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INTRODUCTION 

In previous papers 1l· 2 l, we have studied the drying-rate equations based on the 

drying-shell models, and we determined the rate parameters in the rate equations of 

water-absorbing sponges. In this paper, we took up the water-soaking of foods by 

cooking, and we studied the cooking-rate equations. 

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

necessary to determine the cooking-rate equations as approximating equations based on 

simple cooking models, and to simulate the rate parameters in the rate equations from the 

experimental data. In this paper, we postulated the cooking-rate equations based on the 

water-soaking-shell models with consideration of the expanding surface for a sphere, for 

a long-cylinder and for a infinite-slab, then we induced the integrated equations of the 

cooking-rate equations. Concequently the rate parameters in the cooking-rate equations 

were determined for the cooking of rice and so on, using a non-linear least square 

method3),4). 

COOKING-RATE EQUATIONS 

Cooking mechanisms of foods arc generally complicated, the mechanisms of some 

water-soaking-foods such as rice and so on however are simple. We can consider simple 

shell models which have two simple idealized zones, the soaking-shell and the unsoaking

core. The shell models for catalytic reactions and so on have been reported5l - 9) for the 

sphere, but for the cooking of foods which must be cosidered the expanding surface for 

the long-cylinder and infinite-slab too, they have not yet been reported on. We postulate 

the cooking-rate equations on the basis of the water-soaking-shell models, and we induce 

the integrated equations. 

1. Cooking-rate equations for sphere 

Fig. 1 illustrates the case of a spherical cooking material. The radius, the volume 

and the weight of the spherical material in the intermediate state, are symbolized by 

R(cm), V(cm 3 ) and w(g), and the radius of the unsoaking-core is represented by rc(cm). 
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The subscripts o, e and d in these 

symbols signify the initial, equilibrium 

and completely drying states, re

spectively. 

Thus, we may define the cooking

ratio X wC-) of material by the follow

ing equation. 

un soaking- core 

1nitial state equi\ibnum state 

Fig. I. Water-soaking-shell model for sphere. 
In the intermediate state, if the 

water-soaking-shell and unsoaking-core states are the same the equilibrium and initial 

states, respectively, the relations of the radius of the unsoaking-core r c, the cooking-ratio 

Xw and the radius of spherical material R become as follows: 

rc=(l-Xw)l/3~ (2) 

R=(~3- ((Re/Ro)3 -l)rc3)1/3 (3) 

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

very small radius of unsoaking-core drc(cm), in a very short time internal de(min), where 

IR (g-H2 0/min) is the cooking rate of the material. 

drc/dO = - IR/(rrrc 2 ph) 

where, ph= (we- w0 )/V0 (g-H2 0/cm3 ) 

(4) 

(5) 

For the diffusion controllings, when the water concentrations of the unsoaking-core 

and outer and inner parts of soaking-shell are c0 , ce and ci (g- H2 0/ cm 3 ), respectively, 

the cooking-rate IR can be expressed as follows: 

For shell diffusion controlling: 

IR = (4rr Rrc/(R- rc))km (ce- ci) 

where, km: rate parameter of shell diffusion (cm2 /min) 

For reaction-rate controlling: 

where, kr: rate parameter of reaction-rate (cm/min) 

(6) 

(7) 

The reaction-rate of cooking in Eq. (7) is the rate of chemical and physical changes 

of material such as a a--conversion of starch and so on. 

The cooking-rate equation for the diffusion controlling is obtained by combining 

Eqs. (6) and (7), and eliminating ci. 

(8) 

If the material is enclosed with water only, we do not need to consider a liquid-film 

diffusion, and then we can use Eq. (8). However, if the material is not enclosed with pure 
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liquid, the liquid-film diffusion must be considered such as the gas-film diffusion in a 

drying operation 1>·2>. For extraction operations and so on, we must consider the liquid

film diffusion. 

The cooking-rate equation for heat-transfer controlling is obtained in the same way 

as in the previous papers 1>·2>. The rates of the heat-transfers in the liquid-film and water

soaking-shell for a cooking operation are much larger than the rates in the gas-film and 

drying-shell for a drying operation, then we do not usually need to consider the heat

transfers. However, when the size of the material is much larger, the heat of reaction is 

much larger, and the temperature of the water is much higher than the temperature of 

the material, so we must consider the heat-transfer too. 

2. Cooking-rate equations for long-cylinder 

For a long-cylinderical material, the length, the radius and the radius of the 

unsoaking-core are given as L(cm), R(cm) and 'c(cm), respectively, hence the length is 

very much longer than the radius. 

Thus, analogically to the sphere, the relations of the radius of the unsoaking-core 

r C' the cooking-ratio Xw and the radius of the material R become as follows: 

'c=O-Xw)'f2Ro (9) 

R =(Re 2-((Re /Ro)2 -l)rc2)1/2 (10) 

The material balance equation and the cooking-rate equations can be expressed as 

follows: 

drc /dO=- a1./(2rrr ~Ph) 

For shell diffusion controlling: 

~ = (2rrL/ln(R/r c))km(ce- ci) 

For reaction-rate controlling: 

~ = 2rr r cLkrCci - c0 ) 

( 11) 

(12) 

(13) 

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

(12) and (13). 

~ = 2rrRL(ce- c0 )/((l/((rc/R)kr)) + (Rln(R/rc)fkm)) (14) 

3. Cooking-rate equations for infinite-slab 

For an infinite-slab's material, the one side area, the half-thickness and the half-
2 

thickness of the unsoaking-core are given as A(cm ), L(cm) and xc (cm), respectively, 

hence the width and the longitudinal length are very much longer than the half-thickness. 

