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The heat exchange of a wall of an apparatus with turbulent flow of an absorbing medium is 
examined. As a result  of the treatment of experimental data dimensionless relationships 
are  obtained for determining the length of the nonevaporating part  of the torch and the 
average temperature of the vapor -gas  medium at the end of the evaporation zone. 

The possibility of combined drying and calcination of the dry residue in a single apparatus, the high 
intensity of the processes ,  and the minimum discharge of waste gases into the atmosphere are  charac ter i s -  
tic of atomizing tubular dr iers  with heat supply from the walls, In connection with the future prospect of 
introducing dr iers  of this kind into indust2y it has appeared necessary to study the special features of the 
heat and mass exchange in these apparatus. 

The temperature fields of the moving screened thermocouple are measured in the vertical direct flow 
apparatus with a diameter of 300 mm and length of 2000 ram. The heating of the wall of the apparatus is 
car r ied  out by a power t ransformer  with low voltage currents .  The boundaries of the evaporation of the 
atomized water were determined from the deposition of solid salts on the experimental rod which was in- 
stalled in the lateral  cross section of the apparatus at various distances from the nozzle of the pneumatic 
jet.  The average discharge of liquid varied from 10-25 dm3/h, the average specific discharge of theatom- 
izing air  varied from 0.5-1.0 kg/kg. The temperature of the wall was established in the region of 400 to 
900*(2. 

The special features of the method of investigating the heat exchange and the boundaries of evapora- 
tion of the torch of atomized water have been examined previously [1, 2]. 

In expressing the process  the basis adopted was the mathematical model proposed by F. N. Shorin 
[3] for solving the inverse problem of heat exchange, when the source of heat is a flow of a turbulent heat- 
liberating medium, and the heat-receiving object is the wall of the apparatus. According to this method 
the case of complex heat exchange by using an introduced generalized coefficient of thermal conductivity, 
taking into account the radiant and convective forms of heat t ransfer ,  is reduced to the examination of a 
problem of convective-conductive heat t ransfer  in a cylindrical channel, and the corresponding differential 
equation is t ransformed by using the theory of similari ty in a functional connection of dimensionless param-  
e ters .  

The process of steady-state heat exchange between a turbulent flow of absorbing medium with the 
source of heat and the wall of the apparatus, without taking into account the energy diffusion (Fig. 1) is de- 
scribed by the equation 

div (qrad) 4- div (qconv) = O. (1) 

The convective heat t ransfer  depends both on the direction of the regulated movement of the medium 
and on the turbulent vort ices .  

We will introduce a generalized vector which unifies the radiant and turbulent heat t ransfer  
q* = ~*vT. (2) 
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The de te rmina t ion  of heat  t r a n s f e r  for  a turbulent  flow of absorb ing  medium and appara tus  

Fig. 2. The de te rmina t ion  of heat  t r a n s f e r  in the a r e a  of evaporat ion of the to rch  (L =Lto)  of the 
a tomized  liquid. 

The use  of the genera l ized  coefficient of t he rma l  conductivity ~* enables the known equation of con-  
v e c t i v e -  conductive heat t r a n s f e r  of an a x i s y m m e t r i c a l  moving flow of a medium in a cyl indr ical  channel 
to be used for  descr ib ing  such a complex case  

020 + 1 Oe _~ 0~0 w e 8e O. (3) 
Or s r Or Ox ~ a*  Ox 

The unknown function is r ep re sen ted  in the f o r m  of a product  by means  of the Four i e r  method O(x, r) 
= O(x) O(r). 

Taking into account that the solution of the p rob l em has a l r eady  been examined in detail  [3], we will 
dwell only on those  distinguishing fea tu res  which a r e  introduced by the new condit ions.  

The following boundary conditions were  adopted for  the solution: 

where r == Ra -- ~rad O' (r) Ir=Ra : O~rad{] (r)}r=Ra , 

where x = I a - -  ~.radO' (X)]x=ta = r (X)[x=ta.  

