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INTRODUCTION 

Drying operations of foods are among the researches which have attracted special 

attention recently. The reason is that they help the improvement of food storage and 

transportation, which are crucial problems and in the food crisis that the world is going 

to account with in the near future. In order to design and automatically control various 

drying apparatuses, it is required to determine the drying-rate equations and to obtain 

the rate parameters for the equations. 

The basic studies of the drying-rate equations have been investigated 1), 2 ) dividing 

the drying period into a constant- and a falling-rate periods. However, the drying 

phenomena of foods that have cell tissues and have many components, are complicated, 

and the drying-rate curves do not always keep a constant shape, so it becomes difficult 

to apply the methods descrived above, to the drying-rate equations. As an urgent 

question, for the requirements in the design of various drying apparatuses, we must 

take the drying-rate equations as approximating equations based on the some simple 

drying models, and we must simulate the rate parameters in the rate equations from 

the experimental data. 

In this study, we postulate the integrated equations of the drying-rate equations 

based on the drying-shell models which considered the surface-shrinkage for the sphere, 

the long-cylinder and the infinite-slab, respectively. Then, we report on the calculation 

methods of two rate parameters in the drying-rate equations using a non-linear least 

square method. 
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DRYING-RATE EQUATIONS 

Drying mechanisms of foods are divided into two approximated types. One type 
has two simple idealized zones, the undrying-core and the drying-shell. Thus, the 
moisture content of the undrying-core is assumed as the initial moisture content and 
the drying-shell is taken for the equilibrium moisture content. The other type has the 
distribution of moisture content throughout the whole of the material, and the moisture 
content decreases gradually toward the surface. The former type (drying-shell model) 
is used under accelerated drying conditions such as high air velocity, high temperature 
and low humidity, and the latter type (drying-whole model) is used under loosen con
ditions. The former shell type models for the sphere, the long-cylinder and the infinite
slab for catalytic reactions have been reported 3), 4 ), but have not yet been used for the 
investigation of drying-rate equations. The integrated equations of the rate equations 
for obtaining the rate parameters of shell diffusion which considering of the shrinkage 
of surface, have not yet been obtained. In this paper, we determine the drying-rate 
equations on the basis of the former drying-shell models, and we induce the integrated 
equations. 

1. Drying-rate equations for sphere 
Fig. I illustrates the case of a drying spherical material. The radius, the volume and 

the weight of the spherical material in the intermediate state, are given asR(cm), V(cm3 ) 

and w(g), and the radius of the undrying-core is givens as rc(cm). The subscripts o, e 
and d in these symbols signify the initial, equilibrium and completely drying states, 
respectively. 

1----~) R0 (cm) 

initial state 

undrying-core 

drying-shell 
I 

I 

• 
r (cm) 

c 

R(cm) 

~ R (cm) e 

equilibrium state 

Fig. 1. Drying-shell model for sphere. 

Thus, we may define the moisture content W(g-H20/g-D.M.) and the drying-ratio 
X wH of material by the following equations. 

W = (w- wd)fwd (I) 
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(2) 

In the intermediate state, if the drying-shell and undrying-core states are the same 

the equilibrium and initial states, respectively, the relations of the radius of undrying

core r c' the drying-ratio Xw and the radius of spherical material R become as follows: 

1/3 
(1-Xw) Ro (3) 

R 3 I 3 3 1/3 
Re + (1- (Re Ro) )re ) ( 4) 

The material balance equation of drying rate is obtained, for the decreasing of a 

very small radius of undrying-core drc(cm), in a very short time interval d8(min), where 

6i(g- H20/min) is the drying-rate of material. 

drc/d8 = 6i/(4nrc2 Ph) 

where, Ph= (w 0 - we)/V0 

(5) 

(6) 

For the diffusion controllings, when the moisture concentrations of the undrying-core, 

drying-shell and gas-film surfaces are Cs, Ci and cg (g-H20/cm3 -void), respectively, the 

drying-rate 6i can be written as follows: 

For gas-film diffusion controlling: 

6i = 4nR 2 hm(Ci - Cg) 

where, hm: rate parameter of gas-film diffusion (cm 3 -void/cm2 ·min) 

For shell diffusion con trolling: 

6i = (4nRrc/(R- rc))km(Cs- Cj) 

where, km: rate parameter of shell diffusion (cm3 -void/cm·min) 

(7) 

(8) 

The drying-rate equation for diffusion controlling is obtained by combining Eqs. (7) and 

(8), and eliminating Cj. 