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

core x C' the cooking-ratio X w and the half-thickness of the material L become as follows: 

xc =(I - Xw)Lo 

L =Le- ((Le/L 0 )- l)xc 

(15) 

(16) 

The material balance equation and the cooking-rate equations can be expressed as 
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follows: 

dxc/dO =- IR/(2A Ph) 

For shell diffusion controlling: 

IR = (2A/(L - xc))km(ce - ci) 

For reaction-rate controlling: 

(17) 

(18) 

(19) 

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

(20) 

CALCULATION METHODS OF RATE PARAMETERS 
1. Integrations of cooking-rate equations 

For the cases of only a partly controlling, we could integrate the cooking-rate 
equations, and the rate parameters can be calculated easily in following explicit functions. 

For the rate parameter km of spherical material, the integrated equation can be 
obtained by substituting Eqs. (3) and (6) into Eq. (4), and integrating e = 0-+ e, 'c = 

R 0 -+r c hence ci = c0 . For the rate parameter kr , the equation can be obtained by 
substituting Eqs. (3) and (7) into Eq. (4), and integrating, hence ci = ce. 

(1) Spherical material 

For expanding surface: 

km= Ph ((Ro 2 Re 3 -r c 2 (Re3- Ro 3 ))-Ro(Ro3 Re3_ r c3 (Re3 -Ro 3 ))2/3) 

/(2(Re3 -R0 3)(ce -c0 )0) (21) 

kr = PhRo( 1-(r ciRo))/((ce-co)O) 

= P hRo(l- (1- Xw)t/3)/((ce- co)O) 

For constant surface: 

km= P h(Ro 3 +2r c3 -3Ror c 2 )/ ( 6R o( ce-c oW) 

= PhRo2 (1-3(1-Xw)2/3 +2(1-Xw))/(6(ce-co)O) 

kr = same to Eq.(22) 

(2) Long-cylindrical material 

For expanding surface: 

km= Ph ((Ro 2 Re 2_, c2 (Re2 -Ro 2 ))ln(Re2 (Ro 2 -r c2 )+ Ro 2 r c2) 

+2r c 2 (Re 2 -Ro2 )lnr c-(4Ro 2 Re 2_2r c 2 (Re2 -Ro2 ))lnR o)/( 4(Re2 -Ro2 ) 

(Ce-co)O) 

kr=phRo(l-(rciRo))f((ce-c oW) 

(22) 

(23) 

(24) 

(25) 
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For constant surface: 

km =ph(Ro2_, c2+2r c2lnr c-2r c2lnRo)/(4(c e-c o)IJ) 

=P hR 0 2 (X w+(l- Xw)ln(l-X w))/(4(c e-c 0 )0) 

ke = same to Eq.(25) 

(3) Infinite-slab's material 

For expanding surface: 

km =PhL e<Lo-x c)2 /(2L o<c e-c o)IJ) 

=P hL oL eX w2 /(2(c e-c o)O) 

kr =.ohLo (1-(xcfLo))/((ce-co)O) 

=PhLoXw/((c e-co)O) 

For constant surface: 

km= .o h(L 0 -x c? /(2(c e- c 0 )0) 

= PhLo2X w2/(2(c e-co)O) 

kr = same to Eq. (28) 

The values of c0 and ce (g-H2 O/cm 3 ) are obtained from the following equations. 
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(26) 

(27) 

(28) 

(29) 

c0 =(w 0 -wd)/V0 ce=(we-wd)/Ve (30) 

2. Non-linear least square method 

For the calculation of the rate parameters in the drying-rate equations2 > , the 

calculated values using the rate parameters obtained from the integrated equations did 

not agree with the observed values. Then, the simulate calculations of the rate parameters 

using a non-linear least square method were necessary. In this paper, we calculated the 

rate parameters in the cooking-rate equations using a non-linear least square method 3 >· 4 >. 

The subroutine programs for the calculation of the non-linear rate parameters are 

the same as in the previous paper 1 > . The practical program for the spherical material at 

expanding surface and the calculated results for the cooking of rice are shown in 

Appendix (used of the Computation Center of Hiroshima University: TOSBAC 3400-14). 

EXPERIMENTAL METHODS AND RESULTS 

1. Samples and experimental methods 

As the samples, we used a rice ("NAKATE-SHINSENBON" in 1974), udon "MARU 

UDON" by Sanuki Co., Ltd.) and kishimen ("NO. I. KISHIMEN" by Nisshin Co., 

Ltd.). The udon and kishimen are the round and flat noodles of wheat flour. 

In the cooking of these samples, we observed the soaking-shell and unsoaking-core. 

In the cooking of rice, this phenomenon has been reported by a photographic method 

using coloring matters, and it has been known that the phenomenon is mainly caused by 
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the water diffusion and not by the heat transfer 10>. 
Studies of the soaking and cooking of rice and so on have been followed by a total 

volume measuring method11 >, a weighting method 12>· 13>, a chemical method 14> and so 
on. In this paper, we used the weighing method because it is the most simple of all. 

The samples were cooked with water in a beaker at a fixed temperature. The 
temperature of the water was controlled by an electric heater. The samples were poured 
quickly into the beaker, and cooked at a constant temperature for fixed periods. 

