difficulty in the prepara t ion  of the experiment  consisted in the choice of the means of obtaining 
the appropriate hydrodynamic conditions, the real izat ion of which would require  little expense and the con- 
struction of which would not be complicated. As a result ,  we executed the idea of modeling plane Couette flow, 
when the walls move in opposite directions,  using cyl inders  large enough in s ize  compared with the tes t  object. 
If large cyl inders  are  placed side by side in the plane passing through their  rotation axes and they are  rotated 
in the same direction,  then one obtains the pat tern shown in Fig. la,  i.e.,  flow of the type of plane Couette flow 
with a l inear  profile of velocity v. When the cyl inders  are rotated in opposite directions the uniform velocity 
profile shown in Fig. lb is fo rmed between them. Naturally,  this is valid only in a cer ta in  region, the size of 
which can be increased  by increasing the d iameter  of the rotating cyl inders .  Inour  case the size of such a r e -  
gion has the o rder  of the size of the gap between the cylinders and is f a r  g r ea t e r  than the size of the tes t  ob- 
ject,  the sphere .  

In pract ice ,  this was embodied in the experimental  apparatus for which a d iagram is presented in Fig. 2, 
where a is a side view and b is a top view. ![he entire experimental  apparatus was made of plastic,  which 
provides t r ansparency  and stability against  active media, which the working fluid is. The cylinders have a 
height of 2 �9 10 -1 m and a diameter  2r = 10 -1 m and the minimum distance between them is 2h = 10 -2 m. The 
rotation per iod of the cylinders was recorded  with photodiodes and was var ied  in the range of T = 8.0-130.0 
sec.  The measurement  e r r o r  was 2-3% at the la rges t  values of T. To avoid the influence of f ree  convection 
due to a t empera ture  gradient,  the working section was fully immersed  in a jacket containing a liquid, where 
a t empera ture  of 20~ was maintained with an accuracy  of 0.1"C with the help of a thermosta t .  To avoid the 
disturbing influence of the bottom, we did the following: Cavities were made in the lower par t  of the cylinders 
which remained full of a ir  when the working volume was filled with fluid. Thus, we created an effect as if 
there is a f ree  surface at the bottom, and only the sharp r im and not the entire bottom par t  of the cylinders is 
a source of dis turbances.  

An important  feature is the possibil i ty of obtaining the required hydrodynamic environment between the 
rotating cyl inders .  For  this purpose we used the method of s t roboscopic  visualizat ion to obtain velocity p ro -  
files of the fluid, one of which is shown in Fig. 3. About 200 points were required to obtain each velocity p r o -  
file, with points being taken f rom a region represent ing a square with sides of 10 -2 m. Since the measured  val -  
ues of the velocity f rom both par ts  of the profile are shown on one graph, the flow pat tern between the cylinders 
is symmet r i c  and the null s t reamline  lies at the center  of the gap for  any plane c ross  section. We add that the 
average relative e r r o r  in measur ing the velocity in this way was 3% in the given experiment.  For  cer tain cyl -  
inder rotation periods,  however,  Taylor  vor t ices  were formed in the sys tem and the mechanism of mass  t r a n s -  
fe r  was sharply al tered,  causing an abrupt increase  in the intensity of mass  exchange. Therefore ,  m e a s u r e -  
ments were not made under such conditions. 

In the case when the cylinders rotate in opposite directions the profile of mass-exchange  intensity was 
measured  along the line connecting thei r  rotation axes. For  each fixed value of T the value of Nu was constant 
with an accuracy  of about 5%. F r o m  this it follows that uniform fluid flow occurs  between the cyl inders .  

We certainly must  note the fact  that the s t reaml ines  around the cylinders are approximately c i rcular ,  so 
that the necessa ry  conditions are sat isf ied only in a l imited region. But the rat io of the size of the cylinder to 
that of the solid spherical  tes t  par t ic le  is very  large;  depending on the size of the sensor  sphere it var ied  in the 
range of 100-200. Then the s t reamlines  can be taken as s t ra ight  in a cer tain vicinity of the sphere.  As the ex-  
per iment  showed, this assumption was fully justified. 