The boundary conditions when the absorbing medium enters  the zone of the appara tus  is desc r ibed  by 
the following equation: 

0 (r)x=0 : 01 = (fwa-- T 1 )  

The solution leads to a c r i t e r ion  connection of genera l  f o r m  

-O(x, r) - f ( w c D a ,  -kD a, A Twa la ) (4) 
\ E " 

The c r i t e r i on  of c o n v e c t i v e - r a d i a n t  heat exchange in the turbulent  flow of the absorbing  medium can 
be r e p r e s e n t e d  in the f o r m  

weD a : __weD a . __v . 1 

a* v a arad ? aturb 
a ($ 

The magnitude O(x, r) = (T2-T1) r ep resen t s  the di f ference of the ave rage  t e m p e r a t u r e s  of the flow at 
the outlet and inlet,  and the re la t ionship  (0(x, r))/01 = ( T 2 - T 1 ) / ( T w a - T 1 ) i s  theheat  exchange c r i t e r ion  for  
this zone. 

Hence the finn! t e m p e r a t u r e  of the medium is de te rmined  by the functional connection of the c r i t e r i a  

T~-- r  [ '  wDa k-Da, Aw~ , - - , - - ,  . (5) 

The c r i t e r i on  connection is obtained f r o m  the t ranscendenta l  equation. In this ease  the pr inciple  of 
fo rmat ion  of d imens ion less  c r i t e r i a  is subordinated to the F e d e r m a n  t heo rem [4]. 
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Fig.  3. Relationship between the lengths of the nonevapo- 
rat ing par t  of the torch  and the c r i t e r ion  of the absorbing 
capacity of the drop.  A = 7.08 L to /Da / [exp( -0 .53Twa  
/T~)] F r  0"29 [1) T d e r / T  1 = 1.9; 2) 1.65; 3) 1.5]. 

The Buger c r i t e r ion ,  which cha rac t e r i zes  the absorbing capacity of the medium, Bu = kD a is de t e r -  
mined at constant d iameter  of the apparatus ,  by the value of the coefficient of the attenuation of the beam k. 
The absorbing capacity of the homogeneous medium a c which in a general  case  consists  of radiat ion absorb-  
ing gases which contain par t i c les  is de termined by the equation 

ac = I -  exp(ko + kg)tg. (6) 

The absorbing capacity of the clouds of par t i c les  can be taken into account by the dimensionless  
p a r a m e t e r  K 1 = (DaKsol/rsolPsol) which r ep resen t s  a var iable  par t  of the index of degree  of express ion  for  
calculat ion of the coefficient  of i l lumination ~0, of the par t i c les  along the axis of the cyl indrical  r e ac to r  which 
contains the gas suspension [5]. 

~ ' = e x p [  -0"6Da 3Kdr4rsolpsol]" (7) 

The absorbing capacity of the gas in a more  widespread case of drying aqueous solutions in an a i r  
medium for  a single d iameter  of the apparatus is de termined by the par t ia l  p r e s s u r e  of the water  vapors 

K.,, = m lt - .  
mti  -]-mair. o.azz 

The resu l t s  of the p re l imina ry  investigations of the aerodynamic torch of atomized liquid ca r r i ed  out 
by us and the apprais ing calculations show that for  the level  of turbulence r eco rded  in the apparatus [5, 6], 
the Reynolds c r i t e r ion ,  which is dependent on the average  speed of the medium along the c ross  sect ion of 
the apparatus in the range of studied volume d ischarges ,  is not the determining p a r a m e t e r  (for the major i ty  
of sys tems  its value does not exceed 300 and cor responds  to the laminar  flow sys tem) .  In view of this the 
veloci ty  of the g a s - l i q u i d  s t r e a m  flowing out f rom the jet  (the Froude number for  the g a s - l i q u i d  s t r e a m  
F r  = (W2mix/gd0) is examined as the main hydrodynamic factor  which influences the heat exchange. As fol-  
lows f rom the theory  of the turbulent  gas torch [7], the Froude c r i t e r ion  quite c lea r ly  cha rac t e r i zes  the 
turbulence and the hydrodynamic long range of the torch .  Obviously, not only the length of the heat exchange 
s e c t i o n / a / D a  but also the distance f rom the beginning of this sect ion to the source  of turbulent d is turbances ,  
i .e . ,  the nozzle of the jet ,  can be a substantial  determining factor ,  La/D a.  

