
conductivity were selected to be s imi lar  to those encountered in actual microc i rcu i t s .  The radius of the energy 
source on the upper surface of the f i rs t  cylinder was 1 - 10 -~ m and the specific power was q0 = 2- 105 W / m  2. 

The calculation determined the heat of the center  of the source with respec t  to the lower surface of the 
last cylinder,  for which the tempera ture  field can be assumed uniform (~5 = 20 W / m .  ~ A compar ison of the 
values for the heating gives the following resul t s :  numerical  method, 108.9~ proposed method including the r -  
mal flux aonuniformity at contact  sur faces ,  109~ proposed method without inclusion of nonuniformity, 112~ 
method of ser ies -connected  the rma |  r es i s t ances ,  49 ~ 

A compar ison of the results  shows that calculation by the proposed method can be made in some cases 
without considerat ion of thermal  flux nonuniformity at contact sur faces ,  which leads to smal le r  e r r o r s  than the 
assumption of isothermici ty at those surfaces .  In addition, an evaluation of the accuracy  of the method was 
made on the basis of a comparison of the resul ts  of an experimental  determination and of a calculation by the 
proposed method of the thermal  res is tance of actual microc i rcui t s .  The divergence of the resul ts  did not ex-  
ceed the spread in the value of the thermal  res is tance  of a microc i rcu i t  caused by instability in technical p ro -  
cedures .  

N O T A T I O N  

P, power of energy source;  q, flux density; hi, coefficient of thermal  conductivity of the i-th pa ra l -  
[elepiped; Si, Si-1, a reas  of the i- th and (i - 1)-th paralletepipeds;  hi, height of the i-th parallelepiped; Bi i = 
~ ih i /h i ,  Blot number of the i-th parailelepiped; tc, ambient tempera ture ;  ~ = t - tc, heating. 
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THEORY OF NEW KINETIC METHODS OF MEASURING THE 

MASS-TRANSFER PROPERTIES OF DISPERSED SOLIDS 

V. M. K a z a n s k i i  UDC 66.047.35 

The solution of the general ized m a s s - t r a n s f e r  equations with variable coefficients is used as a 
basis for  developing the theory of various new methods of determining the t ransfer  c h a r a c t e r -  
istics of dispersed solids with finite moisture  contents. 

Methods of experimental ly determining the m a s s - t r a n s f e r  charac te r i s t i cs  bf highly dispersed,  mois tu re -  
containing solids employed at the present  time are subject to a number of fundamental shortcomings which 
great ly  reduce the accuracy  and reliabili ty of the resul ts  obtained. Prac t ica l ly  all the methods of measuring 
m a s s - t r a n s f e r  cha rac te r i s t i c s  are  analogous to the corresponding hea t - t r ans fe r  methods. At the same time, 
mass  t rans fe r  differs  very considerably f rom heat t ransfer ,  despite the  identical nature of the t ransfer  equa- 
tions. Thus, the use of any par t icular  solution of the heat-conduction equation as a basis for  the development 
of methods of determining m a s s - t r a n s f e r  coefficients is frequently unreliable, even though the corresponding 
thermophysica[  procedure has been thoroughly vindicated. 
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In developing the theory of the proposed new methods the following basic cha rac t e r i s t i c s  of mass  t r a n s -  
f e r  were  taken into account  (in contradis t inct ion to the major i ty  of exist ing methods),  f i r s t ,  the m a s s - t r a n s f e r  
coeff icients  depend very  considerably on mass  content and tempera ture .  Hence,  the use of solutions der ived 
f rom different ia l  t r a n s f e r  equations with constant  coeff icients  (which are  completely acceptable in the case of 
thermal-conduct iv i ty  measurement s )  is responsible  f o r  ex t remely  ser ious  e r r o r s ,  frequently exceeding 100%, 
when determining mass  conductivity [1]. P r o c e d u r e s  for  measur ing m a s s - t r a n s f e r  cha rac t e r i s t i c s  should 
the re fo re  be based on the solutions of nonlinear t r an s f e r  equations. 