E x p e r i m e n t a l  P r o c e d u r e  

The intensity of mass  exchange between a spherical  par t ic le  and a fluid was measured  by the e lec t ro -  
chemical  method [13]. ]~s essence  consists  in measur ing the rate of an oxida t ion- reduct ion  react ion taking 
place at an electrode in a diffusion mode. It is ve ry  convenient to investigate mass-exchange p rocesses  by the 
e lect rochemical  method, since the form of the react ion is such that the sensor  surface  is always clean. In addi- 

378 



v, ram/see 

~7/Cathod e ~ - -  

o r 2 5 h, m m  

F i g .  3 F ig .  4 

rich, the detector itself is the test object, which considerably simplifies the construction of the measurement 

part of the apparatus. 

The electrochemical cell used in the experiment is shown schematically in Fig. 4a. The spherical sen- 
sor was located at the center of the gap between cylinders, i.e., on the null streamline. The position of the 

center was determined from the minimum of the mass-exchange intensity by moving the sensor along the line 

connecting the centers of the cylindrs. The electrochemical sensor has the form shown in Fig. 4b and is made 
by the following technique: A platinum wire 1.5 �9 10 -4 m in diameter was melted from the end with a gas burner 

until a sphere of the required size and desired shape was obtained. Then the wire, which serves as a conduct- 

ing contact in this ease, was covered with chemically resistant glass with a thickness on the order of several 

dozen microns and which gradually thickened and reached a diameter of 1.5 �9 10 -3 m at a distance of 2 �9 10 -2 m. 

Then the sensor was cemented into a stainless-steel tube 2.5 �9 10 -3 m in diameter, with the conducting contact 

being carefully insulated. We note that the metal tube serves as the anode in this case, and the ratio of the 

anode and cathode areas varied in the range of 100-500, depending on the size of the sensor. 

The mass-exchange intensity in the experiment was determined from the formula 

Nu = I d / ( F S c f D ) ,  (3) 

w h e r e  I i s  the  d i f fus ion  c u r r e n t ;  d i s  the  d i a m e t e r  of the s p h e r i c a l  s e n s o r ;  F is  the  F a r a d a y  cons tan t ;  S is  the  
a r e a  of the  s p h e r e ;  cf i s  the  c o n c e n t r a t i o n  of r e a c t i v e  ions;  D is  the  c o e f f i c i e n t  of d i f fus ion  of r e a c t i v e  ions .  
We m e a s u r e d  cf by  the  m e t h o d  of p o t e n t i o m e t r i c  t i t r a t i o n ,  and the  va lue  of cf w a s  d e t e r m i n e d  f r o m  the  f o r m u l a  
cf = V k C k / V ,  w h e r e  V is  the  vo lume  of s o l u t i o n  t a l o n  f o r  t i t r a t i on ;  Vk i s  the  v o l u m e  of the  c o b a l t  so lu t i on  with  
a c o n c e n t r a t i o n  c k added  to  the  e q u i v a l e n c e  po in t .  This  me thod  i s  qu i te  a c c u r a t e ;  i t s  e r r o r  i s  no m o r e  than  
0.5%. The coe f f i c i en t  of v i s c o s i t y  of the  s o l u t i o n  w a s  m e a s u r e d  wi th  a s t a n d a r d  v i s e o s i m e t e r .  To d e t e r m i n e  
the v a l u e s  of the  c o e f f i c i e n t  of d i f fus ion  D we u s e d  the  f o r m u l a  