Represent ing the dimensional  p a r a m e t e r s  wcDa/U , kzDa, a0TlS/'kk, u /a  in the fo rm of the Boltzman 
c r i t e r ion  030 = W e C c P c / a o T ~ )  and omitting the c r i t e r ion  of the absorbing capaci ty of the wall Awa , which 
remains  constant for  the conditions of the exper iments  in one apparatus,  we will obtain the functional con-  
nection of the c r i t e r i a  in the f o r m  

) ? Bo 
L '  'Da' " 

In the case  of evaporat ion in an apparatus a pure  liquid which does not contain sa l ts ,  the c r i t e r ion  K 1 
for  the zone of superheating of the flow of the v a p o r - g a s  medium following the evaporat ion zone will not 
have any meaning. 

When a torch of a tomized liquid is introduced into the apparatus evaporat ion of the drops and super -  
heating of the v a p o r - g a s  flow occurs  by means of the heat supply f rom the walls (Fig.2).  In these condi- 
t ions,  Eq. (1) includes the vector  of the d i rec ted  regulated enthalpy t r ans fe r  PcCcT'l and the energy neces -  
s a ry  for  evaporat ion of the liquid K k on the line qevap in the fo rm of an evaporat ion component Kdr 
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Fig ,  4. Relat ionship between the ave rage  t e m p e r a t u r e  of the 
v a p o r - g a s  medium at the end of the evaporat ion zone and 
the c r i t e r ion  of the absorb ing  capaci ty  of the cloud of d rops .  
The  designations a r e  the s a m e  as in Fig.  3. B = 0.127 (Tde r 

I T T - 0 . 8 1  - 0 . 6 2 5  - T 1 ) / ( T w a - T t ) / ( T w a / T 1 )  F r  . 

qconv = w c (pccer~- Kdr%vap) (9) 

and the vec tor  of t r an s f e r  of enthalpy and energy  of evaporat ion of the liquid by means  of turbulent vor t i ces  

qconv: ~ (~turbV T - -  Dturt~qevapV/~r ). (10) 

Wewil l  use  the de te rmina t ion  of the der ived t e m p e r a t u r e  

Tder~- "F~ + - ~  qeva-~ mzi " (11) 
%g(mt t + mair ) § %ol a'sol mli ' 

which the medium would acquire  at the end of the. zone of evaporat ion on condition that the heat  lost  on evap-  
ora t ion  of the liquid contained in the medium is d ischarged for  its superheat ing f r o m  the actual  final tern-  - !  
p e r a t n r e  T 2- 

Introducing the der ived t e m p e r a t u r e ,  the equation of energy  t r a n s f e r  (1) can be wri t ten in the f o r m  

div (wcpoC~er) § div (-- ZradVTde r) + div (-- ~urbVTder ) : 0. (12) 

In view of the ex t r em e  complexi ty  of the p r o c e s s e s  taking place  in the torch ,  we will confine ourse lves  
to examinat ion  of an approx imate  s y s t e m .  In the case  of full instantaneous evapora t ion  of the a tomized  l iq-  
uid, which is evenly dis t r ibuted in the c a r r i e r  gaseous medium entering into the zone with a s ingle speed 
over  the whole l a t e ra l  c r o s s  section,  the p r o c e s s  will be wr i t ten  by the s ame  c r i t e r ion  connection as in the 
p r o c e s s  of heat exchange of turbulent  flow of the absorbing  medium with the walls of the appara tus .  In this 
case  the final t e m p e r a t u r e  of the flow in the zone co r responds  with the der ived t e m p e r a t u r e  Tde r .  Evidently 
the p r o c e s s  of heat  t r a n s f e r  in the evapora t ing  zones with s im i l a r  geomet r i ca l  conditions of input and evap-  
ora t ion  of the g a s - l i q u i d  s t r e a m  can be r e p r e s e n t e d  in the f o r m  of two functional connections in which the 
c r i t e r ion  of heat  t r an s f e r  ( T d e r - T ~ ) / ( T w a - T ~ )  is the nondetermining p a r a m e t e r  and the d imens ionless  
length of the nonevaporat ing torch is Lto /Da:  

~ r  T; 

