
the mean lifetime of a vapor bubble an the heat-liberating surface can be found. For the 
given experimental conditions these values proved equal to T s = 1 msec and <T> = 1.57 msec. 

At high thermal fluxes the ratio~ max/<~> increases, reaching, in individual cases (at 
thermal fluxes close to critica~ values close to four. This intensification of the effect 
at higher thermal fluxes can be obtained by studying a more complex model which considers 
coalescence of vapor bubbles on the surface. Coalescence leads to distortion of the bubble 
distribution over current and separation radii. Moreover, the vapor films which thus appear 
can accumulate the contribution to vapor content of the short-lived vapor bubbles, which also 
encourages intensification of the observed effect. 

It can thus be assumed that the theoretical conclusions obtained on the basis of ele- 
mentary statistical theory of collective phenomena in boiling do not contradict the experi- 
mental results. The divergence which appears in regimes close to critical should stimulate 
the development of a theory which can be applied in the region of regimes which have the 
greatest practical interest. 

NOTATION 

T, time; rs, time required for attaining most probable separation radius; <T>, mean 
lifetime of vapor bubbles on heater surface; F, vapor content; ~ max, maximum vapor content 
achieved in transition process; <~[>, mean vapor content in steady state; N, number of vapor 
formation centers acting on surface; Ro, resistance of experimental heater element; Re, re- 
sistance of equivalent load. 
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CALCULATION OF INSTALLATIONS FOR DRYING GAS SUSPENSIONS 

V. K. Maskaev and A. P. Baskakov UDC 66.047 

A method is given for calculating drying installations where an air suspension of 
finely dispersed particles is used as the drying agent. 

In convective dryers the drying intensity is increased either through an increase in the 
coefficients of heat exchange between the material being dried and the drying agent or through 
an increase in the temperature of the latter. In the second case, even in the drying of fine 
particles, a significant temperature difference often develops between their surface and cen- 
ter, which leads to worsening of the quality of the finished product [i]. An increase in the 
coefficients of heat exchange requires considerable velocities of motion of the heat-transfer 
agent and corresponding expenditures of electrical energy. In the drying of finely dispersed 
particles in a fluidized bed the values of the coefficients of heat exchange play almost no 
role owing to their large specific surface area [2]. Here the amount of heat, proportional 
to the velocity and excess temperature of the gas, becomes the limiting factor. However, the 
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gas velocity is limited by the carrying away of the particles, while a high temperature can 

lead to damage of the product or even to its combustion. 

A third course, increasing the volumetric heat capacity of the agent, is almost unused 
in industry. In an air chamber located in front of the drying chamber we can mix the hot 
gas and finely dispersed dry particles which do not suffer from overheating. The time the 
particles spend in the air chamber is chosen as not less than the time of their thermal inter- 
action with the gas. At the entrance to the thermal-treatment bed the drying agent will con- 
sist of a gas suspension with the gas and dust particles having equal temperatures. The 
volumetric heat capacity of such a drying agent and the amount of heat supplied to the fluid- 
ized bed of particles being dried increase almost in proportion to the mass flow-rate con- 
centration of dust. It should be noted that the use of a dusty fluidizing agent leads to 
some decrease in the working velocities in the apparatus [3], but still considerably increases 
the total amount of heat supplied. The coefficients of heat exchange grow somewhat in the 
process [4], which also has a positive effect on the performance of the drying process. The 
powdered particles can either be removed from the bed separately from the particles being 
dried or unloaded together with time if particles of two kinds can enter into the compensa- 
tion of the finished product. In the granulation of pulps and suspensions in a fluidized bed 
the hot dust particles supplied with the gas can serve as additional granulation centers and 
improve the granular composition of the finished product [5]. 

In the general case a drying installation for drying a gas suspension will consist of 
an air chamber, an air heater for heating the gas or gas suspension, and the dryer proper. 
A method of calculating such installations using an I--x diagram for the humid air is sug- 
gested in the present report. 

