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This  pape r  g ives  s o m e  r e su l t s  of inves t iga t ions  a imed at finding ways  of i nc r ea s ing  the r a t e s  
of heat  and m a s s  t r a n s f e r  in dry ing .  

S imula t ion  of naphthalene  sub l imat ion  by means  of a bu i l t -up  naphthalene  slab composed  of n a r r o w  
p r i s m s  was  used to d e t e r m i n e  the local  va lues  of the h e a t - t r a n s f e r  coef f ic ien t s  by  weighing o r  m e a s u r e m e n t  
of the reduc t ion  in th ickness  of the naphthalene s lab [1-3]. The r ange  of the inves t igat ion was  va r i ed  by a l -  
t e r ing  the nozz le  s l i t  width b = 5-40 m m  and the flow ve loc i ty  w 0 = 10-40 m/ sec  (Re 0 = 6.04 �9 103-3.78 �9 104). 
The d i s t ance  be tween the plane of the nozz le  mouth and the s lab s u r f a c e  va r i ed  in the range s = 10-360 mm,  
and the d i m e n s i o n l e s s  d i s t ance  s / b  va r i ed  in the r ange  0.25-40.  

We obtained two types  of c h a r a c t e r i s t i c s  (types A and B), shown in Fig .  1, f o r  the local  m a s s - t r a n s f e r  
coef f ic ien ts  ill. The b e h a v i o r  of fll indica tes  that, except  in the case  of v e r y  sma l l  d i s tances  be tween the 
nozz le  mouth and the s u r f a c e  (region s < b), the m a x i m u m  values  of fl0 occu r  in the plane of the flow axes.  
At such sma l l  d i s t ances  we a re  no longer  deal ing with a flow p e r p e n d i c u l a r  to the wall ,  but  with a flow p a r -  
allel  to the wail  - the "wall f low."  

We found that  the values  of fl0 a re  not a lways i nve r se ly  p ropo r t i ona l  to the d i s tance  between the nozzle  
mouth and the s u r f a c e  and that  these  re la t ionsh ips  at sma l l  d i s t ances  descend  smoo th ly  to a ce r t a in  min i -  
mum.  As the nozz le  mouth app roaches  the s u r f a c e  the value of fi0 again i n c r e a s e s .  If we denote  the m a x i m u m  

~i I ..... ] ? ~ -  . . . . . . . . . . . . .  

I I Io o ,  

I I  :: ::- 

/ 
Io ~ ~ . . ' ~  . . . .  ,~.~.~: - -  

/oo 5o o 50 ?oo L 

Fig.  1. C h a r a c t e r i s t i c s  of local  t r a n s f e r  coef f ic ien ts  fil below 
s l i t  nozz le  (b = 5 mm) fo r  d i f ferent  d i s tances  s (w 0 = 30 m/sec ) :  
1) s = l c m ;  2) 2; 3) 4; 4) 6; 5) 10; 6) 12; 7) 20. 
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Fig. 2. 
m/sec; 
(b = 5 mm); 6) 10m/sec ;  
18.85 m/sec (b = 40 mm). 
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Plot of f lo/f lmax against ratio s /b :  1) w 0 = 10 
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Fig. 3. Plot of 1/fl o against (s/b) -~ 
for c a s e b  = 10 mm, andw 0 = 10-40m 
/see. Line obtained f rom formula  fl0 
= 2 9.9W~. 66(s/b) -0.66b- 0.33. 

value of fl0 as fl0max, all the experimentally obtained values 
can be represented by a single charac te r i s t ic  - the relat ion-  
ship flo/flomax = f(s/b) (Fig. 2). One ext remum is close to 
s /b  = 2.5 (minimum) and the other to 8.5 (maximum). The 
value s /b  = 8.5 is also the boundary for differentiation of the 
type A and B curves,  as Fig. 1 shows. 

We paid par t icu lar  attention to the region s /b  > 8.5, for 
which we obtained an expression for  fi0 as a function of w 0 and 
b (Fig. 3) 

The experimental  results  were later  used to derive a 
dimensionless  relationship for  the mean m a s s - t r a n s f e r  co-  
effictents ~m, which were obtained by planimetry  of the fil 
charac te r i s t ic  in s t r ips  of width L = 0.05, 0.08, 0.1, and 0.15 
m (corresponding to L/b = 1.25-30). 

