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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")-?) 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®-? | 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. 1 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 as R(cm), V(cm?)
and w(g), and the radius of the undrying-core is givens as rc(ecm). The subscripts o, e
and d in these symbols signify the initial, equilibrium and completely drying states,
respectively.

undrying-core

drying-shell

initial state equilibrium state

Fig. 1. Drying-shell model for sphere.

Thus, we may define the moisture content W(g-H,0/g-D.M.) and the drying-ratio
Xw(-) of material by the following equations.
W = (w-wq)wq (D
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Xw = (Wo- W)/(WO - we) = (Wo - W)/(Wo - We) 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 rg, the drying-ratio Xy, and the radius of spherical material R become as follows:

Il

1/3

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

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

very small radius of undrying-core dre(cm), in a very short time interval d6 (min), where

®(g- H,0/min) is the drying-rate of material.

Fe

R

dre/do = ®/(4nrc’ py) (5)
where, pp = (W —we)/Vg (6)
For the diffusion controllings, when the moisture concentrations of the undrying-core,
drying-shell and gas-film surfaces are cg, ¢j and cg (g-H,O/cm?®-void), respectively, the
drying-rate ® can be written as follows:

For gas-film diffusion controlling:

& = 4nR* hy(cj — cg) (7)
where, hp,: rate parameter of gas-film diffusion (cm?®-void/cm? - min)

For shell diffusion controlling:

R = (4nRrc/(R — r)km(cg — ¢} (8)
where, kp,: rate parameter of shell diffusion (cm3-void/cm-min)

The drying-rate equation for diffusion controlling is obtained by combining Eqgs. (7) and
(8), and eliminating c;.

® = 4nR?(cg — cg)/((1/hm) + (R — r/((re/R)km))) %9

For the heat-transfer controllings, when the temperatures of the undrying-core,
drying-shell and gas-film surfaces are fg, #j and tg (°C), respectively, the drying-rate &
can be written as follows:

For gas-film heat-transfer controlling:

® = (4nR? [(AH)hp(tg — 1) (10)
where, hp: rate parameter of gas-film heat-transfer (cal/cm? -min-°C), AH: latent heat
of vaporization (cal/g-H,0)

For shell heat-transfer controlling:

& = (4nRre/(R —ro) (AH))) kp(ti — &) (11)
where, kp,: rate parameter of shell heat-transfer (cal/cm-min-°C)

The drying-rate equation for heat-transfer controlling is obtained by combining Egs.
(10) and (11), and eliminating #;.

& = 4nR?(1g — t)/(AH[hp) + (R = ro) (AH)/(r¢/R)kp)) (12)
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Thus, combining Egs. (9) and (12), we obtain the following relation, then the rate
‘parameters of diffusion and heat-transfer controllings can be converted into each
other.

him(cs — ¢g) = hy(tg — t/(AH) (13)

km(cs-cg) = kh(tg_ts)/(AH) (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 r(cm).

Thus, analogically to the sphere, the rela-
L(cm) tions of the radius of undrying-core r¢, the
dryingratio Xy, and the radius of long cylin-
drical material R become as follows:
12
re= (1 —Xy) Rg (15)
R = (Re® + (1 — (Re/Roy2 "> (16)

" The material balance equation is obtained

l‘—> R(cm) analogous to the sphere too.

dr¢/de = — R®/Q2nr.Lpy) (17)

Fig. 2. Drying-shell model for long-cylinder. For the diffusion controlling, the drying-rate ®

can be written as follows:
R
KR

2nRLhm(cj — cg) (18)
QuL/In(R/r)kpp(cs — cp) (19)

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

® = 2rRL(cs — cg)/((1/hmy) + (RI(R/ro)/ km)) (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 X (cm) and A(cm?), respectively.

Thus, analogically to the sphere, the relations of the half-thickness of undrying-

core x¢, the drying-ratio Xy, and the half-thickness of infinite-slab’s material Z become
as follows:

xe = (1 = X)L N
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Fig. 3. Drying-shell model for infinite-slab.