(9) 

For the heat-transfer controllings, when the temperatures of the undrying-core, 

drying-shell and gas-film surfaces are ts, ti and tg CC), respectively, the drying-rate 6i 

can be written as follows: 

For gas-film heat-transfer controlling: 

(10) 

where, hh: rate parameter of gas-film heat-transfer (cal/cm2 ·min·°C), t.H: latent heat 

of vaporization (cal/g-H20) 

For shell heat-transfer controlling: 

6i = (4nRrc/((R- re) (b.H))) kh(ti- fs) (11) 

where, kh: rate parameter of shell heat-transfer (cal/cm·min·°C) 

The drying-rate equation for heat-transfer controlling is obtained by combining Eqs. 

(10) and (11), and eliminating ti. 

(12) 
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Thus, combining Eqs. (9) and ( 12), we obtain the following relation, then the rate 
parameters of diffusion and heat-transfer controllings can be converted into each 
other. 

(13) 

km(cs- cg) = kh(tg- fs)/(flH) (14) 

2. Drying-rate equations for long-cylinder 
Fig. 2 illustrates the situation of a drying 

long-cylinder, hence the length L(cm) is very 
much longer than the radius R(cm), and the 
radius of undrying-core givens rc(cm). 

Thus, analogically to the sphere, the rela-
L c cm) tions of the radius of undrying-core r c, the 

drying-ratio Xw and the radius of long cylin
drical material R become as follows: 

1----~> R(cm) 

Fig. 2. Drying-shell model for long-cylinder. 

IR = 2rrRLhm(Ci- cg) 

IR = (2rrL/ln(R/rc))km(cs- q) 

1/2 
rc=O-Xw) R 0 (15) 

R = (Re2 + (1- (Re/Ro)2 )rc2)t/2 (16) 

The material balance equation is obtained 
analogous to the sphere too. 

(17) 

For the diffusion controlling, the drying-rate IR 

can be written as follows: 

(18) 

(19) 

The drying-rate equation for diffusion controlling is obtained by combining Eqs. 
(18) and (19). 

(20) 

For the heat-transfer controlling, the drying-rate equation is obtained from Eq. (20) on 
combining Eqs. (13) and (14). 

3. Drying-rate equations for infinite-slab 
Fig. 3 illustrates the situation of a drying infinite-slab, hence the width and the 

longitudinal length are very much longer than the half-thickness L(cm), and the half
thickness of undrying-core and the one side area given xc(cm) and A(cm2), respectively. 

Thus, analogically to the sphere, the relations of the half-thickness of undrying
core xc, the drying-ratio Xw and the half-thickness of infinite-slab's material L become 
as follows: 

(21) 



Drying-rate Equations based on Drying-shell Models 

t'> x (cm) 

~ cL(cm) 

Fig. 3. Drying-shell model for infinite-slab. 

5 

L = Le+ ( 1 - (Le/L 0 ))xc (22) 

The material balance equation is obtained analogous to the sphere too. 

For the diffusion controlling, the drying-rate IR can be written as follows: 

IR = 2Ahm(Cj- Cg) 

IR = (2A/(L - X c)) km (cs - Ci) 

(23) 

(24) 

(25) 

The drying-rate equation for diffusion controlling is obtained by combining Eqs. 

(24) and (25). 

(26) 

For the heat-transfer controlling, the drying-rate equation is obtained from Eq. (26) 

on combining Eqs. (13) and (14). 

CALCULATION METHODS OF RATE PARAMETERS 

1. Gas-film or shell diffusion controlling 

For the cases of only a partly controlling in the diffusion and heat-transfer con

trollings, we could integrate the drying-rate equations, and the rate parameters can be 

calculated in explicit function. 

For the rate parameter hm of spherical material, the integrated equation can be 

obtained by substituting Eqs. ( 4) and (7) into Eq. (5), and integrating 8 = 0-+ 8, 

re= R 0 -+ re, hence Ci = Cs. For the rate parameter km, the equation can be obtained by 

substituting Eqs. (4) and (8) into Eq. (5), and integrating, hence Ci = Cg. Then, the rate 

parameters hh and kh can be obtained from Eqs. (13) and (14) using the values of hm 

and km, respectively. 

Thus, let us illustrate the integrated euqations for the diffusion controllings. 



