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We present  the resul ts  from an experimental  investigation of the drying of a granulated super -  
phosphate. We have derived an express ion in c r i te r ia l  form to descr ibe  the process  of drying 
the superphosphate.  

To determine the manner in which the drying process  takes place for granulated superphosphates and 
to choose the optimum drying regimes  we must know the kinetics of the process .  We can render  a judge- 
ment as to the nature of the drying p r o c e s s , f i r s t o f  all, from the curves for the drying rate ,  as well as f rom 
the tempera ture  curves .  

The work that has been done on the drying of superphosphate dealt p r imar i ly  with determining the ef-  
fect of tempera ture  on the re t rograda t ion  {the conversion of P2Os into the unassimilable form), the de te r -  
mination of the content of crys ta l l ized and hydroscopic  water ,  etc. [1, 2]. Less  attention has been devoted 
to studying the effect of the air  t empera ture ,  the relat ive humidity of the air ,  and its velocity on the p ro -  
cess  of superphosphate drying. 

It is prec ise ly  the partial  filling of this gap that is the purpose of this paper; here  we study the kine- 
t ics of the process  involved in the drying of granulated superphosphate.  The investigations were per formed 
on a specially developed experimental  installation whose diagram is shown in Fig. 1. Convection drying of 
granulated superphosphate was ca r r i ed  out in a range of air t empera tures  from 110 to 187~ with a r e l a -  
tive humidity of 18-36% for the air ,  and the velocity of the drying agent varying from 1.5 to 7.5 m/sec~ 

The air  was heated to the required tempera ture  in e lec t r ic  heaters  15 and 17. The magnitude of the 
cur rent  in the electr ic  windings was regulated by means of labora tory  au to t ransformers .  The air  t empera -  
ture was kept constant by means of thermal  regulator  27, hooked into the circui t  of the main e lec t r ic  heater  
15. The a i r - t empe ra tu r e  sensor  9 in the drying chamber was a contact the rmometer .  

The humidification of the air to the required water -vapor  content was achieved by heating water  vapor 
from vapor genera tor  19 to mixer 16. The specified vapor flow rate was set  by means of a rheometer .  
The vapor content in the air  was determined from the change in the mass of two U-shaped tubes 11 filled 
with a mixture of phosphoric anhydride and pieces of pumice, after a specified volume of air  had been 
drawn in by means of vacuum pump 28 [3]. 

The moist granulated superphosphate is loaded into a special  container 10 which is f i rs t  heated in a 
thermosta t  to prevent the water vapor in the heated air  from condensing on the cold surface of the contain- 
er;  the moist granulated superphosphate was suspended in the chamber from a thread attached to the a rm 
of the ADV-200M analytical balance 1. 

The evaporation of the moisture  in the air  s t ream was accomplished through the latticed side wall of 
the container,  45 mm in length and 38 mm in diameter .  During the experiment a stopwatch was used to 
determine the time for the reduction in the mass of the suspended superphosphate in the container,  at in- 
te rvals  of 0.5 g. The superphosphate sample,  on the average,  amounted to 45 g. The change in the t em-  
pera ture  of the superphosphate during the drying process  and the change in the tempera ture  of the heated 
air  were measured by means of an R-307 potentiometer  8 and an M195/1 null galvanometer  3. The 
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Fig. 1. D iag ram of the exper imen ta l  instal lat ion.  

t e m p e r a t u r e  s en s o r s  were  c o p p e r - c o n s t a n t a n  thermocouples .  The a i r  flow ra te  was r eco rded  by means 
of GKF-6 l abora to ry  gas counters  20. 

F igure  2 shows the c h a r a c t e r i s t i c  cu rves  for  the drying of the superphosphate  and the t e m p e r a t u r e  
cu rves ,  plotted f rom the exper imenta l  data.  

Graphical  d i f ferent ia t ion was used to find the curves  for the drying ra t e  of the superphosphate  for  v a -  
r ious  r e g i m e s  (Fig. 3). To de te rmine  the c loses t  approximat ion  of the drying p r o c e s s  under l abora to ry  
conditions to the p r o c e s s  which takes  place in rea l  d r y e r s ,  we invest igated an industr ial  granulated s u p e r -  
phosphate  which met  the speci f ica t ions  of GOST 5963-53. The superphosphate  was dr ied to a final m o i s -  
tu re  content of 3-4%, which co r re sponds  to the lower l imi t  of mois tu re  content for c o m m e r c i a l  supe rphos -  
phate ,  i . e . ,  4-8%. The mois tu re  content W of the superphosphate  was defined as the ra t io  of the amount 
of mois tu re  in the spec imen  to the mass  of absolutely dry superphosphate ,  i; e . ,  

"r ~ 100. (1) 
~d 

The initial mois tu re  content of the superphosphate  loaded into the container  var ied  f rom 15-17.9~0, 
which can be explained by the differ ing content of mois tu re  in the samples ,  as a consequence of the mech-  
anical  inclusions contained in the industr ia l  superphosphate .  Moreover ,  the quantity of evapora ted  m o i s -  
tu re  was de te rmined  in con]unctionwith the gaseous  compounds of the f luorine which se t t les  out f rom the 
superphosphate  as the l a t t e r  is dr ied [4]. 