The cooked samples were poured quickly into a cooled water containing pieces of 
ice. The surfaces of the cooled samples were wiped quickly by a filter paper, and then 
were transfused into a weighing tube. After this, the weights of the samples were 
weighed with a chemical balance. The weights of the completely drying state of the 
cooked samples were estimated as being the values of 12 hrs drying at I 05 o C in a dryer. 

The diameter, the length and the volume of samples were measured by a travelling 
microscope and a specific gravity bottle. By this method the errors of the observed values 
are large. Therefore, we repeated the experiment three times for each sample, and in each 
experiment we used 50 samples for rice and 10 samples for udon and kishimen 
respectively. The observed values used in this paper are the average values. 
2. Experimental results 

Table I illustrates the samples and experimental conditions. The initial weights, 
sizes and volumes of the samples for fixed periods were not constant, then we corrected 
the experimental data using the average values. 

W I = W H ( W olw 0 H ) (31) 

where, w 0 •, w • and w d •: original experimental values, W 1 and w d 1 : corrected 

values by w 0 • -+ w 0 , w 0 : average value of w 0 • 

Because the samples dissolved in the cooking water, we corrected the experimental 
data using the weights of the completely drying states of the uncooked samples and 
cooked samples for fixed periods. 

w = W 1 +(wd-Wd1)( Pe1 
/ Pd1 ) (32) 

where, w: corrected value by w d'-+ w d• w d: w d 1 for uncooked 

samples, P I =w I I V I Pd I =w I /V ' e e e , d d 

Table 1. Samples and experimental conditions 

Initial values Cooking temp- Completely drying values 
Run Samples Diameter and v0 (cm3 ) erature (0 C) wd(g) vd(cm3 ) length (cm) WO (g) 

rice 0.203*, 0.277*. 0.506* 0.02135 0.01484 92.5 0.01813 0.01262 

2 udon 0.192*, 0.192*, 2.48** 0.09751 0.07167 0.08311 0.06402 

3 kishimen 0.133**, 0.486**. 0.992** 0.08352 0.06418 0.07441 0.06334 

* : diameter. **: length. 



Cooking-rate Equations based on Water-soaking-shell Models 141 

The relations of weight of cooking materials w(g) vs. cooking time 8 (min) for each 

sample are shown in Figs. 2 ~ 4. 

DETERMINATION OF RATE PARAMETERS AND DISCUSSIONS 

The weights of the equilibrium states we (g) were assumed as the unchanged values 

in the cooking periods of 100 ~ 120, 150 ~ 200 and 150 ~ 200 min for rice, udon and 

kishimen respectively. However, the unsoaking-core disappeard perfectly in the first 

period of 35, 40 and 40 min for rice, udon and kishimen respectively. Table 2 illustrates 

the experimental results assuming these equilibrium states. 

Table 2. Experimental results 

Equilibrium values 
Assuming equilibrium 3 Run Samples Diameter and time 8 e (m in) w e (g) V e (cm ) length (cm) 

1-A rice 100 ~ 120 0.380, 0.519, 0.949 0.1030 0.09810 

-B 35 0.325, 0.444, 0.811 0.06659 0.06119 

2-A udon 150 ~ 200 0.458, 0.458, 3.13 0.5561 0.5163 

-B 40 0.374, 0.374, 3.19 0.3524 0.3497 

3-A kishimen 150~200 0.252, 0.980, 1.62 0.4598 0.4573 

-B 40 0.221, 0.820, 1.45 0.2728 0.2626 

For the calculations of the rate parameters, rice, udon and kishimen were assumed 

as the shapes of the sphere, long-cylinder and infinite-slab, respectively. However, the 

lengths of udon and kishimen increased with the cooking, and these samples were not of 

the exact theoretical models of the long-cylinder and the infinite-slab. For kishimen the 

expanding-ratio of three sizes are nearly the same, then we assumed to sphere too. The 

diameter for the sphere was used sphere-volume-equivalent diameter. 

Table 3 illustrates the calculated results of the rate parameters km (cm 2 /min) and 

Table 3. Rate parameters km (cm2 /min) and kr (cm/min) 

Assuming Initial values Number of Calculated values 
Run shapes km kr (J iteration km kr (J 

1-A sphere 5.09 X J0-4 0.0168 0.0120 23 0.00692 0.00977 0.00241 

-B 7.85 0.0194 0.0209 24 0.0289 0.0143 0.00805 

2-A cylinder 2.65 0.0186 0.0112 12 0.000261 0.431 0.00250 

-B 6.57 0.0245 0.0182 24 0.000749 0.146 0.00192 

3-A slab 1.94 0.0149 0.0100 12 0.000223 0.299 0.00339 

-B 4.89 0.0164 0.0146 13 0.000674 0.0424 0.00274 

3-A sphere 6.58 0.0194 0.0248 11 0.000643 0.680 0.00807 

-il 18.8 0.0224 0.0532 25 0.0169 0.0267 0.00851 

n 
a; ( ;~1 (rc,obs-rc,cal)?W/n)112 : standard devia lion. 