6 K. KuBOTA, K. SuzuKI, H. HosAKA, R. HIROTA and K. IHARA 

(1) Spherical material 

For shrinking surface: 

hm = PhRo2 (Re2 - R(Ro3 Re3 + 'c3 (Ro3 - Re3 ))1/3) 

/((R 0 3 - Re3 ) Ccs- cg)8) (27) 

km= Ph(Ro(Ro3 Re3 + 'c3(Ro3 - Re3 ))2/3- (Ro2 Re3 + 'c2(Ro3 - Re3))) 

/(2(R 0 3- Re3)(cs- cg)8) (28) 

For constant surface: 

hm = Ph(R 0 3- rc3)/(3R 0 2(cs- cg)e) 

PhRoXw/(3(cs- cg)8) 

km= Ph(R 0 3+ 2rc3-3Rorc2 )/(6R 0 (cs- cg)8) 

PhRo2 (1 - 3(1 -Xw)213 + 2(1 - Xw))/(6(cs- cg)8) 

(2) Long-cylindrical material 

For shrinking surf ace: 

hm = PhRo(Ro2 -(R o2 Rez + r cz (Ro2 -Rez)) 1/2 )/((Ro2 -Re2 )(cs- cg)8) 

(29) 

(30) 

(31) 

km= Ph(2rc2(Ro2_ Re2)lnrc + (4Ro2 Re2+ 2rc2(Ro2-Rez))lnRo- (Ro2 Re2 

+ r cz (Ro2- Re2 ))ln(Roz Re 2 + r c2 (Roz -Re2 )))/(4(Ro2 -Re z )(cs- cg)8) 

(32) 

For constant surface: 

hm = Ph(R 0 2 -rc2 )/(2R 0 (cs- cg)8) 

Ph(RoXw/(2(cs- cg)8) 

km= Ph(R 0 2 -rc2 + 2rc2 lnrc- 2rc2lnR 0 )/(4(cs- cg)e) 

PhRo2 (Xw +(I - Xw)ln(l - Xw))/(4(cs- cg)e) 

(3) Infinite-slab's material 

For shrinking surface: 

hm = Ph(L 0 - Xc)/((cs- cg)B) 

= PhLoXwf((cs- Cg)8) 

km= PhLe(L 0 - Xc) 2 !(2L 0 Ccs- cg)e) 

= PhLoLeXw2 /(2(cs- cg)e) 

For constant surface: 

hm = same to Eq. (35) 

km= Ph(L 0 - Xc)Z /(2(cs- Cg)8) 

= PhLo2 Xw2 /(2(cs- cg)8) 

(33) 

(34) 

(35) 

(36) 

(37) 
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2. Gas-film and shell diffusion controllings 

For the case of two or more over part controllings in the diffusion and heat

transfer controllings, the drying-rate equation can't be integrated analytically so it must 

be integrated numerically. The experimental data are generally given the integrated 

type as weight of material w vs. drying time 6. For the calculations of the rate para

meters hm and km of spherical material, we substitute Eqs. (4) and (9) into Eq. (5), and 

integrate numerically 6 = 0-+ 6; re = R 0 -+ 'c· Using a Runge-Kutta-Gill method and 

so on, the differential type drc/d6 in Eq. (5) are converted to 'c· 

The following standard deviation a(cm) for re is minimized. 

_ n 2 1/2 

a - ( ~ (re obs- 7c caJ); W;fn) 
' ' 

(38) 

i= 1 

where, Wt weighting coefficient for (rc)i 

(i = 1 - n: number of experimental points) 

The rate parameters are non-linear, and then must be calculated by a non-linear least 

square method using an electronic computer. The calculations using a non-linear least 

square method is easily performed by using a previously established subroutine pro

gram5>·6> for a digital computer. 

The equations of a non-linear least square method are shown as the l element linear 

simultaneous equations, and we calculate the correction values ~ap of the initial para

meters ap,o from the equations. The corrected values of parameters ap,o + ~ap are 

used as the initial values of second iteration and so on. 

(A+ XD)a = vg 
(39) 

where, 

(1, I) matrix 

D : diagonal matrix of A 

a = [ap - ap,o] = [~ap]: (I) column vector 

g [ ;~1 ((r c,obs - r c,0 ) (ar cf3ap) 0 )iWi2 ] : (I) column vector 

X weighting factor between Gauss method (X = 0) and steepest descent method 

(X = oo ), v : step size, ap : parameter (p = 1 - l : number of parameters) 

The flow chart of a digital computer for the calculation of the rate parameters in the 

drying-rate equations is shown in Fig. 4. The example of the flow chart of the main 

program for the spherical material at constant surface is shown in Fig. 5, and the practical 

program is shown in Appendix (used of the Computation Center of Hiroshima University: 

TOSBAC 3400-14). 

