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The m a s s  t r a n s f e r  taking place during the in teract ion of a spher ica l  solid with a moving liquid 
is  ana lysed  for  the case  in which a gaseous  reac t ion  product  is  a lso evolved. 

It  was shown e a r l i e r  [1] that the kinetic c h a r a c t e r i s t i c s  of he terogeneous  diffusion p r o c e s s e s ,  c o m -  
p l ica ted  by the evolution of a gas  phase  in the "bubbling" condition, were  de te rmined  by the mode of f o r m a -  
tion and motion of the bubbles close to the reac t ion  surface .  On the bas i s  of theore t ica l  and expe r imen ta l  
data, the following c r i t i ca l  equation was der ived  

Nu o = 6.9 P, eo ~ Pr !/~ , (1) 

descr ib ing  the kinetic c h a r a c t e r i s t i c s  of the p r o c e s s e s  in question in the quiescent  p a r t  of the liquid. In 
this equation 
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The effect  of the motion of the liquid on the ra te  of in teract ion of calc i te  (CaCO3), magnes ium,  and 
manganese  with acid solutions was studied in [2] and [3]. With inc reas ing  number  of revolut ions of the 
stil:ring ro to r  [3] there  was a p ropor t iona l  i nc rease  in the veloci ty  of the p r o c e s s .  In both pape r s  the dif-  
fusive c h a r a c t e r  of the p r o c e s s e s  taking place was a s s e r t e d ;  however,  the inde te rminacy  of the hydro-  
dynamic situation preven ted  any quanti tat ive es t imat ion  of the phenomenon. 

We accordingly  a t tempted  a theore t ica l  and expe r imen ta l  ana lys is  of the kinetic c h a r a c t e r i s t i c s  of 
he terogeneous  diffusion p r o c e s s e s  compl ica ted  by the evolution of a gas  phase  in the "bubbling" mode of 
operat ion when the liquid flowed d i rec t ly  around the solid. We studied the in te rac t ions  of magnes ium,  
manganese ,  and ca lc ium carbonate  (marble)  with inorganic acid solutions of var ious  concentra t ions .  The 
following a re  the equations of these reac t ions :  

Mg-I-- 2HCI = MgCI~-t- H2, 

Mg + H2SO , = MgSO~ + H2, (2) 

Mn+2HCI=MnCI~+H 2, 

CaCQ+ 2HC1 = CaCI~+CO~ +H20. 

The expe r imen ta l  appara tus  (Fig. 1) fo r  studying the kinetic c h a r a c t e r i s t i c s  of the p r o c e s s e s  under 
the envisaged conditions cons is t s  of a centr i fugal  pump 1, a rece iv ing  tank 2, a tube 4, a heat  exchanger  of 
the tube- in- tube  type 5, an inductive f lowmete r  6, and a s y s t e m  of tubular  conduits with a cut -off  and r e -  
gulating value 7. In o r d e r  to p reven t  co r ro s ion  and the evolution of subs id ia ry  gaseous  products ,  the inner  
su r faces  of the tubes and pump were  coated with chlor inated polyvinyl chloride paint.  
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Fig. 1 Fig. 2 
Fig. 1. Arrangement of the experimental apparatus for studying the kinetic character- 
istics of heterogeneous diffusion processes when the liquid flows directly around the solid. 

Fig. 2. Correlation of the experimental data by reference to Eq. (4) for the interaction 
of CaCO 3, Mg, and Mn with acids: 1) Mg+ HCI; 2) Mg+H2SO4; 3) Mn+HCI; 4) CaCO 3 
+ HCI. 

From the solid material (magnesium, manganese, marble) we machined spherical samples 20 mm in 
diameter, these subsequently being fixed to an auxiliary, easily dismantled holder 6 mm in diameter. The 
samples with the holder were introduced into the tube (internal diameter 57 mm) and centered along the 
axis of the flow. In order to facilitate visual observation of the process, the tube 4 was made of Plexiglas. 
All the experiments were carried out at 30~ hot or cold water being introduced into the heat exchanger 5 
for this purpose. The velocity of the liquid was varied between 0.2 and 1.4 m/see and recorded by means 
of an inductive flowmeter of the fIR-11 type. The period of interaction between the phases was taken as 2-6 
min, depending on the concentration of the reagent and the velocity of the liquid. Within this interval hardly 
any changes were observed in the configuration of the solid as a result of its dissolution. The amount of 
solid which had reacted was determined from the weight loss of the sample after washing and drying. This 
loss was subsequently converted to the weight of gas evolved, referred to normal conditions. 