Wi : weighting coefficient for (r c)i . : n number of experimental points. 
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kr (cm/min). In Table 3. the initial values of km and kr are the values calculated results 
from the integrated equations at the largest and smallest e respectively. The calculated 
results compared to the observed values are illustrated by the solid lines in Figs. 2 ~ 5. 
The broken lines illustrate the results for the initial values. In Table 3, some of the 
calculated values of km and kr differ too greatly from the initial values. This reason is 
due to the interrelation of km and kr 

For the cooking of rice, the cooking rate was limited by the reaction-rate of the rice 
components with water at temperatures of 110 oc and below9 ) . Then, we assumed too 

Table 4. Rate parameter kr (cm/min) 

Assuming Initial values 
Run shapes kr a 

1-A sphere 0.0168 0.0360 

-B 0.0194 0.0193 

2-A cylinder 0.0186 0.0985 

-B 0.0245 0.0349 

3-A slab 0.0149 0.0823 

-B 0.0164 0.0292 

3-A sphere 0.0194 0.0867 

-B 0.0224 0.0110 

0.12.-----~-~-~-~------~-~---, 

0.08 

Run 1 (assuming sphere) 

observed values 
0 

results of 
rate parameters 

in Table 3 

mit1al 
values 

calculated 
values 

1n Table 4 
00~-~-0rO,_~~_,~-~-~-~-~,--~~, 2 40 e ( ml n) 60 80 100 

Fig. 2. Relations of weight of cooking rice w 
vs. cooking time e . 
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Run 3 (assuming infinite-slab) 
observed values 

0 
/ 

/ 

, 0 --
k = 12 

0.... 
eq. 

0 0 ° ,/""' 9---.;:-
0 / --- ~k=O '::,_;;.:..--

---/~cK-;:- k" 13 

,'dl ,/'k= 0 re suits of 
'//"/ rate parameters 

" in Table 3 
in Table 4 

in1tial 
values 

calculated 
values 

0o~-~-~40~-~~8~0-~-~12~0-~-~16"0-~ 
e (min) 

Fig. 4. Relations of weight of cooking kishimen w 
vs. cooking time e . 

Number of Calculated values 
iteration kr a 

10 0.00913 0.00243 

11 0.0148 0.00746 

12 0.0055 I 0.00846 

13 0.0148 0.00477 

8 0.00472 0.0124 

11 0.0105 0.00877 

9 0.00872 0.0155 

7 0.0239 0.00855 

Run 2 (assuming long-cylinder) 

observed values 
0 

()-> 

eq. 

0.4 

results of 
rate parameters 

in Table 3 
in Table 4 

indial 
values 

calculated 
values 

oo~--~--70~--~--~o~--~~~--~--~--_j 
4 8 S(min) 120 160 

Fig. 3. Relations of weight of cooking udon w 
vs. cooking time e 

0.6,--------------------------~ 
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Run 3 (assuming sphere) 
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0 

k=7 
k=11 

0 0 ----
0 0 ~7- -------~ k" 0 

/ --......... ~_ ...... 

/-- ~~ 

~ /' k=25 
/, / 

/~..,. k = 0 results of 
~;...- rate parame-ters 

in Table 3 
in Table 4 

initial 
values 

calculated 
va1 ues 

0o~--~--~40~--~~8~0--~----12~0-~---1~6-0--~ 
e (min) 

Fig. 5. Relations of weight of cooking kishimen w 
vs. cooking time e . 
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that the cooking rate was limited by the reaction-rate only. Table 4 illustrates the 

calculated results of the rate parameter kr The calculated results compared to the 

observed values are illustrated by the chain lines in Figs. 2 - 5. In Figs. 2 - 5, the chain 

line for rice is satisfactory, but the results for udon and kishimen are not. The reason is 

that the shapes of udon and kishimen were not the exact theoretical models. 

RESULTS 

We postulated the cooking-rate equations based on the water-soaking-shell models, 

and then the calculation methods of the rate parameters were reported. The rate para

meters in the cooking-rate equations of rice, udon and kishimen were determined 

assuming the sphere, the long-cylinder and the infinite-slab shapes. 

The calculated results of rice using both the rate parameter kr only and the rate 

parameters km and kr were satisfactory with the observed values at 92.5 °C. However, 

the calculated results of udon and kishimen using the rate parameter kr only, were not 

quite satisfactory. The reason was that the shapes of udon and kishimen were not the 

exact theoretical dimensions of the long-cylinder and the infinite-slab respectively. 

SUMMARY 

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

necessary to determine the cooking-rate equations and to obtain the rate parameters for 

the equations. In this study, we postulated the cooking-rate equations based on the 

water-soaking-shell models, and reported on the calculation methods of the rate 

parameters using a non-linear least square method. 

The rate parameters in the cooking-rate equations of rice, udon and kishimen (round 

and flat noodles of wheat flour, respectively) were determined at 92.5 °C, assuming the 

sphere, the long-cylinder and the infinite-slab. The lengths of udon and kishimen 

increased by the cooking, then the calculated values of these rate parameters did not give 

the exact theoretical values. 

The rate parameters in this paper are semi-theoretical or merely experimental ones, 

but may be adopted with satisfaction for the design of various cooking apparatuses. 