L= Lo+ (1 —(Le/Lo)xe (22)

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

dx./do = —&/(24pp) (23)
For the diffusion controlling, the drying-rate ® can be written as follows:

® = 2Ahp(ci — cg) (24)

R = QA/(L — xc) km(cs — ¢i) (25)

The drying-rate equation for diffusion controlling is obtained by combining Egs.
(24) and (295).

R = 24(cg— Cg)/((l/hm) +((L —xQ)/km)) (26)
For the heat-transfer controlling, the dryingrate 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 Ay, of spherical material, the integrated equation can be
obtained by substituting Egs. (4) and (7) into Eq. (5), and integrating 6 = 06,
re = Ro~ r¢, hence ¢j = ¢5. For the rate parameter ky, the equation can be obtained by
substituting Egs. (4) and (8) into Eq. (5), and integrating, hence ¢j = cg. Then, the rate
parameters ip, and kp can be obtained from Egs. (13) and (14) using the values of A,

and kyy, respectively.
Thus, let us illustrate the integrated euqations for the diffusion controllings.
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(1) Spherical material

(2

3

For shrinking surface:

hm= phRo*(Re* — R(RG’ R +1° (Ry? _Re3))l/3)

(Rg® —Re?) (cg— Cg)ﬂ) 27N
km= ph(Ro(Ro’Re’ +7% (R — R¢? ))2/3— (Ro*Re® +rc? (R — Re*))
J(2(Rg*— Re®)(cg — cg)f) (28)

For constant surface:
hm= Ph(R03 - r(:3 )/(3R02 (¢cg — Cg)e)
= phRoXw/(3(cs — ¢g)0) (29)
km= Ph(Ro>+ 2r® =3R oy )/(6R o(cs — cg)) '
= phRo? (1 = 3(1 =X )™ +2(1 — Xy))/(6(cs — cg)0) (30)
Long-cylindrical material
For shrinking surface:
, 1/2
hm= phRo(R? _(RozRez + "(;2 (R02 _Re2 ) )/((R02 —Re2 )(cg — Cg)e)
(31
km= ph(2r® (Ro>— Re?)Inrg + (4RGP Re?+ 2r i (Rg* —Re*)INR o — (R Re?
+r (Ro>— R DIN(RGP R+ 72 (RGP R M/NAHR 2 —Re? ) (cg — cg)f)

(32)
For constant surface:
hm = ph(Ro> =7 ) /(2R o(cs — cp)f)
= ph(RoXw/(2(cg — cg)b) (33)
km= ph(Ro>—r+ 2r 2 Inrg — 2r 2 InR o) /(4(cg — cg)(?)
= phRo* (X + (1 — Xy)In(1 — X,))/(4(cg — cg)f) 34
Infinite-slab’s material
For shrinking surface:
hm = PhLo— x)/((cg — cg)b)
= oL Xwl((es — cg)b) (35)
km= phle(Lo—xo)*/(2Lo(cs — cg)f)
= phloLleXw’/(2(cs — cg)b) (36)

For constant surface:
hm = same to Eq. (35)
km = phLo— X¢)* /(2cs — cg)d)
phlo’ Xw® /(2cg — cg)f) 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 Ay, and kpy, of spherical material, we substitute Egs. (4) and (9) into Eq. (5), and
integrate numerically 8 = 0 6; rc = Rg—>rc. Using a Runge-Kutta-Gill method and
so on, the differential type dr./df in Eq. (5) are converted to r¢.

The following standard deviation o(cm) for r is minimized.

n 1/2

o= (i—zl (rc,obs — rc,cal)i2 Wiln) (38)

where, W;: weighting coefficient for (rc);

(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-
gram®9) for a digital computer.

The equations of a non-linear least square method are shown as the / element linear
simultaneous equations, and we calculate the correction values Aap of the initial para-
meters ap o from the equations. The corrected values of parameters ap o + Adp are
used as the initial values of second iteration and so on.