The subroutine program of a non-linear least square method HISENS in Appendix 

may be used widely in various researches, and the methods to apply the practical program 
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Subroutine for calculation 
of simultaneous linear 
equations: GAUYOS 

calculation r------;~ Subroutine of drying-rate 
equation: DIFEQ 

Fig. 4. Flow chart for calculation of non-linear rate parameters. 

(Start j 

1 
n J 
~~0 Stop ) 

)0 

( Ro,Re,wo,we,wd,cs,cg, .f'h I 
e. and w. Ci=l~n) 

l l 
J. 

Calculation and write of 5 J 
points average of (wi)obs 

Calculation and write of (h ). 
m l 

and (}<: m)i from Eqs.(29) and 
( 3 0) ; integrated equations 

"' h =(h m)l' k = (k > 1 m m m n 

"" CALL HISENS; non-linear least 
square method 

Calculation and write of h m' 
k m and 0 

J, 

Calculation and write 
of] 

(wi)cal from Eq. (40) 

I 
Fig. 5. Flow chart of main program. 

were previously reported5)· 6 >. The values of Xw, w, Wand dW/d8 compared to the ob
served values respectively, are calculated from 'c and drc/d8 using the following equa
tions. 

For spherical material: 

1 - (rc/R 0 ) 3 from Eq. (3) 

w w0 (1 - Xw) + weXw from Eq. (2) 

(40) 

(41) 
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W = same to Eq. (1) 

dW/de = (3(1 -- Xw) 213 (w 0 - we)/(R 0 wd))drc/de (42) 

from differentiate Eqs. (2) and (3) with respect to e 
For long-cylindrical material: 

2 

Xw = I - Crc/R 0 ) from Eq. (15) (43) 

w =, W = same to Eqs. (41) and (1) 

dWjde = (2(1 -Xw) 112 (w 0 - We)/(R 0 wd))drc/de from Eqs. (12) and (15) (44) 

For infinite-slab's material: 

Xw = I - (xc/L 0 ) from Eq. (21) 

w =, W = same to Eqs. (41) and ( l) 

dW/de = ((w 0 -- we)/(L 0 wd))dxcde from Eqs. (2) and (21) 

(45) 

(46) 

Appendix and Fig. 5 show the calculation for the calculated values of w as an example 

of these calculations. 

RESULTS 

The drying-rate equations based on the drying-shell models were postulated, and 

then the calculation methods of the non-linear rate parameters were reported. 

The drying-rate equations in this paper are characterized by the convenience when 

the constant- and falling-rate periods are not dearly observed and the shrinkage of the 

surface becomes evident, and are used commonly in drying of foods. 

SUMMARY 

In order to design and automatically control various drying apparatuses, it is 

required to determine the drying-rate equations and to obtain the rate parameters for 

the equations. In this study, we postulated the integrated equations of the drying-rate 

equations based on the drying-shell models which considered the surface-shrinkage for 

the sphere, the long-cylinder and the infinite-slab, respectively. Then, we reported on 

the calculation methods of the rate parameters using a non-linear least square method. 

The drying-rate equations in this paper are characterized by the convenience when 

the constant- and falling-rate periods are not dearly observed and the shrinkage of the 

surface becomes evident, and are used commonly in drying of foods. 
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NOTATIONS 

one side area of infinite-slab (cm2 ) 

moisture concentration (g-H20/cm3 -void) 

latent heat of vaporization (cal/g-H20) 

rate parameter of gas-film diffusion (cm 3 -void/cm2 ·min) 

rate parameter of gas-film heat-transfer (cal/cm2 ·min·°C) 

rate parameter of shell diffusion (cm3 -void/cm· min) 

rate parameter of shell heat-transfer (cal/cm·min·oC) 

length of long-cylinder or half-thickness of inifinite-slab (cm) 

radius of sphere or long-cylinder (cm) 

radius of undrying-core of sphere or long-cylinder (cm) 

drying-rate (g-H20/min) 

volume of drying material (cm 3 ) 

moisture content (g-H20/g-D.M.) 

weight of drying material (g) 

drying-rate (g-H20/min· g-D.M.) 

drying-ratio (-) 

half-thickness of undrying-core of infinite-slab (cm) 

drying time (min) 

Ph water concentration of vaporization (g-H20/cm3 ) 

Subscripts; 

o: initial state, e: equilibrium state, d: completely drying state, 

g: gas-film surface, i: drying-shell surface, s: undrying-core surface 
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APPENDIX 