Secondly.  the actual  mechanism underlying the t r ans fe r  of liquid and vapor in a d ispersed  body depends 
on the exper imenta l  conditions, and hence so do the t r ans fe r  coefficients .  This is p rec i se ly  why the resul ts  
Of s teady-s ta te  methods,  despite thei r  high degree  of rel iabi l i ty ,  often deviate very  considerably f rom the 
resu l t s  obtained d i rec t ly  under kinetic conditions. This  is a d i r ec t  r esu l t  of the genera l  laws of mass  t r ans fe r  
and does not r e p r e s e n t  a shortcoming of any par t icu la r  method. Measurements  of the m a s s - t r a n s f e r  coef -  
f icients  should the re fo re  always be ca r r i ed  out under conditions closely resembl ing the rea l  conditions in 
which the resul tant  coefficients  are  to be quantitatively applied. 

Thi rd ly ,  it is essen t ia l  to make a sharp dist inction between the m a s s - t r a n s f e r  coeff icients  (such as a m 
and au) obtained on, respec t ive ly ,  using the chemical  potential  ~ and the mass  content u as m a s s - t r a n s f e r  
potential.  The p (u) re la t ionship determined by the absorpt ion i so therm for any par t i cu la r  mater ia l  is, in fact ,  
usually ve r y  nonlinear (Cm ~ const). Thus,  for  example,  am and a u, cha rac t e r i z ing the  rate  of propagation of 
the ~ and u surfaces  of equal potential in the solid [2], a re  completely different ,  although they have identical  
dimensions.  S imi lar  d i f ferences  apply to the other cha rac te r i s t i c s .  

The proposed methods of determining the m a s s - t r a n s f e r  cha rac te r i s t i c s  are  based on an analysis  of 
exper imenta l  data obtained during the convective drying of a d ispersed  solid in the form of an unbounded s y m -  
me t r i ca l  plate of thickness 21. The di f ferent ia l  drying equations for  a case  of this kind take the form [2] 

Ot O ( Or) . erc,n @ 
& ax , a q ~  ~ q O~ ' (1) 

a~ a ( at~ ~ a t )  
&: = ax a m ~ - - : -  a,.6 0x (2) 

o r  

at a (a a t ) ,  er au (la) 
a-4-= ~ ~ q-g~x ] T -  " , % & 

au O (  Ou , a t )  
a-r - -  fix au ~ -:-. au6. -~x (2a) 

subject  to boundary conditions of the third kind 

( o r )  =aq(h-- to) ,  aqqo ~ ~ 

amcm9 ~ x  t -r- \-~xJz = ~'m(~l--'u~ 

(3) 

(4) 

or 

Ou + 6, ~ = a.  (uz ~ uo). (4a) 
a~p -~x z l 

The integration of these equations for  var iable  t r ans fe r  coeff icients  was ca r r i ed  out in [3]. The coeff i -  
c ients  kq and km (allowing for  the distr ibution of potentials in the so l id )en te r  into the solution of [3] in the fo rm 
of cofac tors  attached to the corresponding cha rac t e r i s t i c s  of the mater ia l .  As in the major i ty  of investigations 
[4-6], we take a parabol ic  distr ibution of th e potentials with respec t  to thickness,  which cor responds  to a value 
of k = 3. Poss ib le  deviations f rom the parabolic distr ibution have the effect  that the t r an s f e r  coeff icients  a s -  
sume .e f fec t ive"  and not t rue values,  although they only differ  f rom the true values very  slightly. Allowing for  
this,  we der ive  the following f rom [3]: 

Oi rcrn d~ ~, 3aqaq (t o -- t )  (5) 
0-~ = Cq d'~ ' l (3aqCqp+cZql) ' 
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d-[ r d-it ~ 3aq( zq ( to - - I  i . 
d~: % d~ ' l (3acFqg~-aql) ' 

d~ _ 3a,,a,~r (3aqcqp ~ ~ql)(po - -  -~) J- 3a,~6~q%fl (t o - -  
d~ -- l (3aqCqp ~- ~,~I)(3amcmp ~- ~ml) ' . 

du _ 3a,,~, (3aqCqp + aql)(u o - -  u) .~- 3a~6u%,~ql (t o - -  t) 
1 (3aq%p -5 ao.l)(3aup q- a f t )  

(Sa) 

(6) 

(6a) 

or  using the Posnov c r i t e r ion  (number) 

In o rder  to de te rmine  the c h a r a c t e r i s t i c s  
di f ferent  modes  of drying may be employed.  