(A +AD)s =vg (39)
where,

A= [%1 (@rcfaap)o@re/dapNo)iWi?] = (L, 1) matrix

D : diagonal matrix of A

8= lap — ap,ol = [Aapl: (1) column vector

g [ 3 ((rc.obs — "c,0 (arc/aap)o),-w,ﬂ ]: () column vector
i=1 > >

A : weighting factor between Gauss method (A = 0) and steepest descent method
(A=), v : step size, ap: parameter (p =1~ 1: 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 of non-linear Subroutine for calculation
least square: HISENS of simultaneous linear
equations: GAUYOS

Subroutine for calculation
of equations for
simulation: SUB

JT
Subroutine for calculation Subroutine of drying-rate
of ordinary differential equation: DIFEQ

equation: URKGS

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

/Ro’Re’wo’we’wd’cs’cg’ fh
Si and W, (i=1l~n)

Al
Calculation and write of §

points average of (wi)obs
A%

Calculation and write of (hm)i
and (km)i from Egs.(29) and
(30); integrated equations

L

h=(h), km=(km)n1

CALL HISENS; non-linear least
square method
Calculation and write of hm
k, and 6

L
Calculation and write of
(wi)Cal from Eq.(40)

]

Fig. 5. Flow chart of main program.

>

were previously reported®-®). The values of Xy, w, W and dW/d6 compared to the ob-
served values respectively, are calculated from rc and dr/dé using the following equa-
tions.

For spherical material:
Xw = 1—(rg/Ry)> from Eq. (3) (40)
w = wo(l — Xy) +weXy from Eq. (2) (41)
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W = same to Eq. (1)
dw/de = (3(1 — Xy)¥3(wg — we)[(Rowd))drc/do (42)

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

Xy = 1—(rg/Ry) from Eq. (15) (43)
w =, W= same to Egs. (41) and (1)
AW/do = (2(1 —X )2 (wo— we)(Rgwq))dre/dd from Egs. (12) and (15)  (44)

For infinite-slab’s material:

Xy = 1—(x¢/Ly) from Eq. (21) (45)
w =, W= same to Egs. (41) and (1)
dW/de = (wo— we)/(Lowd))dxdd from Eqgs. (2) and (21) (46)

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

of these calculations.

RESULTS

The dryingrate 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—slabb (cm?)

moisture concentration (g-H,0/cm?-void)

latent heat of vaporization (cal/g-H,0)

rate parameter of gas-film diffusion (cm?®-void/cm? -min)
rate parameter of gas-film heat-transfer (cal/cm?-min-°C)
rate parameter of shell diffusion (cm?-void/cm-min)

rate parameter of shell heat-transfer (cal/cm-min-°C)
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-H,O/min)

volume of drying material (cm?)

moisture content (g-H,O/g-D.M.)

weight of drying material (g)

dw/de : drying-rate (g-H,O/min-g-D.M.)

drying-ratio (-)

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

drying time (min)

: water concentration of vaporization (g-H,O/cm?®)
Subscripts;
initial state, e: equilibrium state, d: completely drying state,
gas-film surface, i: drying-shell surface, s: undrying-core surface
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APPENDIX

MAIN PROGRAM

CALCULATION OF RATE PARAMETERS IN DRYINGRATE EQUATION OF DRYINGe

SHELL MODEL (SQUAREs CONSTANT SURFACE)

NON LINEAR LEAST SQUAR METHOD (HISENS),»

FROM H,HOSAKA,K,KUBQTA AND Ko,SUZUKI, SHOKUHIN KOGAKU, PP,170,»

KYORITSU SHUPPAN(1975)

N= TOTAL NUMBER OF EXPERIMENTAL POINT

T(N)= TIME, W(N)=WEIGHT, RC(N)a RADIUS OF UNDRYING=CORE

AH(N) sAK(N)= RATE PARAMETERS OF GASeFILM AND SHELL DIFFUSION

FROM INTEGRATED EQUATIONS .