C ~AIN PROGRAM 
C CALCU~ATION OF RATE PARAMETERS IN ORYING•RATE EQUATION OF DRYING. 
C SHE~L MODEL ISQUAREo CONSTANT SURFACE! 
C NON LINEAR ~tAST SQUAR METHOD IHISENS)o 
C FROM H,HOSAKA,K,KU80TA AND K,SUZUKI, SHOKUHIN KOGAKU, PP,170• 
C KYORITSU SHUPPANI1975l 
C N: TOTA~ NUMBER OF EXPERIMENTA~ POINT 
C TINI: TIME, w(Nl=WEIGHTo RCINI• RADIUS OF UNDRYING•CORE 
C AHINloAKINl= RATt PARAMETERS OF GASeFI~M AND SHEL~ DIFFUSION 
C FROM INTEGRATED EQUATIONS 
C K1 1K: NUMBER OF INITIA~ SETTING AND ITERATION ENDING POINTS 
C Alt 1K) 1AI2 1K):RATE PARAMETEWS OF GAS•FILM AND SHE~L DIFFUSION, 

C FROM NON•~INEAR LEAST SQUARe METHOD 
C SDIKI= STANDARD DEVIATION 
C YCI1,N 1 Kl: CALCULATION VA~UtS OF RC(N) 
C wCIN,Kl: CA~CULATION VALUES OF wiNl 

c 

777 

888 

110 

120 

130 

140 

150 

160 
170 

180 

190 

100 

DIMENSION Tl70lowl70l 1 TSI70l•WSI70l 1 X170l,RCI70l•AHI70l,AKI70lo 
1YYI1•70l•XXI1,70l,A(2,16l,HMI16l•HS(16l,wW(1,70l,YCI1•70,16)o 
2YCSI1•70•3l,DDI2,3loSDI16l,XC(70,16l•WCI70,16l 

COMMON RD,RE,CS,cG,RH 
DATA HAA/0,0005/,HM(tl,HSI1l/2•1,0/,HMM,HSS/2•0,5/,HST/0,005/• 

1tPs/1,0E•40/,MY•MX/2•11•LI2/,NT/70/,KT/15/ 
EXTERNA~ SUB 
READI5 1 10l N 
IFINl 999,999,86R 
REA0(5,20l RO,RE,WO,wE,WO,CS•CG,RH 
READI5,3Dl ITIIl,I=l•Nl 
READI5,30l (w(I),l:1,Nl 
EXPERIMENTAL VA~UES OF 5 POINTS AVERAGE METHOD 
DO 100 I•1,N 
IF11•2) 110,120,130 
Il:I+2 
GO TO 170 
II:I•1 
GO TO 170 
N1:N•1 
IFII•N1l 140•150,160 
11 =I 
GO TO 170 
II=I•1 
GO TO 170 
ll:l•2 
wSCll•IWIII•2l+Wili+1l•WIIIl•Wili•1l•Will•211/5,0 
IFII•~l 100o190,180 
N2:N•2 
IFIN2•Il 100•190,190 
12:1•2 
TSil21oTill 
WSI l21oWSI I I 
NzN•4 
DO 200 Ie1,N 
TIII•TSI ll 
"'III•WSIII 

200 X(Il:(WO•W(lii/(WO•WE) 
~RITEc6,5Dl N,RO,RE,wO,wE,wo,cs,ca,RH 
~RITEI6o60> ITilloi=1oNI 
~RITF(6,70l 1Willoi=1,NI 

C RATE PARAMETERS AHIN),AKINla FROM INTEGRATED EQUATION$ 
DO 300 I:i,N 
AX:1,0~XIll 

RC1ll=AX••I1,0/3,0l•RO 
AH(ll:RH•Ro•XIll/(3,0•ICSeCGI•TIIll 

300 AK<Il=RH•R0••2•11,0•3,0•AX••I2 1 0/3 1 0l•2,0•AXI/16,0•ICS•CGI•Tilll 
wRITEI6,80l IAH1Il,I~1,Nl 

wRITE(6 1 ~5l IAKIII,I=1 1 N) 
C ~ATE PARAMETERS A(i,KloAI2,KI: FROM NON•LINEAR LEAST SQUARE METHOD 

L1=~+1 

1<.1:KT+t 
A( 111l:AH( 1) 

Al2,t):AK(N) 
DO 400 l•l,N 

11 
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YY<1.Il=><C(U 
XX(1.Jl:T(!) 