E.tD/t = 2.36. l0 -15 kg- m/sec 2 . K, 

ob ta ined  in [14] f o r  t h e  s a m e  e l e c t r o l y t e .  The e r r o r  of  t h i s  f o r m u l a  w a s  c a l c u l a t e d  in the  s a m e  a r t i c l e  and does  
no t  e x c e e d  4%. This  r e l a t i o n  was  a l s o  u s e d  f o r  s o l u t i o n s  con ta in ing  a we igh t  c o n c e n t r a t i o n  of g l y c e r i n  in t he  
e l e c t r o l y t e  of up to  40%; the  c o r r e s p o n d i n g  r a n g e  of P r a n d t l  n u m b e r s  P r  = u / D  is  1700-18,400.  The d i a m -  
e t e r  of the s p h e r i c a l  s e n s o r  w a s  m e a s u r e d  with  a m e a s u r i n g  m i c r o s c o p e  with a s c a l e  d i v i s i o n  of 10 -6 m,  and 
the d i f f e r e n c e  b e t w e e n  the m a x i m u m  and m i n i m u m  v a l u e s  of the  d i a m e t e r s  of any s e n s o r  u s e d  d id  no t  e x c e e d  
10 -5 m .  In the  c M e u l a t i o n s  the  a v e r a g e  was  t a k e n  a s  the  t r u e  va lue  of the d i a m e t e r .  

To a s c e r t a i n  the  c o r r e c t n e s s  of the  r e s u l t s  o b t a i n e d  f o r  m a s s  exchange  in s t r e a m s  with  a v e l o c i t y  g r a -  
d ien t ,  t he  r e s u l t s  ob t a ined  w e r e  a n a l y z e d  by two i n d e p e n d e n t  m e a n s .  In the  f i r s t  c a s e  the a n a l y s i s  was  c a r r i e d  
out in a c c o r d a n c e  wi th  Eq.  (3) and  in the  s e c o n d  c a s e  a c a l i b r a t i o n  c u r v e  ob ta ined  in a u n i f o r m  s t r e a m  was  
u s e d .  T h e r e  i s  no doubt  of the  c o r r e c t n e s s  of the t h e o r e t i c a l  f o r m u l a  

Nu = 0,991 PeW~ (4) 

from [4], since it :has been confirmed repeatedly in experiments, including the one in the present work. Then 

graphic functions of the type Nu = f(l) were constructed for a uniform stream and then the mass-exchange in- 

tensity in a stream with a transverse velocity gradient, i.e., the Nasselt number, was determined from the 

diffusional current. 

Discussion of Results 

The present work was devoted to an experimental study of the influence of a transverse velocity gradient 

on the mass exchange between a fixed spherical particle and a fluid. In addition, we made measurements, which 
had an auxiliary character, of the intensity of mass exchange between a sphere and a fluid, since they make it 
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possible to judge the validity of the resul ts  forf lu id  flows with a velocity gradient.  Data for  a uniform s t r eam 
are presented in Fig. 5 and correspond to Re = 0.4-20; never theless ,  their  good agreement  with the theoret ical  
functions (1) and (4) (dashed and solid lines, respectively) is evident in the graph. It is seen that the exper i -  
mental data lie in the space between these curves .  F r o m  this the conclusion follows that ei ther  formula  can be 
used with equal sUccess in pract ical  calculations with an e r r o r  of • 4%. Here the dimensionless complexes 
are  chosen as follows: Pe = R e P r  and Re = v d / ~ ,  where v = 2 v r / T .  

Data on measurement  of the intensity of mass  exchange between a sphere and a fluid in a s t r eam with a 
t r ansve r se  velocity gradient  are presented in Fig. 6a. The s imples t  analysis  on the basis  of this graph al-  
lows us to draw the following conclusion: The theoret ical  function (2) obtained by Batchelor  and the exper i -  
mental data of the present  work  agree sufficiently well with each other.  Consequently, the range of P~clet 
numbers  P e .  real ized in the experiment  sat isf ies  the assumptions which were made in the theory.  The slope 
of these curves on the logari thmic scale are different, however,  which indicates the influence of R e , .  