K1,K= NUMBER. OF INITIAL SETTING AND ITERATION ENDING POINTS

A(1:K).A(2,K)=RATE PARAMETERS OF GASesFILM AND SHELL DIFFUSION,

FROM NONeLINEAR LEAST SQUARE METHOD

SD(K)= STANDARD DEVIATION

YC(1sN,K)= CALCULATION VALUES OF RC(N)

WC(N,K)= CALCULATION VALUES OF wW(N)

DIMENSION T(70)#w(70),TS(70) sWS(70),X(70),RCL70)sAH(T70),AK(70),
1YY(1:70);XX(1.70):A(?;ib)oHM(ib):HS(ié):wN(1070)oYC(1570:16)n
2YCS(1:70:3)500(203)550(16):XC(70016)1HC(70-16)

COMMON RO,RE,CS»CG,RH

DATA HAA/U.OOOS/:HM(l)JHS(1)/2'1.0/,HMM:HSS/?“O.5/3HST/U.005/!
1EPS/1.0E-40/:MVaMX/?'i/aL/Z/:NT/70/:KT/15/

EXTERNAL SuB

READ(5,10) N

IF(N) 999,999,888

READ(5,20) RO,RE,WOsWE,WD,CS»CGsRH

READ(5,30) (T(I)sI=1sN)

READ(5,30) (W(I),I=1,N)

EXPERIMENTAL VALUES OF 5 POINTS AVERAGE METHOD

DO 100 I=z1,N

1F(Ie2) 110,120,130

1I1z1+2

GQ TO 170

I1=I+1

G0 TO 170

NizNei

IF(IeN1) 140,150,160

I11=1

GO0 TO 170

I1=1=4

GO TO 170

I1=1e2

NS(I)i(H(IIOZ)OH(1101)0H(II)#N(II'i)OH(II'Z))/S.O

IF(l=3) 100,190,180

N2=Ne2

IF(N2eIl) 100,190,190

12:=1=2

TS(I2)aT(I)

WS(12)aWS(I)

NzNe4

DO 200 Isi,N

T(I)sTS(I)

W(X)=WS(I)

X(I)s(WOeW(I))/(WDeWE)

WRITE(6+50) N,RO,RE,WO,WE,WD+CS,CGsRH

WRITE(6,60) (T(1),I=1,N)

WRITE(6,70) (W(I),I=1,N)

RATE PARAMETERS AH(N),AK(N)z FROM INTEGRATED EQUATIONS

DO 300 I=z1,N

AX=1,0=X(I)

RC(I)=Ax%®(1,0/3,0)%R0

AH(I)=RH#RO#X(I)/(3,0#(CSeCG)®T(I))

AK(I)=RH®RO##2w(1,0e3,00AXe"(2,0/3,0)+2,00AX)/({6,00(CSeCGlaT(I))

WRITE(6,80) (AH(I),I=1,N)

WRITE(6,85) (AK(I),I=1,N)

RATE PARAMETERS A(1,K),A(2,K)= FROM NONeLINEAR LEAST SQUARE METHOD

Li=L+1

K1=KT+1

A(191)zAH(L)

A(2,1)=zAK(N)

DO 400 I=1,N
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YY(1,I)=rRC(I)

XX(1,1)=7(1)

wW(laI)=1,0

CALL HISENS(YY,XX,A,HAA,HM,HMM,HS,HSS,HST,WW,YC,YCS,DD,SD,

IMY S MXaNsNT Lo L1 sRK KT K1 ,SUBSEPS,ILL)

410

420

999
10
20
30

60
70
80
85
90
95
96
97
98

200

10
888

300
400

500

30

21

600
700

IF(ILL) 410,420,410
WRITE(6,90) ILL
GO TO 999
WRITE(6,95) (ACI1A,K1),IA21,L),SD(KY)

WRITE(6,96) K, (A(IANK) IA=Z1,L)sSD(K)

CALCULATED VALUES FROM OBTAINED RATE PARAMETERS
DO 500 I=1,N
XC(1,K1)21,0-(YC(1,I,K1)/R0) 03
WwC(I,K1)=wWn®(1,0eXC(I,K1))swE®XC(I, K1)