400 wW(l.l):1,D 
CALL HIS~NS(YY,XX,A,HAA,HM,HMM,HS,HSS,HST,WW,YC 1 YCS 1 00,SO, 
1MY,MX,No~T,LoL1•KoKToK1,SUHoEPS,lLLl 

lF<ILLl 410,420•410 
410 wRITEI6,90l ILL 

GO TO 999 
420 wRITEI6,95) IAilA,Kll,IA:t 1 LloSD(K1l 

wRITE(6,96l K,(AIIA,KI 1 !A=1•LI,S0(Kl 
C CALCULATfD VALUES FROM OBTAINED RATE PARAMETERS 

DO 500 I:t,N 

c 
c 
c 

500 

999 
10 
20 
30 
50 
60 
70 
80 
85 
90 
95 
96 
97 
98 

XC(loK1l:1,0•(YCI1,IoK1)/ROl••J 
wC(l,Kti=Wn•<t,O•XC(!,Kil)+~E•XCII,K11 
llO 500 !K=1•K 
XC<l•lK1:1,0PiYCI1ol•lKI/RO)**J 
wC<Io!Kl:WO•I1,0•XCII,IKI)+wE•XCII,IKl 
wRITEI6,97) IWC(l,Ktl,I:t,Nl 
wRITE(6,98l IWCII,KI,I=t,NI 
GO TO 777 
STOP 
FORMATII4l 
FORMAT15FB,0,3F12,0l 
FORMAT(10F8 1 0) 
FORMAT11H1,26HN,RQ,RE,WQ,WE,W0oCS,CGtRH:/1H ,I4,4X,8E1J,5l 
FORMAT11H0 1 5HT(N):/(1H ,10E13 1 5ll 
FORMATt1H0,5HW(NI:/(1H 110E1J,5)) 
FORMATI1H0 16HAH(N):/11H 110E1J 1 511 
FORMAT11H0,6HAK(N):/(1H •10E13 0 5)) 
FORMATt1H0,4HlLL:,IBI 
FORMAT(1HQ,15HA(L,K11,SDIK1l=/t1H 110E13,5)) 
FORMAT11H0 116HK:,A(L,KI,SDIKl:/tH ,I4,4X,3E13,51 
FORMAT(1H0,9HWC(N,K1l:/(1H o10E1J,5)l 
FORMAT11HQ,8HWC(N,K)c/11H ,tOE13o5ll 
ENn 
SURROUTINE HISENS(Y,X,A,HAA,HM,HMM,HS,HSS,HST,W 

1•YC,YCs,UO,SO,MYoMX,N,NT,LoL1•K,KT,K1oSUB,EPS,ILLI 
NON•LlNEAR LEAST SQUARE METHOD 
H,HOSAKA,K,KUBOTA AND K 1 SUZUKlo SHDKUHIN KOGAKU, P~ol70• 
KYORITSU SHUPPAN(1975l 
UlM~NSION Y(MY,NT),XIMX,NT),A(L,K1l,HM(Kll,HSCK1ltWIMY 1NT) 

1•YC(HY,NT,K1l,YCS!MY,NT,L1l•DOIL•L11,SD(K1l,HA1201 
2•ASI?Ol,DDSI20l 
1F<KT,GE,1,0R,MY,GE,t,OR,MX,GE 1 1oOR,N,G~,~.OR,L,GE,2,0R 

loLoLEo?OoOR,L,LToLioOR,KT,LToK1,0R,EPS,GF,0,8) GO TO 200 
ILL=JDOOO 
GO TO 999 

200 K:t 
HM(Kil:rlM(tl 
HS(Kt):HS(tl 
SOS=O,n 
DO 10 11>.<1,1,. 

10 A(!A,Kli=A<IA,tl 
H88 CALL SUH(YC,x,A,~Y,MX,N,NT,LtKoK1,ILLl 

!F(lLLI JOOt400•~00 
300 IF<SOSl 999,999,700 
400 D=n.o 

DO 20 I=l•N 
iJO L'fl J=to>1Y 

20 LJ=i1•((Y(Joll•YC(,J,I,t<))*"(J,IIl••2 
SUIKl:SQt<T(iJ/(~~~Yll 

IF(SUSl 999,~00•600 
500 SDS=SD(K) 

~0(K1):SO(Kl 

UO 30 l=ltN 
00 30 J=1o'1Y 
YCSIJ•I•Lll=YCCJ•I•Kl 

30 YC(J,I,K1l:YC(J,J,Kl 
DO 21 IA:1 1 L 
ACIA,Kti=A<IA,11 

21 CONTINUE 
GO TO 777 

600 lF<SDS•SDCKil 700,800,800 
700 HS(K):HS(Kl•HSS 

lf(HSTsHSIKll 666,999,999 
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BOO IF!KT•K) 999,999,900 
900 K:K+1 