Since the theory  was obtained fo r the  "creeping" mode of flow over par t ic les ,  with a decrease  in Re ,  the 
experimental  and theoret ical  functions almost  coincide. The tendency of the theoret ical  and experimental  
curves  to approach with a decrease  in Re .  = ed2/u (where ~ = v / h  is the velocity gradient) is well seen in 
Fig. 6b. Fo r  Re .  < 0.1 the mean deviation of the coefficient A f rom the s t ra ight  line corresponding to A = 
1.134 is less  than 6-7%. Unfortunately, it was not possible to widen the interval through a fur ther  decrease  
in R e , ,  since a g lycer in  content of more  than 40% in the electrolyte  resul ts  in instability of the solution. On 
the other  hand, the size of the sensor  cannot be reduced further ,  since the conducting wires  have a finite size 
and thei r  disturbing influence increases  with a decrease  in the sphere.  In the sensors  used the area  of contact 
between the conducting wires and the spherical  s enso r  did not exceed 2% of the entire area  of the sphere.  For  
this case R e .  = 0.03-1.0. 

It was already mentioned above that fo r  s t r eams  with a velocity gradient  the measured  values were  an- 
alyzed by two independent means,  and therefore  two types of points are presented in Fig. 6. It is seen f rom 
the graphs that both types of points lie on one curve with a high degree of accuracy.  

Thus, the experimental  data obtained agree well with theoret ical  functions for  the intensity of mass  t r a n s -  
fer  f rom a single sphere to a fluid in a uniform s t r eam and in a flow of the simple shear  type, obtained in the 
boundary- layer  approximation. 

The authors s incere ly  thank G. Batchelor for  fruitful consultations and a discussion of this problem. 
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MIXING OF FINELY DISPERSED VAPORIZING PARTICLES 
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V. I. Garkusha, V. M. Kuznetsov, 
G. V. Naberezhnova, and A. L. Stasenko 

UDC 533.6.071.08.632.57 

In a number of problems of aerogas dynamics it becomes necessary to introduce finely dispersed par- 
ticles into a gas stream. Such problems are connected, for example, with the design of prospective cryogenic 
and high-enthalpy wind tunnels [i, 2], visualizing devices [3, 4], accelerators of macroscopic particles for the 
investigation of surface erosion, the creation of active media for gasdynamic lasers using multiphase mixing 
[5, 6], etc. In this case certain demands may be placed on the distribution of parameters in the mixing zone, 
such as the macroparticles or the mass density of the gas formed as a result of their vaporization, the mo- 
mentum of the particles, or any other aspect of their mass spectrum. In particular, the investigation of the 
conditions required to realize the advantages of multiphase mixing in gasdynamic lasers (GDL) [5, 6] led to the 
need to solve new gasdynamic problems which did not arise in the traditional devices for amplifying radiation 
[7, 8]. The statement and solution of a number of these problems are given in [9-11]. They include the problem 
of the maximum possible acceleration of aerosol particles by different gases, the problem of determining the 
depth of penetration of particles into a comoving stream and the time of their vaporization as a function of 
diameter, and problems of the influence of compression shocks and viscous effects, including detachment zones, 
the mutual influence of vaporization and vibrational relaxation, and some others. One of the central problems 
is the obtainment of the flow field in the mixing zone which is closest to uniform, since constancy of the gas- 
dynamic parameters and concentrations of the components of the gas mixture is very importans for example, 
in the zone of action of a GDL resonator. 

In [6, i0] the mixing problem was considered in an integral statement based on the use of conservation 
laws with allowance for the supply of a certain mass, momentum, and energy to the worldng stream. Such an 
approach makes it possible to determine the variation of pressure, temperature, and other parameters as a 
result of mixing, although the flow structure directly in the mixing zone remains indefinite. The detailed in- 
vestigation of this structure is needed in connection with the finiteness of the vibrational relaxation time T, 
and hence with the boundedness of the region of mixing of two streams in which population inversion and ra- 
diation amplification can occur. Equalization of the profiles of different parameters across a mixing zone must 
take place just in a region of 1 ~ uT, where u is the characteristic velocity in the mixing zone. And the present 
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