DO 500 IK=1,K
XC(I»IK)=1,00(YC(Ls1sIK)/RO) "™
WC(I,IK)=WOR(1,0eXC(I,IK))+wE®XC(I,IK)

WRITE(6,97) (WC(I,K1),I=z1,N)

WRITE(6,98) (WC(I,K)sI=1,N)

GO TO 777
STOP
FORMAT(I4)

FORMAT(5F8,0,3F12,0)

FORMAT (10F8,0)
FORMAT(1H1,26HN)RO,RE WO, WEsWD2CS,CGaRH2/1H ,14,4X,8E13,5)
FORMAT(1HO,5HT(N)z/(1H ,10E13,5))

FORMAT (1HO,SHW(N)=/(1H ,10E13,5))

FORMAT (4HD,6HAH(N)z/(4H ,10E13,5))

FORMAT (4HD,6HAK{N)=/(1H ,10E13,5))

FORMAT (1HO,4HILL=,18)

FORMAT (1HO,15HA(L »K1) ,SD(K1)=/(1H ,10E13,5))
FORMAT (1HQ ,16HK= ,A(L,K) ,SD(K)=/1H 214,4X,3E13,5)
FORMAT (4HO,9HWC(N,K4)=/(1H ,10E13,5))
FORMAT(41HO,BHWC(N,K)e/(4LH ,10EL13,5))

END

SUBROUTINE HISENS(Ys»X,»ApHAA)HMsHMMsHS ,HSS,HST W
1sYC,YCS,sDD,SO,MYsMXsN)NT L oLLsK,KT )KL ,SUB,EPS,ILL)

NON=LINEAR LLEAST SQUARE METHOD

H,HOSAKA,K ,KUBOTA AND K,SUZUKIs SHOKUHIN KOGAKU, PP,.170,

KYORITSU SHUPPAN(1975)

DIMENSTION Y(MY,NT ), XtMXoNT) JA (L K1) JHM (K1) pHS (K1) )W (MY ,NT)
1,YC(MY,NT,K1),YCS{MY,NT,L1),DD(LsLL)»SD(KL1),HA(20G)
2+AS(20),0DDS(20)

IF(KT.GE.l.OR.HV.GE.i.OR.Mx.GE.i.OR.N.Gt.L.OR.L'GE.Z.OR
10LeLEe20¢0ReLoLTILLsORKTGLToKLsORJEPS,GEs04N) GO YO 200

ILL=30000

GO TO 999

Kzq

HM(K1)=rM(1)

HS(K1)=HS(1)

$DS=0,0

DO 10 TA=z1,L

ACIA,K1)=A(IA,1)

CALL SUB(YCaXaAarY ,MX)NyNT,LsKsK1,ILL)

IFCILL) 3004400.300

IF(SDS) 999,999,700

D=0.0

DO 20 I=1.N

DO 20 J=z1.MY

D2 ((Y(JaI)=YCUJsI,K) )W (1)) ne2

SD(K) =SAIRT(D/ (NemY))

1F(SDS) 999,500,600

SDS=SD(K)

SD(K1)=SD(K)

DO 30 T=1,N

DO 30 Jz1,My

YCS(JeIsL1)=YC(JrIsK)

YC(JsI,K1)=YC(Jsl,K)

DO 21 IA=1,L

A(TA,K1)=A(1A,1)

CONTINUE

GO TO 777

IF(SDSsSND{(K)) 700,800,800

HS(K)zHS(K)®#HSS

IF(HST®HS(K)) 666,999,999
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IF(KTeK) 999,999,900

KzK+1

HM(K)=HM(Kaq ) #HMM

HS(K)=HS (1)

SDS=SD(Kei)

DO 40 IA=34,L

A(TA,K)=A(TA,Kel)

DO 50 1=1,N

DO 50 J=1,MY

YCS(J,yI,L1)=YC(J,I,Key)