Process in the Aeration Chamber 

At the entrance to the chamber let there be humid air with the parameters Ga, Xa, and 
t a and dust with the parameters Gs, Cs, and ts. The interaction of the dry dust with the 
humid air can be treated as the interaction of air of two states if the influence of the 
finely dispersed dust is replaced by the equivalent thermal action of absolutely dry air (it 
is assumed that the heat capacities Cs and c a do not vary), i.e., 

Qs ~ O.as or G s c s t s  = GasCat s . (1)  

The heat-balance equation for the air chamber will be 

qa ~- Qs -- Qga (2) 
Here Qga = IgaGga and Gg a = G a + Gscs/c a. With allowance for this and (i), Eq. (2) takes 

the form 

' C a  

In  t h e  l a t t e r  e q u a t i o n  ) 
Keeping in mind the (Gs/G a)(cs/ca) = ~(Cs/Ca), and designating the latter expression as K~, 
from (3) we obtain 

Isa-- l,a = -- K~. (4) 

lga --/as 
Let us construct the moisture balance equation for the air chamber: 

where GsX s = Gasxas. 

Using (i), from (5) we obtain 

Here 

Gsxs ~ Gax'a = OgaXga, 

X a 

(5) 

os .s x.s-_ (i 
Ga ca Ga Ca Xga" (6)  

m vJ "- , <,, 
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Then from (6) we have 

_s xa_ = __ K~. 
Xga-- ~s (7) 

Thus, with an equivalent substitution of dry air with the parameters Gas = Gscs/ca, 
ts, and Xas = 0 for dust with the parameters Gs, ts, and Xs = 0 in a gas suspension the en- 
thalpy of the mixture can be determined from (4) as 

la + lasK~, (8) 
Iga - 1 + K~ ' 

w h i l e  t h e  m o i s t u r e  c o n t e n t  f r o m  (',7) c a n  b e  d e t e r m i n e d  a s  

x g ~ _ _  
Xga ----, 1 + K .  ' (9)  

The  r i g h t  s i d e s  o f  (4)  a n d  (7)  a r e  t h e  s a m e .  s o  

lga--la _ x g a - - x  a 
Iga --/as Xga-- xas (10)  

In the coordinates x, I the expression (i0) is the equation of a straight line passing 
through the points A(xas , , Ias) and B(Xa, Ia). It is proposed to determine the point C(xga, 
Iga) on the straight line AB in the following way. We preliminarily construct additional dia- 
grams (Fig. i) in accordance with the expression K~ = VCs/C a to determine Kp and in accord- 
ance with (9) for Xg a. We plot the points A(O, t s) and B(xa, Ia) on the I-x diagram and 
connect them with a straight line. Having determined Cs/C a we find KD from a Kp--~ diagram 
and we find Xg a from an Xga-K ~ diagram. It is clear that the point C of intersection of the 
straight lines Xg a = const and AB will be thesought point characterizing thestate of the mix- 
ture at the exit from theair chamber. We determine the parameters of the mixture at the 
point C by the usual procedure, except for the relative humidity~ ga, which does not have 
meaning for the actual mixture. Let us conditionally separate the mixture into components 
at the exit from the air chamber and determine their parameters. On the I--x diagram this 
process is depicted by a straight line passing through the point C and coinciding with the 
isotherm t C. The points A'" and B'" characterizing the state of the components must lie on 
the lines Xas = 0 and x a. 

Process of Air Heater 

In the heating of a mixture to a temperature t C' in a recuperative heat exchanger the 
lines of the processes of variation of its parameters and components on the I-x diagram coin- 
cide with Xg a = const, Xas = const, and x a = const. The points A', B', and C' will character- 
ize the components and the mixture at the exit from the air heater. 

Process in an Ideal Drying Chamber 

The process of heat and mass exchange between the gas suspension and the product takes 
place along I C, = const, since all the heat for moisture evaporation is drawn from gas sus- 
pension. The drying of the gas suspension will proceed until ~a in the gas suspension be- 
comes equal to 100%. First of all, therefore, we must know the process of variation of the 
air parameters for calculations of the drying process. To construct it we mark on the dia- 
gram the points A', B', and C' characterizing the parameters of the components and the mix- 
ture at the entrance to the drying chamber. Let the moisture content of the mixture change 
by Ax C from xC to x D during the drying. The new parameters of the mixture are determined by 
the point D. It is seen from the construction that a change of x C by Ax C leads to a change 
in XB' by Ax B to x N. Then the moisture content at the points D, B', and N is determined as 

XD = XC" + A~c; (11)  

x B ,  = x c ,  (t + K,,);  (12)  

x~ = xo(1 + K.). (13) 
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Fig. i. Diagram for calculating an installation for drying 
a gas suspension. 