The f i r s t  of these c o r r e s p o n d s  to Biq ~ 
place inside the body, while t o - - t l ,  u 0 -  u l. In this case  Eqs.  (5)-(7) a s sume  the fo rm 

3a,~a m (i § Pn)(~o -- ~) (7) 
-tit = l [3amC,n p (1 + Pn)+aml]  ' 

d~ 3 a ~  (1 § Pn~)(u o - -  ~ (7a) 
dx = l [3aup(1 q- Pnu) q- aft] 

of d i spersed  m a t e r i a l s  on the bas i s  of Eqs. (5)-(7) s e v e ra l  

and ~i  m --  ~,  when t r a n s f e r  is de termined by p r o c e s s e s  taking 

dr- r du 3 
d-~= cq aT @ ~ - a q ( t  o - O ,  

d~ 3a,~ 
d,  - 12 [(~o-- ~) + ~ (to--/)1,  

d~ 3a. 
d~ - i ~  [(u0-- ~) + a~ ( to- -  ~, 

d~ 3am 
~ =  12 (1 q- Pn)(~t o - ~ ) ,  

du 3au 
= 12 ( l q - P n , , ) ( U o - - ~ .  

(8) 

(9) 

(9a) 

(10) 

(lOa) 

Compar i son  of (8)-(10) with (5)-(7) shows that f rom a theore t ica l  point of view the f i r s t  p rocedure  is mos t  
convenient for  measu r ing  the hea t -  and m a s s - t r a n s f e r  c h a r a c t e r i s t i c s  inside the m a t e r i a l ,  since the c o r r e -  
sponding fo rmulas  eas i ly  yield the ex te rna l  hea t -  and m a s s - t r a n s f e r  c h a r a c t e r i s t i c s ,  the exper imenta l  m e a -  
su r emen t  of which p resen t s  ser ious  difficult ies.  On ca r ry ing  out a single exper iment  (drying a plate of d i s -  
pe r sed  ma te r i a l )  by the f i r s t  operating p rocedure ,  in fact ,  and then using Eq. (10) or  (10a), we find 

a~(1 § Pn) l 2 d ~  , (11) 
3 [~t o -  ~-] d'~ 

13 du- 0 .1a  ) 
a~ (1 + Pn~) 3 (u o - u )  " d-~ 

F r o m  the s ame  exper iment  using Eq. (8) we may calculate  the thermophys ica[  c h a r a c t e r i s t i c s :  

? ( d t  r du )  
'~=  3( t . - i~  d~ c-~ ~ ' (12) 

12P [ (12a) 
aqCqp = =  3 (t o -  t) ~ q dT d~l  

Thus ,  f rom a single expe r imen t  we may de te rmine  al l  the c h a r a c t e r i s t i c s  over  a wide range of m a s s  contents,  
i .e . ,  obtain the comple te  c h a r a c t e r i s t i c s  of the ma te r i a l .  

The product  am(1 + Pn) i tseff  is an important  cha rac t e r i s t i c  of the d i spersed  ma te r i a l ,  since it d e t e r -  
mines  the m a s s  t r a n s f e r  under the influence of d i f fe rences  in t empe ra tu r e  and chemica[  potential.  This c h a r -  
ac t e r i s t i c  might well  be called adiabatic ,  in con t ras t  to a m ,  which c h a r a c t e r i z e s  i so the rma l  m a s s  t rans fe r .  
Hence,  the m e a s u r e m e n t  of am0- + Pn) does not consti tute a shor tcoming  of the method. At the same t ime,  
Eqs.  (9) and (9a) enable us to de te rmine  a m  and 6 separa te ly .  F o r  this purpose  we have to c a r r y  out two ex -  
p e r i m e n t s  with one sample  under conditions di f fer ing in r e s p e c t  of t o or  %, maintaining,  of course ,  the basic  
r equ i r emen t s  of the drying procedure .  As a r e su l t  of these  two expe r imen t s  we obtain the following f rom Eq. (9): 
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a~ , (1 3 ) 
3 I(~,o~ - ~1)(~02-  ~)  - ( ~ o : -  ,~7~)(t~,1- ~) 

d~ (~tol-- ~1) - -  d--Y- 
6 

d~l (14) 
d'v 

Analogous equations a r e  obtained on using (9a) instead of (9). 