A 

NOTATIONS 

one side area of infinite-slab (cm2 ) 

c 0 , ce and ci: water concentrations of unsoaking-core and outer and inner parts of 

soaking-shell (g-H2 O/cm3 ) 

L 

R 

'c 

rate parameters of shell diffusion (cm2 /min) and of reaction-rate 

(cm/min) 

length of long-cylinder of half-thickness of infinite-slab( cm) 

radius of sphere or long-cylinder (cm) 

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

cooking-rate (g-H2 0/min) 



144 

V 

w 
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volume of cooking material (cm3 ) 

weight of cooking material (g) 
cooking-ratio (-) 

half-thickness of unsoaking-core of infinite-slab (cm) 
cooking time (min) 

increased water concentration by cooking (g-H2 O/cm3 ) 

Subscripts; 

o, e and d initial, equilibrium and completely drying states 
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APPENDIX 

C MAIN PROGRAM 
C CALCULATION Of RATE PARAMET~RS IN COOKING•RATE EQUATION OF 
C SOAKING•SMFLL MODEL <SPHERE, EXPANDING SURFACE) 
C NON•LINEAR LEAST SQUARE METHOD CHISENSI, 
C FROM K,KUBOTA AND N,MORITA, COMPUT, CENT~R NE~S OF NAGOYA UN!V,, 
C 4C41o PP,3t8C197~1 
C FROM H,HOSAKA 0 K,KUB0TA AND K,SUZUKI, SHOKUMIN KOGAKU, PP,170o 
C KYORITSU SMUPPANC~975) 
C N: TOTAL NUMBER OF EXPERIMENTAL POINT 
C TCN): TIME, W(N): wEIGHT, XCNio COOKING•RATIO, RCNI= RADIUS 
C RCCNI= RADIUS OF UNSOAKING·CORE 
C AMCN),AKCNI= RATF PARAMETERS OF REACTION•RATE AND SHELL DIFFUS!O~• 
C FROM INTEGRATED ~QUATIONS 
C K1,K= NUMBER OF INITIAL SElliNG AND ITERATION ENDING POI~TS 
C ACloK),A(2,Kl: RATE PARAMETERS OF REACTION•RATE AND SHELL 
C DIFFUSION, FROM ~ON•LINEAR LEAST SQUARE METHOD 
C SOCK): STANDARD DEVIATION 



Cooking-rate Equations based on Water-soaking-shell Models 

C YC<l•N,K): CALCULATION VA~UcS Of RC(N) 
C ~C!N,K): CALCULATION VALUES Of ~(N) 

C XC!NoK): CALCULATION VA~UES OF X(N) 
DIMENSION Tl70l••(701,X(701oMC(701,RI7DI, 

1AH!70),AKI70loYYI1o70)oXX(1o701,AI2,26),hM(26),HSI26!,W~I1,7fl), 

2YCI1o7n,261,¥CS(1,70,3l,DU!2,3l,S0(26),XCI70,26),~CI70,2~l 

COMMON ~u,RE,Co,cE,RH 

DATA HAA/0,0005/,HM(l)oHS!ll/2•1,0/,HHM,hSS/?•O,?/,HST/O,OO?/, 
1~PS/1,nt•4Q/,HY,MX/2•11ol/2/,NT/70/,KT/2?/ 

E'XTERNAL SUB 
777 MEA015,10I N 

lFINI 999,99~o8BR 

BBA MEAD!5,20I RU,M~.~Q,~E,~D,C~,CE,MH 

REA0(5,30) IT(!),l:l,Nl 
READ!5,301 (w(Il,I=i•Nl 
ilO 200 I:l,N 

200 X(ti:(W(Il·~O)/(~E•WO) 
~RITE(6,50! N,RQ,RE,WQ,~E,wD,CO,CE,RH 

~RITc(6,60! !Till,I=l•Nl 
WR!TE!6,70! l~ll!,I=1,N) 

WRITE(6,75! IXII!,I=1,NI 
C RATE PAHAMFTERS AH(N),AK!N): FROM INlEGRATED EQUATIONS 

MEn=RE/RO 
RE1=1,0•RE0••3 
RE2=R0••3•RE••3 
DO 300 I:1,N 
AX=1,0•XII> 
RC!Il=AX**I1,0/3,0l*RO 
R!tl:IR~••3+RE1•kC!I>••3>••11,0/3,0! 

AH!Il:RH•Rn•<1,0•RCII)/RO)/(ICE•COl•T!Ill 
AK!ll=RO•IIRO•RE>••3+RE2•RCII1••3l••I2,0/3,Q!•R0••2•RE••3 

1•RE2•RC!Il••2 
300 AK!Il=RH•AKIII/(2,0•<CE•COI•RE2•Tilll 

WRITE(6,BOI IAHII),I:1,Nl 
WRITE!6,85! !AKII),I:1,Nl 

C RATE PARAMETERS A(1,K),AI2,K): FROM NQN•LINEAR LEAST SQUARE METHOD 
L1:L+1 
Kl:KT+l 
A(t,1):AH(1) 
A(2,1) cAK(N) 
DO 400 lc1,N 
YY11,Il=RC!ll 
XX!l.Xl=Titl 

400 ~W!1,Il=1,0 
CALL HISENSIYY,XX,A,HAA,HM,HMM,HS,HSS,HST,ww,yc,YCS,OO,SO, 
1MY,MX,N,NT,~,~1•K,KT,K1,SUR,EPS,ILL! 

IFII~~~ 41n,420,410 
410 wRITE(6,90! I~~ 

llO TO 999 
420 ~<RIH (1',95! 

