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Abstract-The method, based on the use of the Rebinder number, for calculating the duration ofdrying and 
the heat transfer is set forth and the relationships for the Nusselt numbers in the first and second periods are 

given. 

NOMENCLATURE 

T,, ambient temperature ; 
T,., wet-bulb temperature; 

T, radiation temperature; 

r, latent heat of evaporation; 

PO> density ; 

R,,, hydraulic radius; 

Rb, Rebinder number; 

UC equilibrium moisture content. 

As IS known [l-3], the heat-transfer coefficient c(, may 
be constant only within the period of a constant rate of 
drying, while in the falling period it diminishes with a 
decreasing moisture content. 

To calculate tl,, Lebedev [2] suggested the re- 
lationship 

(1) 

intensity is governed by the Newton formula 

N=*= 
acAT,- TJ 

I voR,, 
In the second, by the formula 

du 

z= 
-HN(ii-u,). 

(5) 

The relative drying coefficient depends on the material 
properties and initial moisture content and is defined 

as 

I 
H=----. 

%,,--u 
(7) 

In the period of the falling rate of drying, the heat flux is 
specified by the Newton formula for convective heat 
transfer 

(8) 

and to obtain the heat-transfer Nusselt number, the Substituting (6) and (7) into equation (3), yields 

relationship &(T,-T,) = p,,R,rHN(u-u,)(l +Rb). (9) 

..=,4R&‘f+i_~;i’&f. (2) Replacement of N by expression (5) gives 
h 0 ‘I 

We have attempted to evaluate the Nusselt number GYz--T,) = H(Gu,)cl,,(T,- 7;,.)(1 +Rb), 

(NM) for the second period on the basis of its value in 
the first period (Nu,,) and the dimensionless rate of Or 
drying N*. These values can be readily found both k(T, - T,) 
theoretically and experimentally. In order to obtain dT, - Tw) 

= H(G-u,)(l +Rb). (IO) 

the heat-transfer coefficient by relation (2), the know- 
ledge of the surface material temperature is required. Denoting 

However, its exact definition as well as of the power 
exponents for every material is often difficult. 

AT* =g; N* &!$, (11) 

The basic equation of the drying kinetics is of the 
(I w. 

form and substituting the results into relation (lo), we 

q,.(t) = p R ,e (I + Rb). 
obtain 

’ ” dr 
(3) 

AT* = N*(l +RC):, (12) 
The rate of drying in the first period can be determined, 
provided the heat flux is known, by the following or 
formula 

NM, 

N=s. (4) 

AT* = N*(l +Rb)Nu. (13) 

L For such materials as caprone, the Rebinder number 
Then in the first period of drying the heat-transfer ranges from 0.0034 to 0.015 at u = 0.02-0.08 kg/kg; for 
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ceramic plate (6 = 6.5 mm), from 0.03 to 0.3 at 
u = 0.1-0.03 kg/kg and for asbestos, from 0.02 to 0.3 
at u = 0.02-0.18 kg/kg. In case the Rebinder number 
is smaIi, 

(14) 

but 

2 =f’(N*}. 

As seen from Fig. 1, ail the experimental points, 
irrespective of the drying regimes, fall on one curve 
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FIG. i. Nu,JNu vs N* for: wood (pine) at t, = 12O”C, L’ 
= 10 m/s. 1. d = 1 Omm; 2. felting at I, = 12O”C, i - = Sp”, d 
=8mm;3.3m~s~4.5m~s;5.10m~s;6.15m/s;7.r~= 15O”C, 
u = 5 m/s, asbestos at r. = 12O”C, (: = 5%, d = 6 mm; 8. 
3m/s: 9. 5m/s: 10. lOm/s; 11. 15m/s; 12. t,=90”C, c 
= 5 m/s, ceramics at I, = 12O”C, ri = 5 mm; .* = 5% ; 13. 
3m/s; 14. 5m/s; 15. lOmjs, carrot at I, = 8o”C, > = So/:; 16. 
3m.h; 17. Smis; 18. lOm/s,clay at 1, = 12O”C, t: = 5m/s, 

= S’:,: 19. IOmm; 20.20mm;21. 50mm. 

described by equation (15) (the uncertainty being 
lo-IS>,;,) 

NM. 
-_._K 

NU 
= N*-0.57 (15) 

or 

Nu = Nu,,N’-~.~‘. (16) 

The reported investigations [4] on moist plate- 
fluidized bed heat transfer have shown that the data 
are well approximated by equation (16). 