Yet  one m o r e  c h a r a c t e r i s t i c  of the f i r s t  p rocedure  is of cons iderab le  in teres t .  Equations (10)-(10a) were  
obtained without any specia l  a s sumpt ions  regard ing  a m  and Pn. ff we cons ider  these quant i t ies  as being con-  
stunt,  then by integrat ing (10) and (10a) we obtain 

I~-- ~t~ = Alexp {-- --3aml" (I~'=- pn)~)" J , (15) 

u - - u 0 = A ,  e x p { z - 3 % ( + l _ '  pn,,)~l. (15a) 

In other  words ,  for  constant  t r a n s f e r  coeff icients  the d i f ference  in the chemica l  potent ia ls  of the liquid in a 
d i spe r sed  solid and the surrounding medium (or the cor responding  u) depends exponentially on ~. 

Equations (15)-(15a) a r e  ent i re ly  analogous to the laws of cooling which exp re s s  the behavior  of a solid 
body in a medium at  constant  t e m p e r a t u r e  when a r egu la r  the rma l  si tuation is es tabl i shed [7]. It was shown in 
[8, 9] by solving the h e a t -  and m a s s - t r a n s f e r  equations with constant  coeff icients  that both m a s s - t r a n s f e r  and 
h e a t - t r a n s f e r  p r o c e s s e s  we re  capable  of pass ing into a " r egu la r "  s tage,  in which the t e m p e r a t u r e  and m a s s  
content var ied exponential ly with t ime.  The resu l t s  of the p resen t  invest igat ion show, however ,  that t and u 
only a s s u m e  an exponential  re la t ionship  for  constant  in ternal  hea t -  and m a s s - t r a n s f e r  coeff ic ients ,  and such 
ca se s  a r e  not typica l  of highly d i spe r sed  porous  solids.  

The expe r imen ta l  m e a s u r e m e n t  of the t ime-dependent  quanti t ies  t, u, d t / t iT ,  d u / d r  in (5)-(14) during 
the drying of d i spe r sed  solids is quite easy  and may be ca r r i ed  out very accura te ly .  Much g r e a t e r  (though 
surmountable)  diff icul t ies  a r i s e  in keeping high values of Bim and Biq during the drying p roces s .  It  is i m p o r -  
tant to sat isfy this condition exper imenta l ly  because ,  in ter  alia,  many exis t ing methods of de te rmin ing  the 
m a s s - t r a n s f e r  c h a r a c t e r i s t i c s  of mois t  porous solids [6, 10] a l so  a s sume  that the expe r imen t s  a r e  c a r r i ed  out 
fo r  la rge  values of Bi m and Biq, although the authors  in quest ion did not specif ical ly  st ipulate this. The appl i -  
cation of the cor responding  computing fo rmulas  may produce ser ious ly  d is tor ted  resu l t s  if these conditions 
a r e  unsatisfied.  We may note, in pass ing ,  that the computing formula  of the method descr ibed  in [6] may be 
expres sed  as a pa r t i cu l a r  case  of our  own equations,  subject  to the constancy of the t r a n s f e r  coeff ic ients ,  a 
parabol ic  d is t r ibut ion of mois tu re  content,  and the condition Pn << 1. 

We see f rom the foregoing that,  despi te  the s impl ic i ty  of the computing fo rmulas ,  the expe r imen ta l  
rea l iza t ion  of the f i r s t  p rocedure  is f raught  with difficult ies.  In pa r t i cu la r ,  the crea t ion  of high Bi m and Biq 
compels  us to work  with s amples  of g r ea t  th ickness ,  which extends the period of the expe r imen t  and ave rages  
its r e su l t s  over  the whole th ickness  of the sample .  In addition to the f i r s t  p rocedure  it is the re fo re  des i rab le  
to use other f o r m s  of drying f r o m  which these expe r imen ta l  diff icult ies  a r e  excluded. 