The final resul t  of this t reatment  is the d iagram shown in Fig. 4 and the dimensionless equation 

sh --= k Re 0"77 SC l/a, 

k also depended on the width b: 

k = 0.2b -~ 

The resul ts  of this investigation were used to select  drying regimes for some mater ia ls  [4-7]. 

Spray dryers  have been used successful ly  in various branches of industry, although a drawback of 
these d rye rs  is the limitation on the initial concentration of material ,  which necessi ta tes  drying chambers  
of large and often unsuitable dimensions.  

The drying rate in spray  d ryers  can be increased in severa l  ways:  

a) by reduction of the size and attainment of maximum uniformity of the spray; 

b) by an increase in spray  density in the chamber,  which, however, necessi ta tes  an increase  in the 
flow velocity of the drying agent and, hence, a more  efficient separat ion device; 

c) by more  effective interaction in the spraying device by improving the method of supply and flow of 
the drying agent in the drying chamber  and reliable mixing of the sprayed emulsion with the drying 
agent; 

d) by an increase  in the initial tempera ture  of the drying agent combined with a simultaneous increase 
in the difference between the entrance and exit tempera tures  of the drying agent; 
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Fig. 4. Plot of sh/sc 1/3 against Re (line obtained f rom 
formula  sh = kRe~ k = 0.2b-~ 1) b = 5 mm; 
2) 10; 3) 20; 4) 40. 
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Fig. 5. Possible increase in rate 
(#) of process  in tube d rye rs  (spe- 
cific evaporation rate,  kg/m3.h):I) 
f i r s t  types of tube dryers ;  H) ex- 
per imental  types with improved in- 
ternal  aerodynamics;  [ID sp ray -  
type tube dryers ;  IV) prospect ive 
increases ;  V) results  of pre l imin-  
ary  tes ts. 

e) by a reduction of the initial moisture  content of the sprayed material ,  which leads to the use of 
pastelike suspensions.  

In Czechoslovakia,  attention has been centered on spray  drying with an increased flow velocity of the 
drying agent. The choice of a distributive coil with guide blades for the air feed resulted in a specific 
evaporation rate of 17 kg/m 3" h at work ing  temperatures  of 165-180~ The use of spray  d ryers  of this 
type for  the drying of dyes and intermediate dyestuff products improved the quality of the final product [8]. 

The use of spray- type  tube dryers ,  which should lead to a fur ther  increase in the specific evapora-  
tion rate (Fig. 5), has recent ly  been investigated. Figure 6 shows the design of an installation in which 
regulation of the relat ive amounts of p r i m a r y  air  for atomization in the pneumatic nozzle, secondary  air 
for guiding the spray cone, and t e r t i a ry  air  for prevention of contact of the moist  par t ic les  with the wall, 
provides a very  versat i le  method of drying. The flow in an apparatus with a sp ray  nozzle of d iameter  Dt 
= 2.5 mm, p re s su re  of spray  air  up to 7 kg/cm 2, and diameter  of drying tube 180 mm, has been studied 
and the spraying and drying of some mater ia ls  (ceramic s lur r ies ,  fodder yeast) in such an apparatus have 
been investigated. 

The operation of the spray  nozzle and the flow in the drying tube were investigated. Figure 7 shows 
the veloci ty distribution of the spray  air  at p r e s su re  1.2 kg/cm 2, and Fig. 8 shows the ratio of the axial 
velocity of the free beam w%, 0 at distance n and the velocity in the center  of the beam w 0 as a function of 
the ratio ~4/D t. 

During the investigation of the evaporation process  the tempera ture  of the secondary  air  was 282- 
288~ and that of the te r t ia ry  air  120-127~ This led to a specific evaporation rate of 214-238 kg/m 3" h 
and in tests with a washed ce ramic  mass at 50% concentration the rate was 148.5-156 kg/m 3. h. 
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Fig. 6. Exper imental  installation for  investigation of 
spray  drying in tube d rye r :  1) s econda ry -a i r  meter ing 
orifice; 2) s econdary -a i r  blower with e lec t r ic  motor; 
3) e lect r ic  s torage heater;  4) secondary -a i r  supply 
pipe; 5) s econda ry -a i r  distributing head; 6) thrott le 
valve for  p res su r i zed  p r i m a r y  air; 7) p r i m a r y - a i r  me-  
tering orifice; 8) e lec t r ic  s torage  heater;  9) p r i m a r y -  
air  distributing head; 10) r e s e r v o i r  for  suspension; 11) 
suspension meter ing  pump; 12) sp ray  jet; 13) demount-  
able drying chamber  (tube); 14) connecting pipe; 15) cy-  
clone separator ;  16) slide valve; 17) cloth fil ter;  18) 
main blower with e lect r ic  motor.  