Analysis  of the curves  for the drying kinet ics  in conjunction with the t e m p e r a t u r e  curves  (Fig. 2) 
shows that  the t e m p e r a t u r e  at any point on the sample  r i s e s  continuously. At the s ame  t ime ,  the loss  in 
moi s tu re  at the beginning of the drying p r o c e s s  obeys a l inear  law. We find that  the l inear  law for  loss  
of mois tu re  is d is rupted  when a specif ic  value of the mois tu re  content (the c r i t i ca l  mo i s tu re  content) is 
reached.  

The drying r a t e  thus exhibits two c h a r a c t e r i s t i c  per iods :  a per iod of a constant  r a t e  and a per iod 
of a diminishing ra te .  The continuous r i s e  in the sur face  t e m p e r a t u r e  during the per iod of a constant d r y -  
ing ra t e  indicates that the evapora t ion  of the mois tu re  is proceeding f rom within the s a m p l e , i ,  e . ,  the 
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Fig. 2. Drying curves  for  granula ted  superphosphate  and t e m p e r a -  
tu re  cu rves  for  Wa~ v = 1.77 m / s e e ,  ~Pav = 18.2%: 1) W = f(r) for  td v 
= 110.8~ 2) 125:4; 3) 147.5; 4) 185.7; 5) 165.7; M) tmax  
at the su r face  for  td v = 110.8~ K) the s a m e ,  125.4; D) the s ame ,  
147.5; ]3) the s a m e ,  165.4; A) the s a m e ,  185.7; N) tma t  deep within 
for  tav = 110.8~ L) the s a m e ,  125.4; F) the s a m e ,  147.5; E) the 
s a m e ,  165.4; C) the s a m e ,  185.7.. 
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Fig. 3. Curves  for  the drying ra t e  (dW/dr in %/rain) 
for  granulated superphosphate :  1-8) for tdav = 185.7~ 
9-15) for  td v = 125.4~ 1) for  g0av = 18.2%; 2) 27.0; 
3) 35.4 (Wtav = 6.3 m/see ) ;  4) 18.2; 5) 27.0; 6) 35.4 
[4-6) ~tav -- 3.7 m/see] ;  7) 18.2; 8) 27.0 [7, 8) ~0tav 
= 1.95 m see]; 9) 27.0; 10) 35.4 [9-10) CZtav = 6.30 
m/ see ] ;  11) 18.2; 13) 27.0 [11, 13) Wtav = 3.70 m/ see ] ;  
12) 18.2; 14) 27.0; 15) 35.4 [12, 14, 15) COtav = 1.95 
m / s e e ] .  

evapora t ion  zone shifts continuously into the depth of the mate r ia l .  It can be a s sumed  that the t r anspo r t  
of the vapor  into the evapora t ion  zone is accompl ished  not only by means of diffusion, but also as a con-  
sequence of effusion, which i nc rea se s  the coeff icients  of mass  conductivity and re su l t s  in a constant  inten- 
sity of drying during the initial per iod.  

As indicated e a r l i e r ,  the d r y i n g - r a t e  curves  in the range  of var ia t ions  in the moi s tu re  content of the 
superphosphate  being studied here ,  exhibit only a single c r i t ica l  point which shifts toward the higher  va l -  
ues  of superphosphate  mois tu re  content with a r i s e  in the t e m p e r a t u r e  of the a i r  and its velocity.  An in-  
c r e a s e  in the re la t ive  humidity of the a i r  leads  to a shift in the c r i t i ca l  point toward the lower values  of 
the superphosphate  mois ture  content. The values of the cr i t ica l  superphosphate  mois tu re  content and the 
drying ra te  during the f i r s t  per iod in the var ious  drying r e g i m e s  are  shown in Table  1. 