If the test sample largely blocks the tube cross section, there may be a local change in mass transfer 
owing to the increase in the velocity of the liquid through the narrowest open section. The influence of 
blocking may be taken into account by introducing a correction factor ~ to the mean flow velocity, this being 
given [4] by the expression 

i 

1 -- 0.95~] 2 

Since under the conditions of our experiments the value of the correction factor ~ was comparable with 
the experimental error, no allowance was made for the influence of blocking on the mass transfer when 
analyzing the experimental data. 

The primary experimental data were presented in the form of a system of equidistant curves; the 
position of each curve was the higher, the greater the value of Nu 0. We accordingly analyzed the experi- 
mental data on the basis of a relation of the following type 

Nu--Nu~ [ (Re), (3) 
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where 

-: qn! ~/~R-R. wD 
Nu eRDR V-~g ,  Re~- v 

It follows f rom Fig. 2 that Eq. (3) takes the fo rm 

Nu = 6.9 Re ~ _l_ 20.3.10-41~e ~ . (4) 
3 
~Ppr 

On consider ing Eq. (4) we immedia te ly  see that the total ra te  of mass  t r ans fe r  f rom the solid surface 
may be approximate ly  calculated by determining the influence of bubbling and the influence of the flow of 
liquid around the solid on the m a s s - t r a n s f e r  p ro ce s se s  and then adding these two ef fec ts  together.  

Assuming our  conception of the diffusion-type boundary layer  to be valid, we may now indicate the 
difference between the ways in which bubbling and the motion of the liquid affect  the thickness of this layer .  
Thus the evolving gas bubbles are  able to turbulize and disrupt  the boundary layer  immedia te ly  next to the 
surface of the solid, while the motion of the liquid leads to a sys temat ic  reduction in the thickness of the 
boundary layer .  

It follows f rom Eq. (4) that the contribution of the f i r s t  te rm,  which re f lec t s  the influence of bubble 
format ion and development on the boundary layer ,  is ex t r em e ly  significant. Thus on dissolving magnesium 
in hydrochlor ic  acid (concentration 20.8 k_g/m 3) with a Reynolds number  of 87- 103 the f i r s t  t e rm  equals 
13.02 and the second 24.78. 

The resu l t s  obtained in this investigation may c lea r ly  be used for  construct ing a "cold" model of the 
hea t - t r ans f e r  p r o c e s s e s  accompanying the boiling of liquid under bubbling conditions. 
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NOTATION 

concentrat ion of hydrogen ions, kg/m3; 
diffusion coefficient  of the gas, m2/sec;  
diffusion coefficient  of the hydrogen ions, m2/sec;  
blocking fac tor ;  
in ternal  d iamete r  of the tube, m; 
mass  flow densi ty of the gas, kg /m 2- sec; 
veloci ty  of the liquid, m / s e c ;  
cha rac te r i s t i c  l inear  dimension propor t ional  to the separat ion d iamete r  of the bubble, m; 
s to ichiometr ic  coefficient ,  kg of hydrogen/kg of gas; 
gravitat ional  acce lera t ion ,  m/sec2;  
Prandt l  diffusion number;  
Nusselt  diffusion number;  
Reynolds number;  
surface  tension, N/m;  
kinematic v i scos i ty  of the liquid, m2/sec;  
densi ty of the liquid, kg/m3; 
density of the gas, kg/m3; 
d iameter  of the spher ica l  sample,  m; 

S u b s c r i p t s  

R denotes the reagent; 
g denotes the gas; 
o denotes the p a r a m e t e r s  re la t ing to the p ro ce s s  in the quiescent  liquid. 
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