We exper imental ly  investigated the motion of a heterogeneous g a s - s o l i d  mixture  in the drying region 
of a tube d r ye r  and its effect  on the ra te  and uniformity of drying. 

The drying regime in a tube d r y e r  differs f rom that in pneumatic conveying not only in the effect of 
the change of par t ic le  mass due to evaporation of moisture,  but also in the nonisothermal  nature of the pro-  
cess ,  the lower weight concentrat ion /~ (in tube d rye r s  #.< 1 kg/kg, in pneumatic conveying # = 4-12 kg/kg), 
and iu the ve ry  pronounced effect of the accelera t ion region at re la t ively  smal l  heights of the ver t ica l  dry-  
ing tube. 

The exper imental  investigation was ca r r i ed  out on a tube d ry e r  with a glass tube of d iameter  D = 100 
mm. To measure  the absolute par t ic le  veloci t ies  we used photoelectr ic  sensors  located at se lec ted  points 
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Fig. 7. Spray-air velocity distribution in drying tubes; 
x is the d i s tance  f rom the nozzle,  mm; r is the d is tance  
f rom the axis ,  mm. 
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Fig.  8. Plot  of s p r a y - a i r  ve loc i t i e s  in axis 
of dry ing  tube: a) measu remen t ,  p r i m a r y  
a i r  only; b) measu remen t ,  p r i m a r y  and s e c -  
ondary  air ;  c) f rom [9]; d) f rom [10]. 

along the dry ing  tube. The s e n s o r s  were  ge rman ium 
photodiodes,  on which a light beam f rom a source  moun- 
ted in the opposi te  s ide  of the tube was incident.  The 
in tens i ty  of the flux on the photodiode depended on the 
p a s s a g e  of m a t e r i a l  through the dry ing  tube and was 
r e c o r d e d  by an osc i l lo scope .  

The r e s u l t s  of the expe r imen ta l  invest igat ion en-  
abled us to compare  the p a r t i c l e  ve loc i ty  c h a r a c t e r i s -  
t ics  with the c h a r a c t e r i s t i c s  ca lcu la ted  f rom the equa-  
tion 

- 1 ~ ~ 
ds wk L\ ~ / a~- -u  ds ' 

which was der ived  for  the flow of m a t e r i a l  in a d ry ing  
tube with due r e g a r d  to the change in p a r t i c l e  mass  due 
to drying [11]. 

An example  of the expe r imen ta l l y  de te rmined  and 
ca lcu la ted  ve loc i ty  c h a r a c t e r i s t i c s  for  a po lys ty rene  

suspens ion  in the region 0-5 m f rom the ent rance  to the dry ing  tube is shown in Fig .  9. A compar i son  shows 
that, in the case  of p a r t i c l e s  of d i a m e t e r  d = 0.9 mm, there  were  definite d i f fe rences  at the s t a r t  of the ac -  
ce l e r a t i on  region; these d i f fe rences  g radua l ly  d e c r e a s e d  and on a t ta inment  of the s t eady  s ta te  the ca lcula ted  
ve loc i t i e s  were  p r a c t i c a l l y  the s ame  as the measu red  ve loc i t i e s .  In exper imen t s  with p a r t i c l e s  of d i a m e t e r  
d = 2.6 mm the d i f ference  between the m e a s u r e d  and ca lcula ted  ve loc i ty  c h a r a c t e r i s t i c s  was much g r e a t e r  
(approximate ly  30% g r e a t e r  at a d i s tance  of 5 m). We subsequent ly  found that the acce l e r a t i on  region was 
g r e a t e r ,  the g r e a t e r  the flow ve loc i ty  v of the medium and the g r e a t e r  the descen t  ve loc i ty  w k of the ma te -  
r ia l ;  for  p a r t i c l e s  with descen t  ve loc i ty  Wk = 4 m/sec  and flow ve loc i ty  v = 25 m/sec  a s t eady  s ta te  was 
at tained in a d is tance  of 4.5 m. 