WRITEI6 1 96) IA(lA,Kll,IA:l,L),SUIK1! 
C CALCU~ATED VALUeS FROM ORTAINED RATE PA~AMETFRS 

DO 500 I:1,N 
XC!I,K11•1,0•(YCI1oi,K1l/ROl••3 
wc<I•Ktl=wo•<t,D•XC!l,K1>l+~~·xccl,K1l 

oo 5DO IK=t•K 
XC(J,IKl=1,0•(YC!1,IoiKl/ROl••3 

500 ~CiloiKl:Wn•I1,0•XC!l,IKll+~E•XC!I,IKl 
wRJTE(6,97! (WC(I,K1!,I:1,Nl 
wRITE(6,98) !XC(I,K1!,I:t,Nl 
wRITE(6,99) ~ 
WRITE(6,96! IA(!A,K!olA=1•L!,SU!K) 
wRITE(6,97! !WC(I,Kl,I:t,Nl 
~RITE!6,9B! !XC(I,Klol=l•Nl 
GO TO 777 

999 STOP 
10 FQRHAT<l4l 
20 FORMAT(5F8,0,3F12,0) 
30 FORMATI10F8,0) 
50 FORHAT!1H1,26HN,RO,RE,WO,wE,wO,CQ,CE,~H:/1H ,I4,9X,2E13,5/ 

1( lH ,3E13 ,5)) 
60 FORMAT11H0,5Hl(N):/(1H ,5E1~.5)) 
70 FORMAT11H0,5HW(N):/(1H ,5E1J,5l! 
75 FORMAT!1H0,5HX(N):/(1H ,5E13,5ll 
80 FORMAT!1H0,6HAH(N):/(1H ,5E13,5)) 
85 FORHAT!1H0,6HAK(N):/(1H o5E13,5ll 
90 FORMAT!1H0,4HILL:,IBI 
95 FQRMAT!1H0,5HK: 01 
96 FORMAT!lH0 1 13HA(L,KloSD(K):/(1H ,5Et3,5)! 
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97 f0RHAT!1HO,BH~CIN,K):/(1H ,5E13,5)) 
98 FORHAT!1HQ,BHXCIN,Kl•/11H ,5E13,5l) 
99 fORHAT11H0,2HK=•I3l 

END 

SUAROUTI~E HISENS(Y,X,A,HAA,HM,HHH,HS,HSS,HST 1 W 

1oYC,YCS,OD,SU,MY,HXoN,NT,LoL1•KoKT,K1,SUB,EPS,!LLl 
C NON•LlNEAR LeAST SQUARE METHOU 
C H,HOSAKAoK,KtiBOTA AND K,SUZUKl, SHOKUHlN KOGAKUo PP,170o 
C KYORITSU SHU~PANC1975l 

DIHENSJON YIMY,NT),XIHX,NTl,A(L,KlloHHIK1loHSIK1l,WIMY 1 NTl 
1oYCIHY,NToK1l,YCS(HY,NT,L1loDDIL•L1l,SDIK1l,HAI20l 
2•A'il20lo00SI20l 
IFIKT,GE,l.O~,HY,GE,t,OR,HX,GE,l,OR,N,Gc,L,OR,L,G~,l,OR 

t.L.LE,20,0R,L,LT.L1,0R,KT,LT,K1,0R,E~S,GE,O,n) GO TO 2no 
ILL=30000 
GO TO 999 

200 K:1 
HHIK1l:HMitl 
HSCK1l:HSI1l 
SOS:o,o 
DO 10 IA:1 1 L 

10 ACIA,Kl l:AIIA,1) 
88A CALL StHliYC,XoA•'•Yo•1XoNo1JloLoKoKl.ILLl 

IFIILLl ~QQ,4QO,~On 

300 IF!SDSl 999,999•700 
400 l):f1, () 

DO 20 I=t•N 
DO 2U J:t,MY 

20 D=O+IIYIJ,Il•YCIJ,I,Kll•w(Jolll••2 
SD!Kl:SQ~TID/IN•~Yll 

IF!SOSl 999,~0no~OU 

500 SDS=SDIKl 
SDIKU:SiJ(Kl 
lJO JO I=1oN 
lJO 30 J:1o'1Y 
YC~IJo!oLll=VCIJoloKI 

3n YCIJolo~ll:YCIJoioKl 
110 21 IA=l,L 

21 A( IAoK1 I:A!lAoll 
GO TO 777 

600 IF!SDS-SOIKll 70n,~on,son 

7on HSIK>=~SIK>•~ss 
IF!HST•HS(K)) 66h,Q9~ 1 999 

~On IFIKT·KI 999o999,90J 
900 ~=K+l 

HMCKJ:HMCK•lJ•~~M~ 

HS(K):HSill 
SDS=SDIK•11 
lJO 40 IA:l,L 

40 AIIA,Kl=AITAoK•11 
llO 5n I=l•" 
DO 50 J=loMY 

5~ YCSIJ,Jol11=YCIJoioK•1l 
777 UO 60 IA:l,L 

4ST=AIIAoKI 
HAilAl:AIIA,K)*HAA 
AIIAoKl=AIIAoKl+HA(lAl 

CALL SUBIYc,x,A,MY,HX,N,NT,L,K,K1 1 1~~~ 
IFIILLl 999,100D 1 999 

1000 DO 70 I=1•N 
DO 70 J:1,MY 
YCSIJ,IoiAI:YCIJoi 1 Kl 

70 YCSIJ,I,IAl:IYCSIJ,I,IAl•YCSIJ,IoL1ll/HAIIAl 
60 AIJA,Kl•-'ST 

DO 80 IA1:1tL 
DO 80 IA2=1•L 
DDIIA1,lA2l:O,O 
DO 80 I:1,N 
DO 8D J=1•MY 

80 DD!IA1ol-'2l=DDII41,I-'2l+YCSIJoiolA1l•YCSIJ 1 1 1 IA2l 
1*~1J,Il••2 

DO 90 IA•1,~ 
DDCIA,IAl•DDIIA,IAl*I1,0+HHI~ll 
DDIIA,L1l=O,O 
DO 90 I=1•N 
DO 90 J:1,MY 

90 DDIIA,L1l=DDIIA,L1l+YCSIJoioiAl•IYIJ,Il•YCS(J,I,Llll 
1*•HJoll••2 
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IF<L~1l 999,333,222 
?22 CALL GAUYOSCDO,LoL1otPSoiLLJ 