HM(K):HM<K~tl•HMM 

HSCK):HS(l) 
SOS:SO(K•i) 
DO 40 JA•1•L 

40 A(JA,KI:A(JA,Kvl) 
DO 50 t=1,N 
DO 50 J:t,MY 

50 YCS(J,I,L1l=YCCJ,I,K•1) 
777 DO 60 IA•1,L 

AST:A(JA,K) 
HA(JA):AIIA,K)•HAA 
A(!A 1 K):A(JA,Kl+HA(lA) 
CALL SUB<Yc,x,A,My,Mx,N,NT,L•K•K1,ILLI 
lF<ILLl 999,1000,999 

1000 DO 70 J:1,N 
00 7n J:1,MY 
YCS(J,I,!Al=YC(J,l,Kl 

70 YCS(J,I,lA>=<YCS(J,I,IAI•YCS(J,I•L111/HAClA) 
60 A(IAoKI=AST 

DO 80 IA1:t,L 
lJO RO IA?=t,L 
DD< lA1.IA2>=c:,o 
OD Bfl I=l,N 
DO RU J:1,MY 

Hn DO<IA1,IA2l=UDCIA1,IA2l+YCS(J,I,IA11•YCS<J,J 1 1A2) 
t•w<J.I>••2 

D 0 9 !l I A= 1 , L 
DO!IA,[Al=OD<IA•IAl•!t,O+HM!KI) 
UO(lA,I1l:n,n 
OD 90 I=l•N 
LJO 90 J=l•MY 

90 DO!IA,Lll=OD!IA,Ltl+YCS(J,I,IAI•(Y(J,II•YCS(J,I,Llll 
t•loHJd H'*2 

CALL GAufQS(UQ,L,Ll•~PS,lLLl 
lFIILLl Y99 1 11~0,999 

11011 DO 110 1A=1•L 
ASilAl:A(lA,+<;) 

110 ODSIIA>=DD!IA,Lll 
666 UO 1?0 IA=i•L 

DD<IA,Ltl=DD~(IA>•HS(Kl 

120 A(IAoKl=AS!lAl+DU(lAoL1l 
130 TIJ BBF:! 

999 f<ETUkN 
E:N11 

SuHROUTl"lE SllB(YC,x,A,MY,MX,N,NT•L•K•K1,JLLl 
C CALCULATION OF tOUATIONS FOM SIMULATION 

JI~ENSIOu yCCMY•Nf,K1),X(MX•NT),A(L,K1),YY(l)IY5(1),0Y(1l•AA(2l 
1. Q ( 1) 

COMMON HO,Rf,CS,CG,RH 
E:XTERNAL IJIFbQ 
XX:O,O 
HX: X ( 1 , N l I 1 0 (J, 0 
DO 10 1~1,~ 

10 AA(I):A(l•Kl 
00 20 I~t,MY 

YY(J):RO 
20 Q(l):O,O 

DO 30 l=1•N 
IF(XX•X(1•Jll 40,50,50 

40 UO 60 J:l,MY 
60 YS(Jl:YY!Jl 

CAl.L URKGS<yy,DY•XX•HX,MY,AAoLoDlFEQ,Q) 
!F(XA•X(l•Ill 40o50•~0 

50 llQ JIJ J=l oMY 
30 YC(J 1 l 1 Kl:YY<Jl·<YY(J)•YS(Jll*(XX·X!1olll/HX 

ILL:O 
f<ETURN 
E:ND 

13 
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SURROUTlNE DIFEQ(y,Qy,x,My,A,Ll 
C DRYlNG-~ATE: tGUAfiON ISQUARco CONSTANT SURFACE! 
C Y(1l• RADIUS OF UNOHYING•COHE 
C X: TIME 
C DYiil= DIFFERENTIAL VAhUE OF Ylll RESPECl To X 
C Al1loA12l= RATE PAHAMET~RS OF GAS•FlhM AND SHELL DIFFUSION 

DIMENSION Y(MYloUYCMYl,ACLl 
COMMON RnoRE,CS,CG,HH 
R1:1,0/A(ll 
R2:1RQ•Yilll/CIYI1l/ROl•AC2ll 
0Y(1):-RD••2•CCS•CGI/CIH1•R2l*RH*YI11••21 
RETUf<N 
<'Nil 
SUBROUTINE GAUY0S(A,N,N1,EPS,ILLI 