Subsequent expe r imen ta l  work  was d i r ec t ed  towards  a t es t  of the effect of p o l y d i s p e r s i t y  of the m a t e -  
r i a l  on the uni formi ty  of drying.  The exper imen t s  were  conducted with po lys ty renes ,  PVC, and common 
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Fig. 9. Comparison of calculated (a) and exper imental-  
ly determined (b) part icle  velocities (s, m; v, w m/sec-1). 
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Fig. 10. Experimental ly  determined relationship for 
difference in specific moisture  content of smal les t  and 
larges t  polystyrene fract ions (Au 1, kg .kg- i ;  s, m): 1) 
#A = 0.22 kg-kg-1; 2) 0.175; 3) 0.135; 4) 0.1; 5) 0.085. 
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Fig. 11. Drying charac te r i s t i c  for individual polystyrene 
fractions (t A = 50~ VA = 23 m/sec; #A = 0.22 kg/kg): 
1) d 1 = 3 .25.10 -3 m; 2) d 2 = 2 .75.10 - 3 m ;  3) d 3 = 2.00 
�9 10 -3 m; 4) d 4 = 1.125" 10 -3 m; 5) d 5 = 5.00" 10 -3 m. 

salt. The uniformity of drying of individual fractions was determined f rom samples of mater ia l  taken f rom 
the tube d ryer  at different distances and graded by sieving. We calculated the drying process  for the con- 
ditions tn the experiments by the method which takes into account the polydispersi ty  of the mater ia l  [12, 13], 
and compared the calculated charac te r i s t i cs  with the resul ts  obtained by measurement .  

The experimental  results  indicate that the difference between the specific moisture content of the 
larges t  and smal les t  fractions was grea tes t  in the region of input of the mater ia l  (Fig. 10). With increase 
in distance the difference decreased and the drying of the individual fractions became more  uniform. 
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We also invest igated the effect of the weight concentrat ion # on the uniformity of drying of a poly-  
d i spe r se  ma te r i a l .  The resu l t s  indicated that an inc rease  in # increased  the difference between the m o i s -  
lure-dependent  max imum and min imum frac t ion  in the region of input of the mate r ia l .  With inc rease  in 
the dis tance the effect  of g dec reased  and 7-8 m f rom the input point the effect of the mixing rat io  on the 
uniformity  of drying of individual f rac t ions  was negligible. 

A compar i son  of the exper imenta l ly  de termined and calculated cha rac t e r i s t i c s  of drying of individual 
f rac t ions  (Fig. 11) shows that the exper imenta l  values give a s m a l l e r  range of specif ic  moi s tu re  content of 
the individual f rac t ions  than the calculated values.  

As r ega rds  drying in a fluidized bed we think that the more  extensive use of this drying method in in- 
dus t ry  is hampered  by s o m e  low p a r a m e t e r s  in compar i son  with the p a r a m e t e r s  in d rye r s  based on other  
pneumatic  pr inc ip les .  This is because  the a t ta inment  of the fluidized s ta te  r equ i res  a g r e a t e r  amount of 
gaseous medium than is required in the drying p roce s s  p roper ,  so that par t  of the power consumption is 
comple te ly  wasted f r o m  the viewpoint of intensification of heat and mass  t r ans fe r .  

A v e r y  effect ive improvemen t  in drying in a fluidized bed can be effeeted by additional v ibrat ional  
loosening of the bed. Vibrat ion resu l t s  in at tainment of the flutdized s tate  at veloci t ies  below the c r i t i ca l  
fluidtzation veloci ty  and, in addition, may  have a favorable  effect on the drying p roces s .  

w = w/v A 

V = v/~ A 

Wk/VA 
= s g / v ~  

u = (UA- u)/uA 

~4 
a 1 = 4~v~k/Dg 
a 2 = (1 + UA)U A 

NOTATION 

is the d imens ion less  veloci ty  of ma te r i a l  cor responding  to ent rance  veloci ty  v A of 
drying medium; 

is the d imens ion less  veloci ty  of dryhlg medium; 
is the d imens ion less  descent  veloci ty  of par t ic les ;  
is the d imens ionless  path; 
is the d imens ionless  specif ic  mois tu re  content of ma te r i a l  cor responding  to ent rance  

mo i s tu re  content UA; 
is the index; 
ts a constant; 
is a constant;  
is the contact  fr ict ion coefficient  of pa r t i c l e s .  
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