Let us cons ide r  a second procedure  in which Bi m and Biq have values of the o rder  of unity. Substituting 
fo r  the m a s s - c o n t e n t  u = m / m  0 and executing some obvious t r ans fo rma t ions ,  (7) and (7a) may be wri t ten 

l "z. dm 3moc,~ (~t0 _ ~), (16) 319cm din _~ _ _ _  

am d'~ a m(l  + Pn) d'~ 

3lp dm l ~ dm 
+ = 3m o (u o - -  u). (16a) 

a~ d'v a~(1 + Pn~) d'~ 

In o rder  to de te rmine  the m a s s - t r a n s f e r  c h a r a c t e r i s t i c s  of the ma t e r i a l  by (16) and (16a) we mus t  c a r r y  
out two expe r imen t s  under the same  conditions but for  different  th icknesses  of the m a t e r i a l  In the f i r s t  e x p e r i -  
men t  (with smal l  l values)  it is easy  to calculate  a m  or au f rom (16)-(16a) for  a pa r t i cu l a r  sample  and p a r -  
t i cu la r  condit ions,  s ince the middie t e r m s  of the equations a re  negligibly smal l .  The second exper iment  is 
c a r r i e d  out w i t h e  fa i r ly  thick sample .  Substituting a m  and ~u der ived f rom the f i r s t  expe r imen t  into (16) and 
(16a) it is easy  to ca lcula te  c~ m ( l+Pn) .  
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The necessi ty of car ry ing  out two experiments  with each sample is, of course ,  a disadvantage of the 
second method of determining the m a s s - t r a n s f e r  cha rac te r i s t i c s ,  since it increases  both the time taken and 
the e r r o r  committed. However,  on ca r ry ing  out the experiments  by the second procedure there is no need to 
create  very r igorous drying conditions, and this great ly simplifies the experiment.  The e r r o r  committed in 
car ry ing  out the two experiments  may be great ly reduced by increasing the thickness of the sample in the 
second experiment ,  so that the te rm containing a m is small  by compar ison with the second term in (16) and 
~m may be measured quite roughly in the f i rs t  experiment.  

A [so of considerable interest  is a third procedure in which the dispersed solid sample is "thln" with 
respect  to heat t r ans fe r  (Biq -- 0) but not with respect  to mass  t ransfer .  }"or the experimental  realization of 
this a r rangement  it is sufficient to take a sample of the same thickness as in the second procedure,  but of a 
small  c ross  section, with thin mois ture- insula t ion of the side walls and bottom. The mass  (moisture) flow 
then remains one-dimensionaL Heat t ransfer  through the side walls and bottom of the sample equalizes the 
tempera ture ,  which is equivalent to an increase in the thermal  conductivity of the sample and a reduction in 
Biq. Fo r  calculating the m a s s - t r a n s f e r  cha rac te r i s t i c s  in the third measur ing procedure,  all the laws a s -  
sociated with the second procedure  may be used, but with due allowance for the fact that the temperature  dif-  
ference in the sample is small ,  and correspondingly Pn -- 0. Thus, af ter  car ry ing  out experiments and ca l -  
culations analogous to those character iz ing the second procedure ,  but under the conditions of the third, we 
may find the isothermal  and not the adiabatic charac te r i s t i cs  of internal mass  t ransfer .  

In order  to determine the effective thermophysical  charac te r i s t i cs  of dispersed solids (allowing for 
mass  t ransfer) ,  it is convenient to pass to a fourth procedure in which Biq -- ~. Inthis  procedure ,  in fact, the 
hea t - t r ans fe r  equation takes the form (5), i.e., it enables us to calculate aq or kq very easily. The exper i -  
mental real izat ion of the fourth procedure is much s impler  than the first .  

The higher the value of Biq, in fact, the c loser  is the surface tempera ture  to the temperature  of the 
ambient. Thus, if instead of t o we substitute the sample surface temperature  into (5), we find that (5) remains 
valid even when the condition Biq >> 1 is not satisfied, i.e., for comparat ively slow modes of drying. A change 
in surface tempera ture  during the experiment will not dis tor t  the resul ts ,  since in deriving the general fo r -  
mulas (5)-(7) constancy of t o was nowhere assumed. 

In deriving all the foregoing equations we considered that the mater ia l  under test experienced hardly any 
shrinkage (l ~- const). However, if it becomes impermiss ible  to neglect shrinkage during the drying process ,  
the computing formulas  remain valid, but different values of l will have to be substituted into them at different 
stages of the experiment,  and this great ly complicates  the experiments  and calculations. However. this shor t -  
coming, like any possible changes in the pore s t ructure  of the mater ia l  under different shrinkage conditions, 
applies equally to all known complex methods of investigation in which a wide range of moisture  contents of the 
mater ia l  is embraced by a single experiment.  