DO 60 IA=z1,L

AST=A(IA.K)

HA(IA)zA(IASK)®#HAA
A(TA,K)=A(TA,K)+HA(IA)

CALL SUB(YCaXxpAamMY ,MXyNaNT,LsKeKL1,ILL)
IFCILL) 999,1000,999

DO 70 I=1,N

DO 70 J=1,.MY

YCS(JsI»IA)=YC(J,1,K)
YCS(JaTsIA)=(YCS(JsI,IA)=YCS(Jselsl1))/HACIA)
A(TALK)=AST

D0 80 IA1=1,L

DO 80 IA2=1,L

DD(1A1,IA2)=0,0

DO 80 1=1,N

DO 80 J=1sMY
DD(IA1,IA2)=UD(IAL1,IA2)+YCS(J,1,1A1)wYCS(JU,1,IA2)

1#W(JsI)wn2

90

00 90 IA=z1,L

DD(IATA)=DD(IAS[A)®(1,0+HM(K))

UD(IAML1)=0,0

(0 90 I=1.N

U0 90 J=1aMy
DD(IA,L1)=DD(IA,L1)+YCS(J,1,IA)®(Y(J,I)eYCS(J,I,L1))

1*W(Jsl)wn2

1100

110
666

120

999

10

20

40
60

50

CALL GAUYQS(UD,LsL1,EPS,ILL)
1IF(ILL) 999,1100,999

DO 110 1A=1,L
AS(TA)zA(IA,K)
DDS(IA)Y=DD(IA,LL)

DO 120 IA=1.L
DD(IA,L1)=DDS(IA)#HS(K)
A(TASK)=AS(IA)*DD(IA,LL)
G0 TO 888

RE TURN

END

SUHRROUTINE SUB(YC,XasA,MYsMXsNsNTHLsKsK1,TLL)
CALCULATION OF EGUATIONS FOK SIMULATION

UIMENSTION YC(HV:NTnK1):X(HXANT):A(L:Ki):VV(i);VS(i):DV(l):AA(Q)

1,Q(1)

COMMON K0O,RE,CS»CGoRH

EXTERNAL DIFEQ

XX=0,0

HX=X(1,N)/100,0

DO 10 I=1,L

AA(I)=A(14K)

DO 20 I=1,MY

YY(I)=RO

Q(I1)=0.,0

DO 30 I=1.N

IF(XX*X(1,1)) 40,50,50

U0 60 Jz1aMY

YS(JI=YY (D) o
CAI L URKGS(YY sDY sxX sHX sMY 2 AA»L sDIFEQ Q)
IF(XXx=X(121)) 40,5050

DO 30 J=1,MY
VC(J»I.K):YY(J)-(VV(J)-YS(J))'(XX-X(1.I))/HX
ILL=0

RETURN

END
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SURROUTINE DIFEQEYDY,XaMY,A,L)
DRYING-RATE EQUATION (SQUARE, CONSTANT SURFACE)}
Y(1)= RADIUS OF uUNDRYING-COKE

X= TIME

DY(41)= DIFFERENTIAL VALUE OF Y(1) RESPECY TOo X
A(1),A(2)= RATE PARAMETERS OF GAS~FILM AND SHELL DIFFUSION
DIMENSTION Y(MY)aDY(MY),A(L)

COHMON ROIREL,CS»CG,RH

R1=1,0/A(1)

R2=(RO«Y(1))/((Y(1)/RDINA(2))
0Y(1)z=RO#N2#(CSaCG)/((R1+R2)%RH*Y (1)wa2)
RETURN

END

SUBROUTINE GAUYOS(A,N,N1,EPS,ILL)
GAUSS~JORDAN METHOD

CALCULATION OF SIMULTANEOUS LINEAR EQUATIONS
DIMENSION A(N,N1)

DO 10 K=1,N

BIG=ABS(A(K,K))

IP=K

Kiz=K+1

IF(KL1,GT(N) GO TO 14

DO 14 I=K1,N

IF(ABS(A(I,K)),LE,BIG) GO TO 11
BIG=ABS(A(I,K))