A r i s e  in the a i r  t e m p e r a t u r e  not iceably i nc rea se s  the drying ra te .  The veloci ty  of the drying 
agent also significantly affects  the drying ra te  for the superphosphate .  This  effect  is pa r t i cu l a r ly  
pronounced in the h i g h - t e m p e r a t u r e  region.  At the end of the second per iod,  the veloci ty  of the a i r  
has l e s s  effect  on the dry ing  ra t e  for  the superphosphate .  With a r i s e  in the re la t ive  humidity of the a i r  the 
drying ra t e  d iminishes .  At re la t ive ly  low a i r  t e m p e r a t u r e s  (110-120~ and at low veloci t ies  for the drying 
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TABLE 1. Effect of T e m p e r a t u r e ,  Velocity,  and Relat ive  Moisture  
Content of the Air on the Cr i t ica l  Moisture  Content of the Granu-  
lated Superphosphate,  on the Drying Rate ,  and on the Intensity Mass 
T r a n s f e r  in the F i r s t  Drying Per iod  
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Fig. 4. Dependence of the ra t io  
N u m / P r ~  33 on Re.  

agent,  within l imi t s  of var ia t ion  f rom 18 to 36% for  the re la t ive  humidity 
of the a i r ,  this effect  is l e ss  significant,  pa r t i cu l a r ly  during the second 
per iod ,  as can be seen  f rom Fig. 3. It i s  obvious that the intensif icat ion 
of the p r o c e s s  of drying granulated superphosphate  becomes  poss ib le  
e i ther  by inc reas ing  the veloci ty  of the drying agent or by ra i s ing  its 
t e m p e r a t u r e .  To reduce the expenditure of energy  on the drying of the 
superphosphate ,  we can r e c o m m e n d  the use of the a i r  being d ischarged  
f rom the d r y e r s  (with the wa te r  vapor s  that it contains) as a pa r t  of the 
drying agent enter ing the d r y e r ,  i . e . ,  to se t  up a prQcess  with par t ia l  
r ec i r cu la t ion  of the drying agent. 

Reduction of exper imenta l  data showed that  the exper imenta l  points 
for the f i r s t  drying per iod of the superphosphate  line up (with an accu-  

r acy  of ~8%) on the s t ra ight  line plotted in logar i thmic  coordinates  N u m / P r ~  33 - Re (Fig. 4). The Nussel t  
diffusion number  in this case  is calculated f rom the expres s ion  

N u ~ -  ~ c r  ~- , (2) 
Km 

where  flcr is the moi s tu re -exchange  coefficient  which is defined as the ra t io  of the intensity of m a s s  t r a n s f e r  
during the f i r s t  drying per iod to the moving force  in the drying p roces s :  

~ c r  - - q ~  ( 3 )  
Ap 

Analys is  of the exper imen ta l  data demons t ra t ed  that the intensity of mass  t r a n s f e r ,  r e f e r r e d  to the 
a r e a  of the evapora t ion  su r face ,  can be e x p r e s s e d  in turn  (accurate  to ~6.5%) by the empi r i ca l  re la t ionship 

q.~ = 4.4 N. (4) 

It should be noted that the value of the moving force  Ap for the drying p r o c e s s  in the case  of a "hard n 
r eg ime  cannot be p re sen ted  as the di f ference between the par t ia l  vapor  p r e s s u r e s  at the surface  of the con-  
t a ine r  with the superphosphate  spec imen  and the ambient  medium,  since the evapora t ion  sur face  is contin-  
uously penet ra t ing  into the depth of the l aye r  of the mate r i a l  being dried.  It was found [5, 6] that  the point 
of f lexure  in the t e m p e r a t u r e  curve  indicates the instant at which the evapora t ion  sur face  p a s s e s  through the 
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point at which the thermocouple is located. The tempera ture  at this point gives the tempera ture  of the 
evaporat ion surface at a given instant. 

Assuming that the tempera ture  of the evaporation surface during the drying p rocess  var ies  only 
slightly with t ime and over the entire length from the surface of the container to the point of thermocouple 
insert ion,  we will assume the t empera tu re  of the evaporation surface to be constant and equal to the t em-  
pera tu re  at the point of flexure for the tempera ture  curve,  as derived by means of the thermocouple im-  
bedded into the central  port ion of the container,  at a distance of 6 mm from the container surface.  

The moving force of the drying p rocess  can then be presented as the difference between the part ial  
vapor p r e s s u r e  Pev at the evaporation surface ,  calculated from the tempera ture  of the evaporation s u r -  
face, corresponding to the point of flexure on the tempera ture  curve (Fig. 2), and the part ia l  vapor p r e s su re  
Pined in the ambient medium, as found from the tempera ture  of the air  entering the drying chamber:  

Ap = Pev - -  Pined' (55 

The coefficient of mass  conductivity 2t m for the water  vapor is calculated without considerat ion of the 
effect of vapor effusion on the diffusion mechanism of t r ans fe r  by means of the formula 

~.,~ = 0.307. 10-eT ( - f f -~) .  (65 

The value of T in (6) is 

T = 273 + /ev+ tme_d. (7) 
2 

We used (S) 1/~ as the decisive dimension in (2). As a resul t ,  the process  of drying granulated super -  
phosphate in the f i rs t  period is expressed by a cr i te r ta l  relationship such as 

Nu,,, = 0.147 Re~ (8) 

valid when 650 < Re < 3500. 