D a , Tl T~ / "  

(13) 

(14) 

The  c r i t e r ion  of the absorbing  capaci ty  of the clouds of drops  K 1 in the given case  is examined for  
boundary  conditions at the inlet of the zone (in the case  of init ial  values  of the d i spe r s ion  rd r  0 and of the 
m a s s  concent ra t ion  of liquid Kdr 0 in the volume of a tomizing a i r  Vg0)- The appl icabi l i ty  of the functional 
connections obtained is l imi ted  by  the conditions of the geome t r i ca l  s imi l a r i ty ,  which a r e  cha rac t e r i zed  by 
the f ac to r  of concentra t ion d0/Da and the angle of opening of the to rch  ~to .  

In the l imi t s  r ecommended  in the technology of pneumat ic  a tomizat ion  the re la t ionships  of the d i s -  
cha rges  of a tomizing a i r  in the liquid and the technical ly  useful  d i a m e t e r s  of the appara tus ,  the Buger  c r i -  
t e r ion ,  which takes  into account the absorb ing  capaci ty  of the v a p o r - g a s  phase ,  va r i e s  negligibly,  and t h e r e -  
fo r e  this influence in the f o r m  of the p a r a m e t e r  K 2 can be neglected.  
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The Boltzman c r i t e r ion  for  the evaporat ion zone is determined according to the formula  Be = WcCcP c 
/a0(T't7 3. Since in this zone the medium is not homogeneous,  it is hence a question only of specif ic  der ived 
values of the velocity Wc, the specif ic  heat c c and the density Pc of the flow of the medium. 

The der ived specific heat can be determined according to the formula:  

co= elimIi (Tevap- T]) + q evapmti + C-v.~m~i (~ -- Tevap)q- c air m air (T~ - -  TI) (15) 
(m.li+ mair)(Td_~c-- T;) 

The der ived density of the medium is given by 

- -  4 (mli+ mair) (16) 
~D~ ~c3600 

Analysis  of the data obtained did not revea l  a relat ionship between the nondetermining p a r a m e t e r s  
(137, (147 and the c r i t e r ion  Bo' ,  although the la t ter  var ied almost  by 3 t imes at the expense of the speed and 
the specific heat of the medium. 

In view of the fact that for  the sys tems  studied the volume discharge of the medium is dependent on 
the laminar  nature  of the flow, the vi r tual  absenee of the influence of the c r i t e r ion  Bo' on the intensity of 
the heat and mass  t r ans fe r  is quite according to the ru l e s .  

The s implex T d e r / T  ~ var ied  insignificantly; its influence was v e ry  smal l .  

As as resu l t  of t rea tment  of the exper imenta l  data the c r i t e r ion  relat ionship was obtained. 

The dimensionless  length of the nonevaporating par t  of the torch  of a tomized liquid (the length of the 
evaporat ion zone) is de te rmined  by the express ion  

Lto/Da [exp(--O,53=Fwa/T;) ] Fr~ + 0.015 DaKclr/. (17) 
r dr P/i / 

The dimensionless  t empera tu re  at the end of the evaporat ion zone 

- , -o  8, -o ~65 _ 5.3 OaKdr~. Tde r -  T;_ ( T j T , )  ' Fr ' (174.4 (18) 
Twa-- T] \ --/.drPl i , 

The investigated regions of var ia t ion of the c r i t e r i a  cor respond to the main sys tems  of drying in the 
tube with heat supply f rom the wails .  

The mean square  e r r o r ,  calculated with u probabi l i ty  of 95%, for  Eq. (177 was +11%, for  Eq.  (18) it 
was +10%. The nnalysis of the relat ionships obtained showed that the main fac tors  on which the length of 
the torch depends are  the t empera tu re  of the wall, the Froude c r i te r ion ,  and the c r i t e r ion  of the absorbing 
capacity of the cloud of drops .  

Increase  of the wall t empera tu re  sharply  reduces  the length of the nonevaporating toreh,  obviously, 
most  of all owing to the inc rease  of the radiant  flow of heat and the intensive evaporat ion of the cloud of 
drops .  