IFCILLJ 999,1100,999 
333 DOC1o2l=DOC1o2l/DOC1•1l 

ILL=O 
1100 00 110 IA=1•L 

ASC IAJ:AC IA,K) 
110 DOSCIAJ:OOC!A,Lll 
666 DO 120 IA=t•L 

UOCIA,L1l=OOSCIAJ•HSCKJ 
120 ACIA,KJ:ASC!AJ+UDCJA,L1J 

GO TO Bt!H 
\199 RETURN 

END 

SUHROUTI~E GAUY0SCAoNoN1,tPSollll 
C GAUSS•JO~DAN METHOD 
C CALCULATIO~ OF SIMULTANEOUS LINEAH E~UATIONS 

UlME:NSJOr• A(,.,N1J 
UO 18 K=1oN 
tllG:A8S(A(K 0 K)) 

IP=K 
K1:K+1 
IFCK1,GT,Nl GO TU 14 
DO 11 I=K1,N 
IFCARSCA<l,KJJ,L~,MlGJ GO TU 11 
BIG=A8SCA(I 1 K)J 
IP=I 

11 COIJTINuE 
14 IF<BIG,GE,FPSl Go TO 12 

ILL=100D 
GO TO 99-f 

12 IFClP,F~oKl r.o TO 15 
DO 13 J=1•N1 
TEI~P=A<KoJl 

A(KoJJ:A<lPoJl 
13 A(lPoJ):TEMP 
15 w:A(K 0 K) 

DO 20 J:K1,N1 
20 A(K 0 J):ACK,Jl/~ 

DO 30 I=1oN 
IFCI,EQ,K) GO TO 30 
w:AC I,K) 
DO 40 J:K1,N1 

40 A(I,JJ:ACI,Jl~W•A(K,J) 
30 CONTINUE 
10 CONTINUE 

ILL=O 
999 RETURN 

END 

SUBROUTINE SU8CYC,XtA,MY,MXoNoNTtLIK1K1tiLLl 
C CALCULATION OF EQUATIONS FOR SIMULATION 

DIMENSION VCCMYtNT,K1JoXCMXoNTl,ACLoK1J,YYC1loYSC1loDYClloAAC2l 
1•Q ( 1l 

COMMON Rn,RE,CDtCE,RH 
EXTEHNAL DIFEQ 
XX:O,O 
HX=XCltNl/100,0 
UO 10 I=l•L 

10 AA(J):A(ltKl 
00 20 I=loMY 
YYClJ=RD 

20 Q( I) =0,0 
DO 30 I:1oN 
IF<XX•XC1oill 40,50,50 

40 DO 60 J:1,MY 
60 YS<JJ:YYCJJ 

CALL URKGS<YY,oY,XX,HX,MY,AAoLtDIFEQ,QJ 
IFcxx~xc1oJll 40,5o,~o 

5rJ DO 30 J=1•~•Y 
30 YC<Joi 1 Kl=YYCJl•CYY(JJ·YSCJJl•CXX•X<l,IJl/HX 

ILL:O 
RETUHN 
ENO 

SUHROUTl~E URKGSCY,DYoXoHXoMYoAoLoDIFEQ,O) 
C NUNGE·KUTTA~GILL METHOD 
C CALCULATION OF DRDTNAHY DIFFERENTIAL EQUATIONS 

DH<Er<SION Y(..,YJ oDY(MY) ,A(Ll ,Q(MYI ,T(2QJ ,R<20l ,P(6) ,~l(4 l ,C(4 l 
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OATA PC1I•CC11•CC4113•0,n/,HC11/1,0/ 
DATA BC21/0 1 292893?/,BC31/1,707107/ 
PX:X 
P12I=O,r;•HX 
P(31:0,5•HX 
PI61=0,5*HX 
P(41:HX 
PI51•HX 
H(41:1,0/3,0 
Cl21=0,707t068•HX 
C(31:•CC21 
00 100 J:1,4 
X:PX•PCJI 
CALL DIFEQCY,QY,X,HY,A,LI 
DO 100 1=1,HY 
TCII:PIJ•21•DYCli•QCII 
RIII=BIJI•TIII 
YCII=YCli+RIII 

100 Q(II:3,0•RCII•TCII•Cili•DYCII 
RETURN 
END 

SUBROUTINE DlFEOCY,DY,X,HY,A,LI 
C COOKING•RATE EQUATION CSPHERE, EXPANDING SURFACEI 
C Yl11: RADIUS OF UNSOAKING•CORE 
C X: TIME 
C DYI11= DIFFERENTIAL VALUE OF Yl11 RESPECT To X 
C A(1),AI21: RATE PARAMElERS OF REACTIONeRATE AND SHELL DIFFUSION 