The foregoing cases do not, of course ,  exhaust all possible methods of measur ing the m a s s - t r a n s f e r  and 
thermophysical  charac ter i s t ics .  An analysis of the general  equations (5)-(7) will probably enable us to dis t in-  
guish other cases  of drying which are  easy to execute experimentally and serve as a basis for calculating the 
charac te r i s t i c s  of the mater ia ls  under test. In conclusion, we note that all the proposed methods are rapid and 
comprehensive,  since from the resul ts  of a single experiment we may determine the charac te r i s t i cs  of the 
mater ia l  over a wide range of mass  contents. 

N O T A T I O N  

t, temperature ;  g, chemical  potential; u, mass  content (t, p, u, average values over the volume of the 
body; to, Po, uo, values in the ambient); T, time; x, coordinate;  aq, thermal diffusivity; ;~q, thermal  conductiv- 
ity; am, au, mass  potential conductivity coefficients;  (5, 5u, thermal-gradient  coefficients;  s, phase - t r ans -  
formation cr i ter ion;  cq, Cm, specific heat and mass capacit ies;  p, density; r ,  specific heat of vaporization; 
aq ,  am ,  external beat-  and m a s s - t r a n s f e r  coefficients;  At, A2, integration constants;  Pn, Posnov number; 
Biq, Bim, heat-  and m a s s - t r a n s f e r  Blot numbers.  
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A CALCULATION METHOD FOR TANGENTIAL 

SPRAY DRYERS 

P. S. Kuts and V. A. Dolgushev UDC 533.697:621.532 

A method is presented for  calculating the design p a r a m e t e r s  of a cyl indr ical  spray d r y e r  with 
t a nge n t i a l  h e a t - c a r r i e r  input; the re  lationships are  analyzed. 

Spiral  flows of interact ing phases a re  used in drying equipment because they set  up a centr i fugal  pat tern,  
which allows one to ra i se  the concentrat ion of the d ispersed component,  increase  the relat ive speed of the 
phases ,  and thus acce le ra te  the heat and mass  t rans fe r .  

Here  we examine a mathemat ica l  model for  droplet  interact ion with a sp i ra l  gas flow in order  to define 
the par t ic le  dynamics in re la t ion to chamber  design, with the object of providing basic concepts for  design 
purposes .  

The motion of a droplet  in such a chamber  is a complex curv i l inear  one in a spatial  velocity distribution; 
the motion is affected by numerous  d i f ferent  fo rces  and other effects  [1, 2]. The following externa l  forces  act 
on a par t ic le  in the genera l  case:  gravitat ion,  react ive  evaporat ion,  molecular  a t t ract ion,  e lec t ros ta t ic ,  e l e c -  
t romagnet ic ,  and gasdynamic.  

The la t ter  includes the aerodynamic res i s t ance ,  the coun te rp re s su re ,  the force  due to turbulent mass 
t r ans fe r ,  and the Magnus force ,  the last ar is ing by rotat ion of a par t ic le  around its axis. 

It is impossible to re f lec t  the combined action of all these fo rces  fully in the different ial  equation, so 
various assumptions must  be made. 

We cons ider  the motion of the heat c a r r i e r  along a spi ra l  line whose pitch is uniform along the length 
and radius ,  with the motion taken as s ta t ionary at  an average  velocity and as not involving rapid turbulent ex -  
change. Radial  leakage and secondary eddies are  neglected, as is the loss of small  par t ic les  toward the center  
of the chamber.  It is assumed that the centr i fugal  force is purely radial ,  while the tangential and axial ve loc i -  
t ies of the par t ic le  and c a r r i e r  a re  equal at each instant. In addition, we incorporate  the change in droplet  mass  
as well  as the effects  of the radial  centr i fugal  force and viscous res is tance .  

The Centrifugal force  is defined by 
�9 ~ 2  

Fc.f. = m p 2 �9 (1) 

This  force produces radial  motion of the pa r t i c l e  (separation speed), and the resul t  is a res i s tance  force 
exer ted by the gas: 

= , s  (v  - -  vp~ ~ v l  Fr'f" 2q ' (2) 
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