C GAUSS•JOROAN METHOD 
C CALCUlATION OF SIMULTANEOUS LINEAR EGUATIONS 

DIMENSION A(N,Nll 

c 
c 

DO 1D K:1,N 
tllG:ABSUdt<,K) I 
IP=K 
K1=K•1 
IFIK1,GT,NI GO TO 14 
00 11 I:K1,N 
IFIABSIACI,Kll,LE,BlGl GO TO 11 
lHG•ABSC A( J,K)) 
IP=I 

11 CONTINUE 
14 lFCSIG,GE,FPSl GO TO 12 

llL=1000 
GO TO 999 

1? lFIIP,EO,Kl GO TO 15 
UO 13 J=1•N1 
TEMP:A(KoJl 
A(K,J):AIIP,J) 

13 AllP,JI•TEMP 
15 W:A(K,K) 

00 20 .J=K1•N1 
20 AIK,J):AIK,Jl/W 

DO 30 l:t,N 
IF<l,EO,Kl GO TO 30 
w=A(!oK) 
DO 40 J:K1,N1 

40 AlloJl:AII,Jl•W*A(K,Jl 
30 CONTINUE 
10 CONTINUE 

lLL=O 
999 RETURN 

t-ND 

100 

SURROUTINE URKGSIY•OY•X•HXoMY•A•l•DIFEQ 1 Q) 

RUNGE•KUTTA•Glll METHOD 
CALCUlATION OF ORDINARY DIFFERENTIAL EQUATIONS 
DIMENSION Y(MY),DYIMY),A(L),Q(MYl,T(201,R(20I 1 P(6),8(4l•CC4l 
DATA PC1l•BC1),CC1l•CC4)/4•0,0/,B(2)/0 1 2928932/,8(3l/1 707107/ 
PX:X ' 
P(2):0,5•HX 
P13l:D,5•HX 
P(t;);0,5•HX 
P(4)•HX 
P(5l:HX 
8(4):1,0/3,0 
C(21:0,7071068•Hx 
C(3l:•C(2) 
DO 100 J•1,4 
X=PX•P(Jl 
CALL DIFEQIY,OY,X,MY,A,LI 
DO 100 h1 1 MY 
TIIl=PIJ•2>•DYIIl•QCI! 
HIIl:S(Jl•Til) 
Yl 1 l =VI I l•RI 1! 
Qlll~3,0•Rill•Til!+Cill•DY1Il 
RETURN 
END 
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殻状乾燥モデルに基づく乾燥速度式に関する研究

久保田清・鈴木寛一・保坂秀明・広田令子・伊原 潔

食品の乾燥は，貯蔵とか輸送を容易にするととから，食糧問題を考えていく場合に重要になる単位操作の一

つである。各種の乾燥装置を設計し，制御化などを行なっていくためには，乾燥速度式を設定し，それに含ま

れる速度パラメータを求めていくことが必要である。

一般に食品において，乾燥特性曲線を描いた場合，恒率および減率期間カ明確でないが，この原因として食

品に特有の表面収縮現象などが考えられる。また，食品は多種にわたる高分子成分によって構成されていて化

学的，物理的な性質が単純でなかったり，細胞構造を有しているものが多いことなどからも，水分移動機構な

どが複雑である。とれらの食品に特有な現象を一つずつ究明しながら乾燥速度式を設定していくべきであるが，

再現性のよい実験データを得るのが困難であることなどにより容易でない。

本研究は，当直する乾燥装置設計などに対応するために，簡単な乾燥モデルに基づ、いて半理論的なものでよ

いから乾燥速度式を設定して，実験データによるシミュレーションを行なっていくことを目的として，つぎに

示す3段階で研究を行なった。

(1) 乾燥速度の大きい条件下で適用できると考えられる殻状乾燥モテワレを球，長い円柱およひ簿い平板形に

ついて考え，乾燥速度式の設定をした。

(2) 乾燥の進行に伴ってガス境膜拡散律速などから乾燥殻状部拡散律速などに移行していくと考えられる。

各形種の乾燥速度式において，何れか一つの律速を仮定して，近似的』ζ乾:臨ま度パラメータを簡単に求めるた

めの積分式を表面収縮も考慮して誘導した。

(3) 全乾燥期聞に適用できる乾燥速度式を得るためには，二つ以上の乾燥速度パラメータを同時に計算して

いく必要があるが，そのための非線形最小二乗法を使用した電子計算機プログラムを作成した。乙の計算の乾

燥速度パラメータの初期値として (2)で得られる値を使用することができる。

本研究成果は，乾燥機構が複雑な食品などの乾燥速度式を実験データよりシミュレーションによって得る場

合に有用である。