In the ease of inc rease  of the F r ,  the torch becomes longer as a resul t  of the longer range of the 
s t r eam,  although at the same t ime,  as a resu l t  of the inereasing turbulence,  the heat t r ans fe r  f r o m  the wall 
to the torch  is intensified and as a resu l t  of the length of the evaporat ion zone is reduced with inc rease  of 
F t .  Hence the t empera tu re  of the medium at the end of evaporat ion dec rea se s .  Obviously this takes place 
as a resu l t  of intensification (at a much higher  level  of turbulence in the apparatus) of the interphase heat 
t r a n s f e r  of the sys tem g a s - d r o p s  and of the completion of the p rocess  of evaporat ion of the drops in the 
case of a smal le r  t empera tu re  difference between the gas and the drops.  

The c r i t e r ion  of the absorbing capaeity DaKdro/rdroPli in the range of values studied has considerable  
influence on the length of the torch  (Fig. 37. With a constant d iameter  of the apparatus D a and density of the 
liquid Pli the c r i t e r ion  DaKdr 0 / rd r  0 Pli inc reases  with inc rease  of the initial specif ic  d ischarge  of liquid or 
with dec rease  of the initial dimension of the drops.  Hence the absorbing capacity of the torch  and the total 
radient  thermal  flow to it i nc reases .  However,  at the same t ime the coefficient of i r radia t ion  of the drops,  
moving along the axis of the apparatus,  dec reases ,  which must lead to a lengthening of the evaporat ion zone. 
Evidently the influence of the second fac tor  p redomina tes .  
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Increase  of the c r i t e r ion  DaKdr0/rdr0P/i  leads to a decrease  of the t empera tu re  in the end of the 
zone (Fig. 4). This  fact  is obviously explained by the fact that as a resul t  of the increasing absorbing ca-  
pacity of the cloud of drops,  the flow of the radiant heat d i rec t ly  to the drops is s t rengthened.  The process  
of evaporation is t he re fo re  completed at lower t empera tu res  of the v a p o r - g a s  medium. 

The following ranges  of measurement  of the c r i t e r i a  were  investigated: 

DaKdr = (6.5--12.5); mlt ---- (0.62--0.76); 
~ir,P/i mli -}- mair:0,622 

Tde r -  r l  = (1.50--2.46); Lt~ -- Twa = (2.4--3.7); 
7'wa:z-rl D~a -- (0"93"4'65): T~- 

Fr=(0.16.10~--0.72.10~);--~ = (1.47--1.95); Bo' = (0.19.10"~ 

,The t r i t e  r ion relat ionships (17), (18) can evidently be used for  calculation of the atomizing d r i e r s  with a 
nar row torch pneumatic jet with an angle of the opening of the f r ee  to rch  O~to ~ 14-25 ~ and with a geometr ica l  
fac tor  of concentrat ion of the torch  by the walls of the apparatus d0/D a -~ 0.01. Exper imental  confirmation 
of the re la t ionships  obtained was obtained by studying the process  of the atomizing d r i e r  of some types of 
technological pulps in apparatus  with a diameter  of 130 and 300 mm, where the relat ionships (17), (18) were 
used for calculation of the pa r ame te r s  of the optimal sys tem and the dimensions of the evaporat ion zone. 

a 

a*-X*/PcCc 
arad/a = 16/3 �9 (~0TS/kk 
a tu rb /a  = x I (wDa/V) o via 
a~ol 
C 

Cvg 

Dturb 
do 
f,  . . . , flV 

Ksol, Kdr 

kg 

k0 

T, a 

Lto 
la 
lg 

mair 
qconv 
q~onv = WcPcCc T 

qconv = -Xturb VT 
qrad = - k r a d  VT 
q~vap 

ts the 
is the 
,s the 
is the 
ts the 
is the 

NOTATION 

thermal  diffusivity, m/sec2; 
general ized the rmal  diffusivity, m~/sec; 
c r i t e r ion  of the radiant conductive heat t rans fe r ;  
c r i te r ion  of convective heat t r ans fe r ;  
salt  content in the solution, kg/kg; 
specific heat,  J /kg  �9 deg; 