IP=1

CONTINUE

IF(BIG,GEEPS) GO TO 12

ILL=1000

GO TO 999

IF(IP,EQ,K) GO TO 15

DO 13 J=1aN1

TEMP=A(K»J)

A(K»J)IZALIPSY)

A(IP,J)=TEMP

W=A(K,K)

DO 20 J=K1sN1

A(KpJd)zA(K,J) /KW

DO 30 I=1,N

IF(I.EQ.K) GO TO 30

wzA(I,K)

DO 40 J=K1,N1

A(Tad)zA(I, J)mW®A(K,sJ)

CONTINUE

CONTINUE

ILL=0

RETURN

END

SUBROUTINE UKKGS(YsDY»XsHXsMY2A»L»DIFEQ,G)

RUNGE=KUTTA=GILL METHOD

CALQULATION OF ORDINARY DIFFERENTIAL EQUATIONS

DIMENSION Y(MY):DY(MV)JA(L)nQ(HY);T(ZO)oR(QO)pP(é)nB(Q):C(4)

DATA P
oo (1)18(1)aC(i)10(4)/460.0/:9(2)/0.2928932/:9(3)/1.707107/

P(2)=0,5%HX

P(3)=0,5%HX

P(6)=0,5#HX

P(4)zHx

P(5)=HX

B8(4)=1,0/3,0
C(2)=z0,7071068#HX
C(3)zeC(2)

DO 100 U=1,4

X=PX*P(J)

CALL DIFEQ(YJDVOX:MYIA;L)
DO 100 I=z41,My
TEI)=P(Je2)wDY(I)eq(])
R(I)=B(J)eT(])
Y(I)=Y(I)«R(I)
QUIN=3,0%R(IV=T(I)+C(I)NDY(])
RETURN

END



Drying-rate Equations based on Drying-shell Models 15

BRI T T VD S ERERERICE T 585
AR BRI — - REFY - EASTF PR B

BROSRIE, BREIBEERBICT 500, BRHEEEL T BA ICERIC 2BARIEO—
STH B, BEOEREBLHRE L, FMLIEEETE->TOL ediid, ERBEEREREL, TNICEE
NBEE T2 —2ERDTO CEBBETH 5,

R ICASRIC BT, BRI R AR 78S, B S K URERPR R TN, CORERELTR
B ORTEIMER B EHNELOND, Tl ARREBCOLIBEFFRAIC L > THRINTNTL
S, MR TSR SBWE T 572 0, SREEEE LT3 60BN ENELL S, KABBRMEI
EOHEMTH Do CNODARICEENER 2—D7 OEW LB OHREERERE L TV NETHE D,
FEHOXOERT —2 2B 200RETH 5 LB EKIVELE TR,

ABIE L, YT AEAREERI L EICHET 700, MEEEREFCE SO TEERINE OO T
O OEAREERADE LT, ERF—FICLEY1alb—Ya VETE - T CEEANELT, D&
RT3 BB TR AT S o7,

(1) BREEOASVEGHTTERTE 3 LE2 o 2R REE T 7 VAR, ROMES KUEOFHIEIC
DVTEZ, BREERDOREE LT

(2) B4R DAEATICRE > TH RIBREHLAESER TS & 5 SERRIB AR LSBT LTV EEZ 5N %0
BB OEAREERIC BT, Mhp—DORELE LT, TN IR 7 4 —2 ZHHICRY 1
HOEAREREIESZE LTHE L1

(3) AEARIRNCER T % AEREERAE 5HIid, Z DL EORIRHEE €5 4 — 4 ZRFHCGHRE LT
W REDH B D1 DIESHE/N_FHEEER LBTHER T 0 7 7 2 2ER Lic, CORREOE
PRERE /8T A — A OPIMEE LT (2) TEONBEAERTEILMNTE S,

TR, SRS SRR L ORREEREER T — 4 L0V a b=V a VILE - TR BH
AICBAT® %,