In this process the enthalpy of the air changes by AI B from IB w to I N . Let us determine 
the shape of the curve connecting the points B' and N. We find the enthalpy of the air at 

the points N and B': 

IN = c~to + X v (  r _i_ tyro); (14) 

I~, = c,t~, + xB, (r + c,,tc,). (15)  

We s u b s t i t u t e  t h e  v a l u e s  o f  XB' and x N f r o m  (12) and (13)  i n t o  t h e  l a t t e r  e q u a t i o n  a n d d e t e r -  
mine AI B with allowance for (Ii): 

Ala -= c a (t o - - t c , )  - -  (1 + K~)[CvX c, ( t o - -  tc , )  . A x  c (r @ Cv~D)]. (16) 

We e x p r e s s  t D t h r o u ; h  known p a r a m e t e r s .  Fo r  t h i s  we w r i t e  t h e  e q u a t i o n s  f o r  d e t e r m i n -  
i ng  the  e n t h a l p y  o f  the  m i x t u r e  a t  p o i n t s  C' and D: 

I c ,  = cat c,  § x c ,  (r -'r" Cvtc.) + K,.Cdc,; (17) 

I o = cat o - -  x~  (r + Cvto) -!- K~cat o. (18) 

But by convention the enthalpy of the mixture remains constant during the drying , i.e., I C' = 
I D. Solving (ii), (17), and (18) jointly, we find that 

cat c,  (1 - -  K . )  + CvX c,  t c,  - r A x  c (19) 
to = ca(l  + K~) -" cv(Xc. -:- AXc) 

We s u b s t i t u t e  t D f rom (13) i n t o  ( 1 6 ) ,  and a f t e r  t r a n s f o r m a t i o n s  we have  

[ca(l + Ku) ~- cv (Xc, -~- Axc)] AIs = caK~(r ~ Cvtc,)(2 - K~) A x  c �9 (20)  

From Eqs.  ( 1 1 ) - ( 1 3 )  we g e t  
Ax B 

A X c - -  1 + K ~  " (21) 

Then by substituting t B' for t C, we can rewrite (20) in the form 

AI s Al B 
Ca (1 ~.- K~) 2 -i-~B + CvX B, A x  s + c v ~ l B  = caK.(2 + Kv)( r + Cvts')" (22) 

Let us find the l~mits of the right and left sides of the equation as Ax B -~ 0. Since 

lim Als  d in  
- -  7 a n d l i m  AI B = O, 

AXB~O AX B aXB AXB~O 

we have 
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dI n caK ~ (2 + K~)(r + %tB,) 

dx  B -- C a ( ~  1 + K,)2 + cvxB" (23) 

All the quantities on the right side of (23) are constant and do not vary in the given 

process. We integrate the latter equation in the limits from I B, and x B, to the variable 

upper limits I n and x n. Then 

I~  - -  I n, caK ~ (2 + K.)(r + c~B,) 

x __XB, -- ca ( l+K~)Z+CvXB,  (24) 

The latter equation is easily reduced to the canonical form of the equation for a straight 
line passing through the point B': 

In = axn + b. (25) 

Here the constants are 

and 

a 
CaKe(2 + K~)(r +CvtB,)  

c a (1 + Kv) 2 + cvx e,  

b = I B , - -  X B , 
caK ~ (2 + K.)(r + Cvt e,) 

c a !1 + K.)  2 + CvX ~, 

Thus, the process of variation of the state of the humid air in a drying chamber using 
a gas suspension as the drying agent proceeds along the straight line described by (25). The 
position of this straight line on the l-x diagram is determined by the coefficients a and b, 
constant for a given drying regime, which depend on U and c s of the dust and the state XB, , 
t B, of the humid air at the entrance to the drying chamber. 