is the specific heat of the v a p o r - g a s  medium at the evaporat ion t e m p e r a -  
ture  of the liquid, J /kg .  deg; 
is the d iameter  of the apparatus ,  m; 
is the coefficient of turbulent exchange of liquid in the gas,  m2/sec;  
is the d iameter  of the aper ture  of the liquid nozzle of the jet,  m; 
are  the signs of the functional connection; 
a re  t h e  concentrat ion of par t ic les  of drops of liquid in the volume of the 
atomizing a i r ,  kg/m~; 
is the coefficient of attenuation of the flux of the radiant  energy by the gas; 
i/m; 
is the coefficient of attenuation of the flow of the radiant energy by a cloud 
of par t ic les  or drops,  l / m ;  
is the mean coefficient of total attenuation of the flux of the radiant  energy,  
l / m ;  
is the 
m the 
m the 
1S 

1S 

IS  

lS  

distance f rom the jet to the beginning of the heat t r ans fe r  sect ion,  m; 
length of the nonevaporating torch  (evaporation zone), m; 
length of the heat t r ans fe r  sect ion,  m; 

the length of the beam which is equal to the thickness of the gas l ayer ,  m; 
the discharge of liquid, kg/h; 
the discharge of atomizing a i r ,  kg/h; 
the vector  of the convective heat t r ans fe r ,  J / m  2 . sec ;  

is the vector  of the convective t r an s f e r  of the enthalpy of the medium de-  
pendent on the direct ion of the o rder ly  movement ,  J / m  2 . sec ;  
is the vector  of heat t r ans fe r  by using turbulent vor t ices ,  J / m  2 . sec ;  
is the vector  of radiant  heat t r ans fe r ,  J / m  2 . see ;  
is the latent heat of the evaporat ion of liquids taking into account the neces -  
sa ry  heat for  heating up to the t empera tu re  of equil ibrium evaporation,  J 
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R a 
r 

rdro 
rsol  

Ti 

T2 

Twa 
We 

WcDa/  
Wmix 
x 
xl 

6 I 

k* = brad + ktur~ 
Xra d = 16/3.  go T /k  

kturb = DturbPcCc 

P 
Po 
<70 
(r o = 5.7 �9 10 -8 J / m  2 �9 deg �9 K 4 �9 see; 
V 

is the radius of the apparatus, m; 
is the current radius of the apparatus, m; 
is the initial volume-surface radius of the drop, m; 
is the radius of the particles,  m; 
is the initial average temperature of the medium on the superheating 
section, ~ K; 
is the temperature of the medium at the beginning of the evaporation 
zone, ~ 
is the final average temperature of the medium on the superheating 
section, ~ 
is the average temperature of the medium at the end of the evaporation 
zone, OK; 
is the average temperature of the wall, ~ 
is the speed of the flow of the medium, m/sec;  
is the Reynolds criterion; 
is the initial velocity of the gas- l iquid  mixture, m/sec;  
is the distance along the axis of flow of the medium, m; 
is the transition factor from the velocity of the flow and its lateral di- 
mension to the velocity and the length of the path of the turbulent mass 
in the flow; 
is the 
deg; 
is the 
is the 
is the 
is the 
�9 deg; 
is the 
to the 
is the 
is the 
is the 
is the 
is the 

difference between the temperature of the wall and the medium, 

temperature gradient, deg/m; 
coefficient of thermal conductivity of the medium, J / r e .  sec �9 deg; 
generalized thermal conductivity coefficient, J / m  �9 sec �9 deg; 
specific coefficient of radiant thermal conductivity [3], J / m . s e c  

specific coefficient of turbulent heat conductivity corresponding 
gradient of the derived temperature VTder, J / m ' s e c  �9 deg; 
coefficient of kinematic viscosity of the medium, m/sec;  
Prandtl criterion; 
density, kg/m3; 
concentration of particles in the medium, kg/mS; 
coefficient of radiation of an absolutely black body; 

is the gradient. 

S u b s c r i p t s  

g is 
li is 

dr is 
cony is 

m is 

(m + v) is 
sol is 
v is 
0 is 

the gas; 
the liquid; 
the drop; 
the convective; 
the mass; 
the mass of the liquid and the vapor; 
the solid phase, particles; 
the vapor, vapor formation; 
the initial value of the parameter .  
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