Express ion (8) encompasses  only the period of a constant drying rate.  During the period of a d im-  
inishing drying rate the coefficient of moisture exchange is no longer constant and begins to diminish as the 
mois ture  content of the superphosphate declines. The specific features of mass t ransfer  in the second d ry -  
[rig period,  according to [81, were taken into considerat ion by introduction into the cr i te r ia l  relat ionship (8) 
of the pa rame t r i c  factor  (W/Wcr) ~. 

On the basis  of the derived experimental  data we determined the relationship between the pa ramet r i c  
factor  and the rat io of the mois ture-exchange coefficient during the second drying period (calculated for the 
corresponding values of the superphosphate mois ture  content) to the coefficient of moisture exchange during 
the period of a constant drying rate.  We see from Fig. 5 that this relationship (accurate to =~10%) can be 
assumed to be equal to 
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where the exponent ~ = 0.68 was found to be the tangent to the angle of inclination of the straight line 

lg = f lg �9 (10) 
r - c r  / 

In final form, with consideration of the parametr ic  factor which turns into unity for the period of the 
constant drying rate when W = Wcr, the entire drying process for the superphosphate can thus be described 
by an equation of the form 

Nu m 0.147 ReO.4Spro.33// __~W ~0ss 

The moisture-exchange coefficients for the second drying period, determined from (11), for superphos- 
phate moisture-content values (in te rms of dry mass) up to 4~ agree satisfactorily (accurate to -~ 15%) with 
the moisture-exchange coefficients found from the drying curves applicable to the granulated superphos- 
phate. 

In designing drum dryers  used to dry superphosphate under industrial conditions, we should re fe r  to 
the value of the linear velocity of the air in the determination of Re to the effective cross section of the in- 
stallation. As the determining dimension in the Nu m number we should take the square root of the total 
area of the outside surfaces of the jet streaming away from the d ryer ' s  bladed lifting system. 

It should be pointed out that in the production of superph0sphates we use drum dryers  of the simplest 
type, and these make no provision for the possibility of substantial intensification of the drying process.  
This might serve to explain the fact, noted in the l i terature [9], that there is a significant difference between 
the intensities of drum dryers  in various superphosphate plants. 

The drum dryers  using lateral  injection of air  through the bed [7] represent  an interesting and effi- 
cient attempt to achieve additional intensification of the drying process by dealing with a layer  of the ma- 
ter ia l  in avalanche form. 

N O T A T I O N  

C0tav is the average value for the air velocity at constant temperature and variable relative humidity of the 
air ,  m/sec;  

c0~~ is the average value of the air velocity at a constant relative humidity of the air ,  m/sec;  
~0av is the average relative humidity of the air ,  %; 
N is the drying rate in the f irs t  period, %/rain; 
W is the instantaneous value of the superphosphate moisture content, %; 
Wcr is the crit ical moisture content of the superphosphate, %; 
qm is the intensity of the mass t ransfer  during drying in the f irs t  period, kg/m 2. h; 
Nu m is the Nusselt diffusion number; 
Re is the Reynolds number; 
Prm is the Prandtl diffusion number; 
M is the quantity of moisture in the specimen, g; 
Gd is the mass of the absolutely dry superphosphate, g; 
3 is the moisture-exchange coefficient re fe r red  to the difference between the partial vapor pressures ,  

kg/m2.h; 
flcr is the moisture-exchange coefficient during the period of the constant drying rate, referred to the 

difference between the partial vapor pressures, kg/m 2. h; 
Ap is the moving force of the drying process, N/m2; 
Per is the partial pressure of the water vapors at the evaporation surface, N/mS; 
Pined is the partial pressure of the water vapors in the heated air, N/m2; 
km is the coefficient of mass conductivity, referred to the difference between the partial vapor pressures, 

kg/m- h; 
S is the evaporation surface, m2; 
B is the barometric pressure, N/m2; 
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tev is the temperature of the evaporation surface, ~ 
t~v is the average temperature of the drying agent, ~ 
tmat is the temperature of the superphosphate during the drying process, ~ 
td is the temperature of the drying agent, ~ 

is the exponent of the parametric factor; 
7 is the drying time, rain. 
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