To construct lines of the process of variation of the air parameters it is sufficient to 
know the initial point B' and any other point E characterizing the humid air in the chamber. 
The latter point is found as follows. On the line I C, = const we arbitrarily choose a point 
M (the farther from C ~ we choose M within allowable limits, the more accurate the construc- 
tion). We go down along x M = const to the intersection with ~ = const and seek x E on an 
auxiliary line of the x--K u diagram. We go up along x E = const to the intersection with the 
isotherm t M. Through the point E thus found and the point B' we draw a straight line which, 
as shown above, characterizes the process of variation of the parameters of the humid air in 
the chamber. The final point B" is determined for the state of the air at the exit from the 
dryer from the conditions of the concrete problem. To determine the parameters of the mix- 
ture (the point C") and of the second component (A") it is sufficient to find the intersec- 
tion of the I axis and the line I C' = const with the isotherm tB,,. 

Consumption of Heat, Air, and Dust in Drying 

The heat per kilogram of dry air expended on heating the humid air is 

qa = IB" - -  IB . . . .  

The heat per kilogram of dry air expended on heating the finely dispersed particles of the 
gas suspension is 

qs = K~ ( l  A, - -  I A , , ' ) "  

The heat per kilogram of dry air expended on heating the gas suspension is 

qga = (1 + K,)( I  c, - -  I c) 

o r  

q g a =  K ~ ( I  A, - -  IA ,  , ,)  + ( I  B,  - -  I B , ,  ,). 

The f r e s h  a i r  e x p a n d e d  on t h e  e v a p o r a t i o n  o f  1 kg o f  m o i s t u r e  i s  

1 
l a = X B , , ~ X B ,  " 

The d u s t  expend ed  on t h e  e v a p o r a t i o n  o f  1 kg o f  m o i s t u r e  i s  

1 
Is = ~  - -  

XB,, - - X  B ,  

The h e a t  e x p e n d e d  on the  e v a p o r a t i o n  o f  1 kg o f  t h e  m o i s t u r e  i s  
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o r  

q = 
1(,. ( l  A,  -- I A,  , ,) ~- ( I  B, -- t B , ,  ,) 

X B. - -  XB, 

q = _ 1 + / < .  (Zc, _ tO)+ 
XB,, -- X B" 

Thus, the given procedure can be used in the calculation of installations for drying 
gas suspensions and the determination of the consumption of heat, air, and dust in drying. 

NOTATION 

c, mass specific heat, kJ/kg'~ G, mass flow rate, kg/sec; I, enthalpy of a unit mass, 
kJ/kg; Q, heat, kW; t, temperature, ~ W, mass flow. rate of moisture, kg/sec; x, moisture 
content per unit mass of dry material, kg/kg; ~, specific, mass, flow-rate concentration of 
dust, kg/kg dry air; ~ , relative humidity, %; r, heat of vaporization of water, kJ/kg. In- 
dices: v, vapor; a, air; s, dust; as, air substituting for dust; no prime~ at entrance to 
air chamber; '", at exit from air chamber; ', at entrance to drying chamber; ", at exit from 
drying chamber. 
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OPTIJiUM CONTROL OF MULTIZONE CONVECTIVE DRYERS 

I. P, Baumshtein, M. S. Beiopol'skii, 
and I.i G. Myaskovskii 

UDC 66.047.37 

The problem of the optimum control of multizone convective dryers is solved. A 
dryer used for dying pipes is considered as an example. 

Multizone convective dryers are widely used for drying materials in different branches 
of industry: chemical, construction materials, etc. In these dryers the drying agent is 
supplied by zones, and to each zone one can supply "fresh" drying agent, that "exhausted" 
for all the other zones, and "cold" air. Transfer of the material is accomplished with trans- 

porting devices. 

As the optimality criterion characterizing the energy expenditure on drying we take a 
criterion allowing for the consumption of "fresh" drying agent and the consumption Connected 
with the flows of drying agent from one zone over to another: 

n 

] = 1  i = t  

where Rji = 0 at Ggji = 0 and Rji = 1 at Ggji > 0. The first term cljGgj in Eq. (I) char- 
acterizes the expenditure of "fresh" drying agent, with the coefficient c!j depending on 
the potentialities of the heated gas as a drying agent; in particular, the value of clj in- 
creases with an increase in the gas temperature. The other two terms in Eq. (i), c2jiGgji 
and c3jiRji, characterize the expenditures connected with theflows of drying agent from the 
i-th to the j-th zone, with the value of the coefficient c3ji being determined by the Capital 
expenditures on the installation of the corresponding blower and the expenditures on the idle 
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