Thus, formula (I 6) is a general one for many coltoid 
capillary-porous materials permitting estimation of 
the Nusselt number in the second period at Bi, < 1. 

With allowance for the Rebinder number formula 
( I 5) becomes 

Substitution of formula (17) into expression (13) yields 

and 

*L\T* = N*o.“3 
(18) 

T, = r, - N*0.43(T, - T,,,). (19) 

The drying rate being known, equation (19) allows 
estimation of the material surface temperature in the 
second period, which is not always reasonable to 
obtain experimentally. 

The Iaws governing internal and external heat 
transfer prove to be in such a complex interrelation 
that derivation of analytical expressions for the kin- 
etics of drying of some particular material involves 
great difficulties. 

Therefore, of considerable interest for design calcu- 
lations of drying are approximate, su~ciently reliable 
relations with the minimum quantity ofconstants to be 
determined experimentally. Most advanced are the 
approaches based on the general laws governing the 
kinetics of drying and correlation of a great amount of 
experimental data. Among them are the methods of 
Luikov [l] and Krasnikov [5]. 

Let us consider some laws governing the process of 
drying and approximate methods used for predicting 
the heat-transfer kinetics resulting from the analysis of 
experimental data on drying of a number of capillary- 
porous and colloid materials with different modes of 
heat supply. 

The treatment of experimental data [5] has shown 
that the heat-transfer intensity in the period of the 
falling rate of drying changes with respect to time with 
a sufficient accuracy according to the exponential 
relation 

yiI = lf,exp(-tnir,,), (20) 

where ri, is the drying time in the second period related 
to zero. 

Denoting the ratio of the heat fluxes in the periods of 
the fatling and constant rates of drying by (I* and the 
ratio of the times of drying by 7*, transforms ex- 
pression (20) to a dimensional form 

q& = % = exp( -tnz) = exp(-mr*), (21) 

where m, and rn are constants determined experimen- 
tally. 

On the other hand, the governing equation ofdrying 
kinetics, which relates the heat-transfer y* and mois- 
ture transfer N*, is of the form 

411 @, = -- = N*(l +Rb). (22) 
YI 

From expressions (21) and (22), we have 

N*( 1 i- Rb) = exp( - mr*). (23) 

The Rebinder number for many of the capillary- 
porous materials in a considerable range of moisture 
contents varies from 0.01 to 0.3, its maximum values 
(0.2-0.3) corresp~~nding to the end of drying (i.e. to 
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FIG. 2. N* vs r* at forced-convection drying of asbestos (1) and felting (2) plates. I. t, = 90°C; 2. t. = 120°C; 3. f, = 150°C 
(~t~~5m/s,~~~5~,~=8mm);4.~=3m/s;5.10m/s;6.15m/s;7.20m/s;8.25m/s(att,=I2OoC,~~~=5~~,6=8mm); 

9,6=6mm;10.~=12and18mm(att,=120”C,u=3m/s,~~=5~). 
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FIG. 3. Constant M vs W&/W&. 1. asbestos; 2. felting; 3. grass;4. leather; 5. felt: 6. ceramics: 7. cardboard: 8. clay: 9. peat slab; 
10. yeast; 1 t. carrot; 12. suntlower seeds; 13. potato; 14. beet; 15. cement stone: 16. macaroni; 17. microbiological mass of 

lysine. 

moisture contents close to equilibrium). The neglect of period of the falling rate, the experimental data are 

small Rb results in correlated by 

N* = exp( - mz*). (24) N* = exp( -mT). (26) 

Correlation of the experimental data on drying of 
different materials by In N* = ,f’(z*) (Fig. 2) has shown 

In this case the constant m has the dimension l/time 

that the experimental points fall satisfactorily on the 
units 

’ 
straight lines for the whole range of operating para- 

The drying rate in the second period can be found 

meters (t,, _ ‘, u) and the material thicknesses. The 
from equation (24) 

constant iz in formula (24) is a linear function of the 
moisture content ratio ( Wo/Wc,) for the whole class of 
the moist materials considered (Fig. 3). 