DIMENSION YIHYI•DYCMYI,ACLI 
COMMON RO,RE,co,ce,RH 
R:CRE••3•C1,0•CRE/ROI•*31•YI11••31••11o013oOI 
R1:1,0/IIYC11/RI••2•AI111 
R2:1R•YI111/IIYI11/RI•A1211 
R3:R••2•1CO•CEIIIR1+R21 
0YC11aR311RH•YC11••21 
RETURN 
END 

N.Ro.Re,wo,we,wo,co,ce,RH• 
12 0,15250E 00 0,28620E 00 
0,21350E•01 0 1 1029BE 00 0,18130E•01 
0,21700E DO o,B649DE OD 0 1 55007E 01 

TCNia 
0,25000E 01 o,7500DE 01 0,12500E !12 0,17500E 02 
0,275DOE 02 0,3250DE 02 0,375DOE 02 n,45000E 02 
0,60000E 02 n,BOOOOE 02 

WIN) a 
0,29030E•01 n,J6000E•01 0,43040F•01 11,49180E•01 
0,60120E•D1 n,65?20E•01 0,7114DE•f11 0,75620E•01 
0,85510E•01 n,977DOE•01 

XINI• 
0,94083E•01 n,17947E on 0 1 26571E 00 P,34093E DO 
o.47495E rio o,5J74?E 00 o,6o995E DO n,66483E 00 
o,78599E oo 0 1 93532E 00 

AHCNI: 
0,16779E•01 o,11015E•01 0,10133F•f11 n,95995E•02 
0,90989E•02 o,902BOE•02 0,92997!'•02 n,s7860E•D2 
D,86713E•02 n,96R76E•02 

AKIN): 
0,219D4E•03 o,23950E•03 0,29D76f•(]3 11,32365E•03 
0,37241E•D3 o,39442E•D3 0,43225E•Il3 0, 4244 7E•D3 
D,44618EeD3 0,50902E•03 

K: 0 

ACL,KI,SDIIO: 
D.16779Ee01 0 1 50902E•03 0,12040!'•01 

WCIN•KI= 
o.27D29E•01 o,34652E•D1 Oo40601F•01 !l,45708E•01. 
O,!i4396E•01 o,58202E•01 o, tr1731E•n1 '1,66585E•01 
D,74995E•01 o,8405DE•01 

XC(N,KI= 
0,69572E•01 o,16296E oo 0,2;,584E 00 n,29840E oo 

0 1 22500E 02 
0,52500E 02 

0 1 54500E•01 
o,79&1oE-ot 

0 1 40610E 00 
o,71616E 00 

0 1 91745E•D2 
o,B4542E•D2 

D,34373E•03 
D,421D5E•03 

0 1 50259E•01 
0,7D987E•01 

0,35415E DO 
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O，404B2t 00 n，45145E 00 O，49469F n口 n，ラ5415正O口 0，6日807E 00 

0.65717E 00 口， 76R1nE0口

K= 23 

ACL，KI，SDCKI= 
0.97682正・02 n，69224E・02 O，24096F-n2 

凶CCN，KI.
0.25B26E・01 O，34095E-Ol 0・‘1614F・01 n，48491E・01 O，54789E・01
O.60555E:・01 n，tl5R27E伺 01 O，10634E・01 0，77日32E・01 O，B252BE・01
0.87196E:・01 n，96106E・01

XCCN，KI= 
日.54833E・01 口，15613E00 O，24B25f 00 n，33249E 00 O，40964E 0口

0.4B028E口o 0，弓4486E00 O，60375E 00 O，68213E 00 口，74946E 0日

日，80663E 00 O，91579E 00 

殻状吸水モデlレに基づくクッキング速度式に関する研究

久保田清・鈴木寛一・保坂秀明・弘中和憲、・阿紀雅敏

大量連続の炊飯装置など各種食品のクッキング装置を設計し，制御化などを行なっていくためには，クッ

キング速度式を設定し，それに含まれている速度パラメータを求めていくととが必要である。

一般に食品のクッキング現象は複雑で，厳密な意味でのクッキング速度式を得る乙とは困難である。しか

し， olJえば炊飯などのように，クッキンク‘現象を殻状吸水現象などによって近似的lζ置きかえができるよう

な場合には，概括的にはなるがクッキング速度式を設定する乙とが可能である。

本研究は，当面する炊飯装置設計などに対応するために，殻状吸水モデノレl乙基づいたクッキング速度式を

設定する研究を行ない，米飯などの実験データを例として， シミュレーションを行なった結果を示した。

(1) クッキング速度が，水の吸水殻状部拡散律速と水と固体食品との反応律速とによって支配されるもの

と考えて，クッキング速度式を球，長い円柱および薄い平板形について設定した。

(2) クッキング速度式lζ含まれる速度パラメータを求める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。また，乙の計算のパラメータ初期値を求めるために，何れか一つの律速を仮定し

て，速度パラメータを楊関数的lこ求める積分式を誘導した。

(3) 米， うどんおよびきしめんを，近似的lζ殻状吸水モデノレが適用できる球，長い円柱および薄い平板

形の食品例として考えて，速度パラメータの算出例を示した。理論的により意味のある速度パラメータを得

て検討していくためには，未吸水核の消失現象を仔細lζ研究する実験などを行なっていくことが必要である。

本研究で示したクッキング速度式は，吸水殻と未吸水核が現われる食品に適用できる。速度パラメータの

意味が究明されない限り半理論式的なものであるが，当面する各種のクッキング装置の設計などに対しては

簡単な取り扱いをしており有用なものである。