dW 
_ = Nexp(-ms*) 
dt (271 

m = 0.67 gt - 0.35. (25) 
which upon integration within the prescribed range 

LI gives 

Relationship (25) has been obtained for 2 < v < 5, 
90 < t < 150°C. Thus, equation (24) has the constant 
m whose meaning resembles the relative coefficient 

-(W,.,-W)= Nz(exp(--tr,,)- 1. (28) 

of drying H. 
For the materials whose drying proceeds only in the Upon transformations, we get the time of drying in the 
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period of the falling rate 

~ _ 
1, - 

2.3~~~ -I _ UK-~) 
(29) 

iti Nr, . 

Taking into account the drying time in the first period 

we - WC, 
7, = ____ 

N 

we determine the overall duration of the process by 

5 = 7,+7,t = 
wo - f,& 2.3( w, - W,) ~- 

N Nm 

x In f _(Kr-W)m ’ (31) 
(W,-W:.,) ’ 

or, finally, 

where W is the instantaneous moisture content of the 
material. 

For the materials whose drying does not involve the 
constant rate period, the overall drying time is de- 
termined by integration of equation (26) 

T= _2_1,n 1 _wk-W)ffl 
m N - IT (33) 

where 

is the maximum rate of drying at the initial time. 
The comparison of the results given by equations 

(23) and (24) has shown that, in fact, the constant m is 
independent of the Rebinder number up to 0.2-0.3. 
Herein, only the scatter of experimental data de- 
creases, that is the accuracy of calculations becomes 
higher. 

With high rate of drying in “severe” conditions, 
when the value of the Rebinder number cannot be 
ignored, the overall time of the process is determined 

by 

w, - K, r=-------- 
N 

(34) 

By substituting N* from (24) into formula (19), we 
arrive at the relation to determine the material surface 
temperature for the convective mode of drying by the 
known m 

T, = x--exp( -0.43mr*)(c- T,). (35) 

The maximum uncertainty in the calculations of the 
drying time and the materiai temperature with neglect 
of the Rebinder number is 7 i 107; for mild regimes, 
which is quite admissible in practice. 

The relations obtained are necessary to define the 
quantitative drying characteristics (time, heat-transfer 
rate, material temperature). 

The above methods, just like that reported in [5], 
allow one curve-based calculations of the drying time 
and material temperature at any regime, provided the 
rate of drying in the first period is known. 
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METHODES DE CALCUL DU TRANSFERT DE CHALEUR EXTERNE 
ET DE LA CINETIQUE DE SECHAGE DUN MA~RIAU HUM~DE 

R&me-On developpe la methode, baste sur i’utilisation du nombre de Rebinder, du calcul de la 
duree de sechage et du transfert thermique. On donne les expressions du nombre de Nuscelt dans les 

premiere et seconde periodes. 

B~RECH~UNG~METHODEN FUR DEN AuBEREN W~RME~~ERGANG 
UND DIE KINETIK DER TROCKNUNG FEUCHTER MATERlALIEN 

Zusammenfassung-Die Methode zur Berechnung der Dauer der Trocknung und des Warmeiibergangs, die auf 
der Verwendung der Rebinder-Zahl beruht. wit-d erweitert, und die Beziehungen fur die Nusselt-Zahl in der 

ersten und zweiten Periode werden angegeben. 

METOAbI PACYETA BHEUIHEI-0 TEl-UIOO6MEHA M KMHETMKA I-IPOLWCA 
CYIIIKM BJIAxHbIX MATEPMAJIOB 

AaaoTaunrr - B cTafbe ri3naraerca MeTon pacqera npononmrrrenbrfocrti npouecca cymmi, a Tamrre 
~~oo6MeHa Ha OCHOBe BBWZHHOrO W%CJia PhiHJlepa U fIpHBOfUWCff 3KCnep~MeHT~bHO IIOJIY- 

YeHHbIe 3aB~C~M~T~ 0 CBII3U: MfZKLty Kp~TepU~Mn HyCCenbTa 80 BTOPOM li IEPBOM ElepHOWX. 


